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This mini-review describes the thermal in situ generation of N-heterocyclic carbenes (NHCs) from

various heat sensitive precursors for use in organocatalysis and in polymer chemistry. Thermally labile

progenitors such as azolium hydrogen carbonates, NHC-CO,-adducts, alcohol-protected NHCs and NHC-

metal complexes are discussed and compared in their scope and limitations. Advantageous aspects like

enhanced stability, controlled release by external stimuli, latency and co-catalysis by the protecting

groups are illuminated in numerous examples, stressing the versatility and adaptability that can be

achieved by protected NHCs. Emerging strategies to harness the reactivity of NHCs are also briefly
touched to provide an outlook where future developments are to be expected.

Introduction

The ascent of N-heterocyclic carbenes (NHCs) from mere lab
curiosities to the important class of chemical compounds they
represent today has been rapid and spectacular. After being first
successfully isolated and characterized by Arduengo in 1991,'
NHCs were soon implemented as powerful ligands in transition
metal chemistry where they enhanced complex stability,
expanded the scope of substrates and enabled a step change in
This was certainly helped along by the good
accessibility of diverse NHC structures, which can be finely
tuned with regard to steric demand and electronic properties
and usually require only few synthetic steps to completion.*’
More recently, the ability of NHCs to stabilize unusual
oxidation states and radicals has also found increasing interest.®

The second boost for the popularity of NHCs is linked to
their inherent nucleophilic’ and Brenstedt-basic properties,®
which renders them powerful organocatalysts, both for organic
synthesis and polymerizations.”'® The Breslow-type umpolung
in benzoin condensations or Stetter
reactions'' are most iconic for NHC organocatalysis, but the
number of NHC-mediated processes has multiplied over the
last years,
transesteriﬁcations,12
addition," cyclopropenylation,'®
group-transfer-polymerization  of
polymerization,'®
of NHC-catalysed Breslow-type reactions have also been
isolated."

The breadth of catalytic transformations that can be brought
about by NHCs coupled with their facile preparation renders
them also promising candidates for large scale applications,

encompassing now mechanisms as different as
activation of esters,”  conjugate
formation of carbonates,16

acrylates17 or lactam
among many others. Recently, intermediates
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Scheme 1: Conventional generation of NHCs by the use of bases (top)
50 and thermal liberation of NHCs as discussed in this review.
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where metal-free conditions are much desired, both from
economical and environmental reasons. However, NHCs as
highly reactive and sensitive compounds would require a
careful handling that excludes protic contamination.
ss Furthermore, the long-time stability of NHCs can be severely
limited and would probably necessitate temperature-controlled
storage. Isolated NHCs can also be viscous oils, which can be
problematic for efficient handling.
In order to retain the favourable properties of NHCs but
e eliminate some of the challenges that arise from the use of free
NHCs, it has become quite common to generate NHCs in situ
by addition of base (alcoholates, amides, hydrides) to a
protonated precursor compound (Scheme 1, top). This method
is especially useful in organic chemistry, however, many
es substrates cannot tolerate the presence of a strong base. The
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Figure 1: Some frequently encountered types of NHC.
According to the type of protection group (PG) that is
KHCO, INHC(HIIHCO] lied, the sub t di ion is subdivided into chapt
M\e MeOH Mo applied, the subsequent discussion is subdivided into chapters
rR-NN~r ——— RN _N-g 7188% dealing with heat-sensitive (1) protonated precursors, (2) NHCs
T ® KCl T HCoS 35 protected by small molecules, (3) NHCs protected by organic
compounds and (4) metal complexes bearing NHC ligands.
Most of the following discussion will be based on the well
investigated imidazole- and imidazolin-derivatives, but also the
/7" \® -H0 /7 \@ . g .
r-N_N<g = gr-NN~g ring-expanded  six- or seven-membered NHCs and
Y e /j\ o 4 triazolylidenes will be encountered (Figure 1). However, it
H 8 0~ "o should be underlined that NHC-, or more generally, carbene-
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Scheme 2: Preparation of [NHC(H)][HCO:s] (top), correlation of
azolium hydrogen carbonates, NHC-CO,-adducts and free NHCs
(middle) and polymer supported NHC-precursor (bottom)[27,30].

same is true for most polymerizations, where the added base
could compete with the generated NHC for initiation of
reactions. Residues of base or the protonated base can act as
undesired ligands when the NHC is intended to coordinate to a
metal complex. Finally, on larger scale the addition of base
would complicate the setup by demanding purification steps
(removal of precipitates) and producing considerable amounts
of waste, the more so since the base has to be present at least in
stoichiometric amounts, but usually in excess to the NHC.

An elegant venue that can be taken to avoid these difficulties
is the application of heat-sensitive NHC-progenitors (Scheme
1, bottom). In recent years, much effort has been put into the
development of such compounds. The main advantages of
thermal in situ liberation of NHCs can be summarized as
follows: (i) the protected NHCs display a much higher stability
and storability, where in some cases also ambient conditions
are tolerated, (ii) the externally controlled release of NHCs by a
heat stimulus enables latent, on-demand catalysing and

s polymerizing systems, (iii) the activation temperatures can be

modulated and (iv) depending on the nature of the protecting
group, it is possible that after cleavage from the NHC the
protecting group actively participates in the catalysis. Overall,
the use of thermally labile NHC-precursors is attractive
because a heating step is easily incorporated in a reactor system
and often necessary anyway.

chemistry is much more diverse than that? Acylic

diaminocarbenes,”' thiazol-Z—ylidenes,22

alkyl(amino)carbenes”™ or diamidocarbenes® are further
4s enriching examples, not to speak of the remote, mesoionic or
abnormal NHC motifs that receive continuously growing
interest.” Obviously, in these emerging areas the knowledge
about the catalytic properties of the carbenes is still in its
infancy, and accordingly the protection chemistry is not
developed yet. Still, the more classical NHCs show an
intriguing width of protection strategies, which allows for
adapting the thermolabile precatalysts to the challenge at hand,
as will be discussed below. It should be noted that the thermal
behaviour of masked NHCs may vary considerably with the
ss system under observation; it is thus not possible to state one
generally valid activation- or deprotection temperature for a
certain compound. The physical state (solid or dissolved) and
the chemical environment (polarity of the solvent and reactivity
of the substrates) have both been repeatedly described to
massively influence the conditions for thermal release of the
NHCs.

@
3

N
3

1 Protonated NHC-precursors

C-2-Protonated NHC-precursors (e.g., N,N’-dialkylated
azolium salts) are typically not compounds that can be
es converted into free NHCs by heating; instead it is known that at
elevated temperatures dealkylation occurs, which can be useful
under certain circumstances.?® However, Taton and co-workers
have demonstrated that azolium salts with a suitable counter
ion can indeed serve as a source for NHCs that does not require
» further addition of deprotonating agents.”’” By choice of the
basic counter ion HCOj", the NHC-precursor can eliminate H,O
and CO, (“H,COj;”), providing access to free NHCs. TGA
measurements in the solid state showed these compounds
(INHC(H)][HCOs], Scheme 2) to be stable up to at least 100°C.
75 Onset of loss of water and carbon dioxide depended on the
substituents R, and in one case direct proof for the liberation of
a free carbene was found.”® Azolium hydrogen carbonates can
result from hydrolysed NHC-CO,-adducts® (which will be
discussed in the following chapter), but can be more readily
so accessed by facile anion metathesis of commercially available
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Figure 2: Torsional angles and C-CO, distance and their dependence on the steric demand of the N-substituent [35].
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s Scheme 3: Some examples for CO,-protected NHCs and the commonly
applied synthetic route (bottom).

azolium halides with potassium hydrogen carbonate (Scheme
2). It is thus not necessary to generate free NHCs prior to
subsequent protection, which distinguishes this method from
most other protection strategies. Potentially, this could be used
to introduce functionalities in the precatalyst that cannot abide
the presence of a free NHC.

Interestingly, NMR experiments revealed a solvent-
dependent equilibrium of [(NHC(H)]J[HCO;] and its
corresponding NHC-CO,-adduct.”’ Compounds of the type
[(NHC(H)][HCO;] can be stored without special precautions
under ambient conditions, rendering this type of precursor very
robust and interesting for application on supports, as was
recently demonstrated by using recyclable polymers with
 pendant NHC-precursor functionalities (Scheme 2, bottom).*

The downside, however, of these azolium hydrogen carbonates

is that their inertness to humidity comes at the price of reduced

activity. Indeed, several applications of typical NHC-mediated
reactions (benzoin condensation, cyanosilylation,
2s polymerization of lactones) showed a general order of
catalysing ability of [(NHC(H)][HCO;] < NHC-CO, < free

NHC.?3! Furthermore, the loss of water during the liberation

reaction renders the hydrogen carbonates not applicable in

situations where the process is sensitive to protic impurities
s (like anionic polymerizations) and requires the addition of
molecular sieves to protect the NHC from deactivation. The
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insufficient solubility of the salt can also hamper effective
generation of the free NHCs.*! It has also to be underlined that
HCOy5  is no innocent counter ion, and care has to be taken to
35 differentiate between situations where the anion is the
(catalysing) active part, in contrast to cases where a carbene is
formed.*
Though usually at elevated temperature [(NHC(H)][HCOs3]
shows increased activity, also at room temperature substrate or
4 monomer conversion has been reported.”’m’31 The latency of
the precursor seems to be corrupted by the “self-deprotonating”
property that is inherent to this system by the basic counter ion,
which is not surprisingly more evident in solution than in the
solid state. This could be very beneficial when low-temperature
45 processes are necessary, for example to suppress side reactions
that are favoured at higher temperature, yet truly thermally
latent catalysis cannot be realized this way.

2 NHC:s protected by small molecules

NHC-CO,-adducts (NHC-carboxylates) have developed to be
the most popular thermolabile NHC-precursors since their
introduction in 2003/2004 (Scheme 3).** Nowadays, they
certainly represent the best understood type of protected
NHC.** One reason for that is the straightforward synthesis,
which does involve free NHCs, but can be applied to almost
ss any NHC-structures, provided they are not too sterically
encumbered or too electron poor.**** The compounds are
usually received as colourless or yellowish amorphous powders
or crystalline materials. Many carbon dioxide protected NHCs
have been described to be inert towards limited exposure to air
o and humidity, but hydrolysis can occur (see previous chapter)
and especially alkyl-substituted adducts seem sensitive towards
deactivation with water.™® The solubility of NHC-CO,-adducts
can be problematic in some cases, though this property is
readily influenced by choice of more flexible N-substituents
o (see for example compound 5, Scheme 3).** Louie and co-
workers have investigated the behaviour of numerous
imidazolium-carboxylates (bulk) when heated and correlated
the TGA results with the crystal structures of the corresponding
compounds.® It was found that the steric demand of the N-
70 substituents is decisive for the ease of decarboxylation. This
observation was attributed to the fact that larger substituents
force the CO,-moiety out of the plain of the imidazolium ring,
which breaks conjugation and accordingly facilitates loss of
carbon dioxide (see Figure 2 for examples of torsional angles).
s Consequently, in case of 1,3-di-fert-butylimidazolium-2-

@
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Figure 3: Crystal structure of tetrahydropyrimidin-2-ylidene derivative
with bulky 2,6-diisopropylphenyl substituents. Torsional angle: 85.70°,
C-CO; bond length = 154.9 pm [36].

carboxylate (3) the PG is lost beginning at around 70°C, while
in contrast the methyl-bearing homologue (1) is stable up to
120°C with subsequent degradation, presumably without
liberating the free NHC. In case of very bulky substituents, the
CO,-plane can be almost perpendicular to the ring system,
which is also true for the related tetrahydropyrimidinium-2-
carboxylates (Figure 3).36 Increasing the electron density at the
carbene carbon, for example by methylation of the imidazolium
ring in C4 and CS5 position (as in 2), stabilizes the NHC-
carboxylate and raises the deprotection temperature**** At
room temperature, exclusion of water provided, NHC-CO,-
adducts remain stable for long periods of time, up to years
without loss of PG or degradation occurring.'® It should also be
noted that NHC-carboxylates can coordinate to MBPhy (M =
Li, Na), which Jowers the decarboxylation temperature
considerably.”’

However, above discussion should not lead to the
assumption that thermodynamically very stable NHC-CO,-
adducts with small N-substituents always degrade before
releasing the free NHC. This is, if at all, only valid in solid
state measurements in the absence of solvent or substrates.
Indeed, as will be obvious in the following examples, the
presence of suitable reaction partners can lower
decarboxylation temperatures down to room temperature. Most
probably this can be explained by at least three superimposed
principles that govern the decarboxylation temperature. These
are on the one hand the purely structural arguments as
discussed above, which depend on the torsional angle of CO,
relative to the heterocyclic ring (conjugation effect) and steric
pressure on the PG in general, which destabilizes the CO,-
adduct. Combined with the electron-richness of the NHC this
can lead to a reliable estimation of the bulk decarboxylation
temperature. In solution, the situation complicates somewhat.
The structural influences still apply, but depending on the
solvents, decarboxylation is much facilitated. This is referred to
by some authors as “solvation effect”®” and may originate from
a destabilization of the charge-separated state, which is found
in the zwitterionic NHC-carboxylates. THF seems to be one
solvent that promotes loss of carbon dioxide, while more polar
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solvents will retard the formation of non polar (CO,) and
weakly polar (NHC) dissociation products (see below). Thirdly,
it has been recognized early on that in solution a very small
concentration of free NHC can sometimes exist, as
demonstrated by the cross-over experiments conducted by
Louie.**® This means that the free NHC can be removed from
the equilibrium, for example by formation of a very stable
NHC-metal complex or by incorporation into a polymer chain.
As a consequence, the activation temperatures may also depend
on the reactivity of the parent NHCs. At present, all three
effects together make it very difficult to gauge the

s decarboxylation temperatures for an individual system in

advance, though it would be highly desirable to be able to
calculate the deprotection process for a given application,
especially in view of large scale use.

In polymer chemistry, where the advantages of latent and/or
robust catalysts are especially pronounced,*® NHC-carboxylates
have recently enjoyed a massive increase of interest (Scheme
4). Taton,’! Plasseraud,” Thomas® and Buchmeiser*' reported
in 2013 the polymerization of cyclic ester monomers, using
CO,-protected NHCs as precatalysts. While Taton and co-

s workers observed activity at room temperature in THF using e-

caprolactone (e-CL) as monomer, Buchmeiser and co-workers
investigated a large array of different NHC-carboxylates and
found a pronounced latent behaviour for bulk polymerizations
of ¢-CL at lower temperature, while at 70°C the polyester was
readily formed. As a consequence of the broad structural
versatility of the accessible NHC-COj,-adducts, it was
furthermore possible to modulate the activity of the precatalysts
by appropriate choice of the ring size and N-substituents of the
NHC.*! Interestingly, Plasseraud suggested a non-innocent role
of the lost CO,, which, when remaining in the reaction vessel,
could regulate the concentration of free NHC or cause
deactivating side reactions like the formation of carbonates
from the reaction of an alcoholate and CO,.* Thomas elegantly
demonstrated via MALDI-ToF experiments that polymerization
of the reactive f-butyrolactone ($-BL) at 60°C is initiated by
the NHC-carboxylate when using bulk conditions or
acetonitrile as solvent, while in THF the free NHC starts the
polymerization (Scheme 4).* At higher temperatures (80°C),
competing initiation by the free NHC is observed in cases
where otherwise initiation by the carboxylate would be
favoured. A bench-top reaction setup was used, enabled by the
favourable inertness of the precatalyst (1,3-
dimesitylimidazolium-2-carboxylate) towards air and humidity.

NHC-carboxylates have also been used as NHC-progenitors
for the group transfer polymerization®' (GTP) and the direct
polymerization®® of methyl methacrylate. While in the former
case a controlled polymerization was possible at room
temperature, the latter case allowed for a “switching on” from
the latent state by heating (60-85°C). Note that both

s polymerizations are mechanistically completely different: while

in GTP the liberated NHC interacts with a hypervalent Si-based
transfer agent, the direct polymerization requires the NHC to
achieve a conjugate addition on the monomer, thus initiating a
zwitterionic polymerization. Still, in both cases NHC-
carboxylates can be used as practically useful -catalyst
precursors.

4 | Journal Name, [year], [vol], 00—00
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Scheme 4: Recent examples for CO,-protected NHCs in polymerization reactions (left) and Thomas’ polymerization of $-BL with decarboxylation of the
precatalyst controlled by the choice of solvent (right). PPO = polypropylene oxide; PMMA = polymethyl methacrylate; PA = polyamide; PES = polyester;
5 PU = polyurethane [18,31,36,39-44].
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Scheme 5: a) Comparison of the thermal stability of NHC-CO,, -COS and —CS,-adducts; b) reversible bonding of diamidocarbene to CO; ¢) NHC-N,O-
adduct and its thermal degradation to urea derivative [24,53-57].

Further examples include the application of CO,-adducts in
w0 the synthesis of polyurethanes,*” where full thermal latency was
achieved, and, very recently published, the rather sluggish
oligomerization of propylene oxide was likewise based on in
situ  generation of NHCs from their corresponding
carboxylates.*

Finally, CO,-protected NHCs have been applied for the
synthesis of polyamides from lactams by anionic ring-opening
polymerization, where the liberated NHC acts as a
deprotonating agent.lg’44 As both monomer (e-caprolactam or
laurolactam) and the precatalyst are solids, a ready-to-
polymerize composition can be effortlessly prepared. These
mixtures were found to be storable over months without losing
polymerization activity, which could be started by simple
heating to 180-220°C. It is noteworthy that NHC catalysis is
not limited to mild temperature regimes. The implementation of

a

<)
S

»s free, non-protected NHCs in such a single-component system
would not have been feasible, underlining once again the
practical advantages that can be gained from thermolabile
NHC-precursors.

Apart from polymer chemistry, NHC-carboxylates have also

30 been used as NHC-transfer agents for ruthenium complexes
(transfer occurred at room temperature),45 various other metal
compounds,”®  carboxylative cyclization of propargylic
alcohol”” or coupling of epoxides with CO,." Of course, the
interaction of NHCs and CO; can be seen under the perspective

35 of CO,-fixation and —activation. Numerous catalytic circles
have been proposed to proceed via NHC-carboxylates, and
capture or reversible storage of carbon dioxide by NHC-based
systems has been a focus of attention for several years now.*
NHC-carboxylates supported on a polymer backbone have been

4+ used for standard reactions like benzoin condensation and

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 5



Catalysis Science & Technology

4 MeS N\ 'd
—_— [\ [\ [\ Ph
Mes— N N~Mes  Mes=Na_N~Mes Ph=N_N~pn >=N
. H H H N_ _N N. N
NN F F F F F F | |Mes™ ~Mes Ph— ~Ph
Kn ’ H
OMe OMe
CCly
F F F F F F
F F
7 8 type 1 10 11 type 2 12
\§ /L

Page 6 of 15

Figure 4: NHCs protected as adducts of halogenated organic compounds and alcohols [54,63-65].
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Scheme 6: Polymerization of lactide by a single-component NHC-
5 alcohol-system [63].

transesterifications,”*° the trimerisation of isoyanates50 and

were applied to prepare polymer-supported metal catalysts that
proved useful in several catalytic transformations.’® Very
recently, Hans et al. have described a number of NHC-
catalysed Michael additions using CO,-protected pre-
catalysts.”!

Compared to CO,, other small-molecule PGs have received
much less attention.”? The heavier homologue, CS,, was found
to form very stable adducts with NHCs, yielding impressively
large and red crystals.” Therefore, this class of compounds is
problematic for in situ liberation of NHCs, but addition of CS,
has been advantageously used for efficient quenching of NHC-
mediated reactions.’* As can be expected, the properties of
carbonylsulfide-protected (COS) NHCs are intermediate
between NHC-CO, and NHC-CS, compounds.55 A direct
comparison between these different adducts is shown in
Scheme 5. Upon heating, thermolysis starts much sooner for
the carboxylate and a clear cut transition step can be observed
by TGA, which is indicative of the formation of a free NHC. In
25 contrast, the CS,-adduct completely degrades after onset of
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thermolysis.

The unusual electronic situation that was observed in
Bielawski’s diamidocarbenes enabled the coordination of
carbon monoxide to an NHC (Scheme 5).2* The m-system, that
is very electron poor in DACs compared to other NHCs, can
act as a w-acid powerful enough to generate a backbonding-like
situation. This is very different from the ability to bind CO,,
which is essentially a pure o-donation. The interaction with
CO, however, was relatively weak and the free NHC was
sreported to be in equilibrium with its “CO-protected”
counterpart at room temperature (ratio 2:1). In this context it is
very instructive to compare these findings with investigations
by Bertrand and co-workers, who showed that CO-adducts of
acyclic and cyclic alkyl amino carbenes can be stable in the
solid state but also in solution.*®

Finally, a rather interesting adduct can be formed by NHCs
in combination with nitrous oxide (N,0).”” The compounds
were found to include bent N,O with a considerably weakened
N-N bond and a coordinative flexibility (N-donor, O-donor and
chelating N,O-donor). Though these adducts were mostly stable
at room temperature, heating resulted in the formation of the
corresponding ureas under loss of nitrogen (Scheme 5), so at
present adducts of this kind cannot serve as sources for NHCs.

w
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w
&
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0 3 NHCs protected by organic compounds

Alcohols and chloroform have been the first PGs to be
employed in NHC chemistry (Figure 4). Wanzlick himself has
described several examples already in the 1960s, which he
intended to use for isolation of the free carbenes.™ Though this
s did not happen in the desired way due to the dimerising
propensity of the NHCs he used, the interaction of NHCs with
alcohol functionalities und acidic C-H-moieties has remained
an intensively researched field, and the apparent ease of
application has led to frequent use of NHCs protected formally
by MeOH or CHCl; in organometallic synthesis and
polymerization catalysis. The preparation of compounds as
depicted in Figure 4 can in principle involve either direct
addition to an NHC® or alternatively be achieved by
cyclisation of diamines and suitably substituted aldehydes.**
Elimination subsequently delivers the catalytically active NHC.
It should be underlined that the PG will usually remain in the
reaction setup, unlike the small molecules discussed above.
Nyce et al. have described the use of type 1 protected NHCs
for the polymerization of lactide to yield the corresponding
» polyester at elevated temperatures.™® A complex interplay
between PG and NHC structure was found. While in some
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5 (top) and isothiocyanate-adducts for high-temperature
cyclotrimerisation of isocyanates [66,67].

cases no monomer conversion was observed, irrespective of the
applied temperature (PG = benzene, trifluoromethane, p-
nitrobenzene among others), compound 8 displayed acceptable
10 activity at 65°C, while 9 required 110°C to reach 66% yield
after 24 h. 10, where the steric pressure on the PG is smaller
than in 8, was used at 144°C over 12 h to finally yield 68% of
isolated polyester. As a general summary, the authors stated
stability in
solution at room temperature, while the CHCl;-adducts (7)
dissociate much more readily.>* Overall, the activity of type 1
protected NHCs in the polymerization of lactides is inferior to

that pentafluorobenzene-adducts can achieve

a

that of free NHCs.%

Alcohol adducts have been used frequently to transfer NHCs
as ligands to metal complexes, for example in case of
ruthenium alkylidenes® or rhodium and iridium compounds.*
limits  the
applicability of this method to metals with low oxophilicity,
which is why alcohol-NHC-adducts are increasingly substituted

<)
S

However, the contamination with alcohol

s by NHC-carboxylates.
Waymouth and Hedrick used

>
bz

adducts  of 1,3-
dimesitylimidazolin-2-ylidene and a range of different alcohols,
again for the polymerization of lactide (Scheme 6).” The

w
=3

@
3

"
ot

N
3

N
&

s propagating

compounds are stable solids. In solution, however, they were
found to quickly release the free NHC and the protecting
alcohol even at 25°C. Accordingly, monomer conversion was
swift, resulting in near-quantitative consumption within two
hours. As alcohols are usually added in the ring-opening
polymerization of cyclic esters as initiators, the NHC-adducts

s served in this case in a single-component setup, introducing

both catalyst and initiator via the same compound. In
consecutive studies it was demonstrated that the stability of
type 2 adducts can be influenced by choice of the parent
NHC.* Triazol-5-ylidene derivative 12 (Figure 4) was
elegantly used for switching the polymerization on and off
repeatedly, simply by varying the temperature between 25°C
and 90°C. The polymerization rates were rather low in the latter
case, which necessitated long reaction times, again highlighting
the compromise that has to be negotiated between latency and

s activity.

NHC-alcohol-adducts have been much exploited in the past,
yet the parameters influencing their formation are not well
understood (Scheme 7). Apart from adduct formation, literature
descriptions range from “activation” of alcohols to their
deprotonation by NHCs.*! Depending on the partaking NHCs
and alcohols, it seems reasonable to assume complex equilibria
to exist between all three extreme formulations. It can be well
conceived that sterically encumbered NHCs or alcohols will
destabilize any adduct formation or lower the dissociation

s temperatures. Furthermore, the equilibrium should be well

shifted in the direction of ion formation if strongly Brenstedt-
basic NHCs or low-pK, alcohols are used. In view of the many
situations where NHCs and OH-functionalities interact,
however, detailed investigations are needed to map out the
interplay of carbene structure and alcohol moiety in a more
systematic way. Generally speaking, the breadth of available
alcohols is a favourable aspect in this type of chemistry, though
their simultaneous release with the NHC cannot be tolerated by
all systems (some anionic polymerizations, depending on the
species, oxophilic early transition metals,
organometallics sensitive to protic compounds). Furthermore,
solubility issues seem to be absent and the synthesis of NHC-
alcohol-adducts is not complicated. Thermal stability, on the
other hand, is usually rather low, so truly latent catalysis can be
achieved only in special cases. Notably, investigations
concerning polyurethane formation found type 1 and type 2
protected NHCs (Figure 4) to be not thermally latent.**%
Moving away from alcohols, the addition of 1,3-
dimesitylimidazolin-2-ylidene to -BL has been reported to

sresult in an NHC-spirocycle.®® This compound efficiently

initiated the polymerization of f-lactones, yet the reaction
already occurred at room temperature, most likely because the
spirocycle can ring-open to a zwitterionic species that is able to
grow by monomer consumption (Scheme 8).

Interestingly, Bielawski and co-workers have found that
adducts of NHCs and isothiocyanates can serve as thermally
labile precursors for NHC-mediated polymerizations and the
trimerization of isocyanates (Scheme 8).*” Adduct formation
was observed to be heavily favoured (K. = 5.94 x 10 M at

s 25°C) and working temperatures of at least 100°C were

required to gain acceptable catalytic activity. Further it was

This journal is © The Royal Society of Chemistry [year]
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Scheme 9: Metal salt-protected NHCs for the thermally latent polyurethane synthesis (13-16) and general activation scheme for thermolabile NHC
complexes (right) [42,65].

15 demonstrated that the electronic nature of the PG affected the

Mes—N<_N~wes o) adduct stability: more electron rich isothiocyanates, which are
=\ ARG )J\O,R\ expectedly less prone to nucleophilic attack by the NHC,
Mes— N N~Mes 2 Y H : displayed a somewhat higher activity due to reduced stability of
E—— ~“0-R ——»
R-OH the adduct.
polyurethane
SnCl, R-NCO  §* I} formation
N=C=0:----- SnCl
R’ 2 4 NHCs protected by metal compounds
In principle, every metal complexation of an NHC can be
M Mes considered as protection as long as it can be reverted by
Mes—N_N~Mes A N o '\;AQCIZ polyester reasonable measures, for example by way of heating. The
1 — > [ > A o ——> formation somewhat unusual point of view taken on these complexes-
Q —> . . . .
Mg CI N R-OH »s understanding the NHC as main actor and designation of the
g Mes metal as mere PG- favours the use of inexpensive, non-toxic
and rather weakly coordinating metal ions.®® Indeed, to gain
truly latent behaviour a balance between proper association of
s Scheme 10: Preparation of polyurethanes (top) and poly(e- the metal ion and the NHC at lower temperatures and a facile
caprolactone) (bottom) by thermolabile precatalysts based on NHC- w release at elevated temperatures has to be maintained.

metal complexes. As the monomers are different, the best Lewis acid

o . However, it should also be taken into account that the metal
for activation also varies [41,42,65].

ions will stay in temperature dependant equilibrium with the

[\ I\ I\ \e NHC (Scheme 9). At the same time, the “free” metal ion can
R-NUN~R  r-NUN-r  r-NUN~r r-NN-g act as a Lewis acid and influence the reaction or
* \'( % l ° 35 polymerization, thereby changing its role from passive

Mg+ Cl Zn-ui Cl Sn 0~ "o protecting group to active part of the chemical process. This

cI” o) c” "o a’ c can lead to a situation where Lewis base (NHC) and Lewis acid
(metal ion) support each other in their catalytic activity with the

17 18 19 20 result of enhanced activity. This principle has been described

40 by Scheidt as cooperative Lewis acid/NHC catalysis in several

. :; ;2 complex organic reactions and has also found application in

1004 similar form in polymer chemistry.®’® Transferred to latent
catalysis, this means that it is possible to circumvent a
804 v frequently encountered problem, which is the reduced activity
v ss that is usually the price for (thermo-)latent properties.”® By
604 v suitable choice of PG, NHC and substrates it is possible to
induce thermal stability to a metal-NHC complex, where after
40 . . activation (dissociation) the catalytic activity of the NHC is not
. hampered by competing coordination to the metal but contrary
s it profits from Lewis acid activation of the substrate. Examples

for this will be found below.

) M For the simplest possible metal-derived PGs, alkali metal

019 _ ¥ o o o o o . e ° e °
T

0 50 100 150 200 250 ions, some descriptions exist.”' Not surprisingly, the

10 time [min] coordination seems too weak to serve as true protection of the
ss carbene functionality in a latent fashion. However, more stable
complexes can be synthesized if the NHC is chelating via a

monomer consumption [%]
<4

[R]
[
9
3

20+

Figure 5: Monomer consumption during thermally induced
polymerization of e-CL (70°C) using homologous NHC-metal .
— e endant alkoxide group.””
complexes as precatalysts. R = mesityl [41]. p group.
Other main group metals have received more attention and

delivered truly thermolabile NHC complexes. Mg(II) served as

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00—00 | 8
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polymerization of LA (21-24, middle) and a latent catalyst for copper-
mediated “click-“reactions (bottom) [75,80-81,83].

a labile PG in the complex 13 (Scheme 9), which can in
principle be synthesized in one step or by using NHC-
carboxylates as transfer agents.*"®® Interestingly, direct
comparison of 13 with other Zn-, Sn-, and Al-protected NHCs
(14-16) as precatalysts in the preparation of polyurethanes has
underlined the influence of the PG on catalysis. Though
generally pronounced latent behaviour was found with
inactivity at room temperature and fast polymerization at 65°C,
the polymerization rates were heavily controlled by the metal
PG. The zinc and tin complexes were most active in polymer
formation, while the magnesium-protected NHCs displayed
only modest activity. The aluminium complexes proved to be
instable in the presence of alcohols.*”®® The difference in
behaviour can probably be related to a better Lewis acid
activation of the isocyanate moiety by Sn(II) and Zn (II)
compared to Mg(II).

It is instructive to compare this case (see Scheme 10) with
the polymerization of g-caprolactone (e-CL) by a homologous
row of MgCl,-, ZnCl,~, SnCl,- and CO,-protected 1,3-
dimesitylimidazolin-2-ylidene (Figure 5, 17-20).*" As can be
seen, the activity of the metal-free precatalyst (20) is almost
non-existent, while introduction of a metal-derived PG has a

strong accelerating effect. Quite unexpectedly, Mg(Il) is much
superior to Zn(II) and Sn(II) in this particular polymerization
process, thus showing an inverse order of activity compared to
polyurethane formation. As both the reaction conditions and the
parent NHC are the same in Figure 5, the difference in activity
must solely depend on the joint action of metal salt and NHC.
Obviously, according to the HSAB-principle,” the small and
35 hard magnesium ion is more effective in coordination to the
lactone, thereby removing electron density and rendering the
monomer more prone to nucleophilic ring opening by the
thermally liberated NHC. It should also be noted that 18 shows
an induction time at 70°C (Figure 5), while the MgCl,-bearing
4 homologue does not, mirroring the stronger coordination of the

NHC to Zn(Il) compared to Mg(II). The same effect is also

observed at room temperature; while 18 is perfectly latent over

prolonged time, 17 entails slow monomer conversion.

However, both precatalysts can be “switched on” by heating.
4s At 130°C, controlled and rapid polymerization occurs, yielding

quantitative amounts of polyester after only 5 minutes reaction

time.*!

In this context, a detailed investigation by Chen and co-
workers also deserves attention.”* A range of different Lewis

so bases, among them NHCs, have been used in combination with
Lewis acids like AICl;, Al(C¢Fs); or B(CgFs); to polymerize
diverse lactones and acrylates. Strongly enhanced
polymerization rates were achieved by the cooperative
influence of NHC and Lewis acid in some cases. The reagents,
s however, where not added as discrete complexes but separately
(free NHC), so it remains unclear whether related protected
NHCs would be active in a similar manner.

Silver complexes represent the most important class of labile
NHC complexes.” The most popular route to Ag(I)-NHC
compounds is the “Ag,0” method (Scheme 11), which allows
for directly converting precursor salts into the metal complex.”®
This synthetic strategy is very advantageous, because the
intermediate generation of free NHCs is avoided. Silver(I)-
protection can thus be used to transfer NHCs to metal
s compounds, even if the NHCs are not stable in their free form.
A further positive aspect is that most reactions do not require
special precautions with respect to protective gas atmosphere or
solvent purification. NHC transfer and NHC characterization
still remain the most frequent application for the readily
available silver(I) complexes.”” The rich structural diversity can
also influence the transfer behaviour, which can be different for
mono- and bis-NHC silver complexes.”® A more recent
development is the rapidly growing field of Ag(I)-NHC
complexes as anti-infective agents; there, the (thermo-)labile
7s character of these compounds is used for a slow release of

antibacterial Ag" ions.”

The silver complexes have also been used directly for
catalysis. In reports on lactide (LA) polymerization by Sentman
et al., the liquid precursor 21 (Scheme 11) was found to

so catalyze the reaction between 40°C and 100°C with an
optimum at 60°C (in toluene), where after 12 h 90% conversion
was achieved (NHC:LA = 1:100).% The intermediacy of free

NHCs was proven by capturing with CS,. In accordance with

the observations that were discussed in the chapters above
ss concerning the difference of deprotection temperatures in
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"
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o
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o
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Table 1: Pointed summary of the properties of different protected NHCs.

NHC precursor potential advantages

downsides

azolium hydrogen
carbonates
free

NHC-carboxylates

NHC-alcohol-adducts

NHC- metal complexes

very robust precatalyst,
simple synthesis which does not include free NHC, metal-

robust, metal-free precursor, full thermal latency and
controlled release possible, only CO, as byproduct

broad array of PG, facile preparation, single-component
system in case alcohol acts as initiator, metal-free

near unlimited number of potential PGs, modulation of
thermal stability/reactivity/pot times by choice of metal

limited solubility, low reactivity, generation of
protic byproduct (H,0O), reactive at RT in
solution, non-innocent counter ion

solubility can be problematic, decarboxylation
depends on many factors and may require bulky
NHC, synthesis goes via free NHC

protic byproduct (R-OH), limited (or no)
thermal stability in solution, full latency only in
some cases

metal contamination, may hydrolyse, may entail
“metal-based” catalysis

compound, Ag(I)-complexes very easy to prepare, enable
cooperative/dual catalysis, usually good solubility

RT = room temperature

absence and presence of substrates, compound 22 did not show

s any weight loss in TGA (unlike 21) below 250°C. And yet, 22
catalysed the polymerization of LA to near quantitative
conversion, albeit slowly (72 hours, 100°C). Samantaray et al.
investigated LA polymerization in the bulk, using compounds
23-24 (Scheme 11).*' Both compounds were found to

10 polymerize in a temperature range between 100-180°C, which
enabled isolation of near-quantitative yields after 4 h of
reaction. Again a discrepancy between TGA measurements and
actual catalytical activity was observed, which prompted the
authors to invoke a metal mediated mechanism.®' No co-

15 initiating alcohol was used, which makes it hard to compare
these results with others.

As a concluding remark on the polymerization of cyclic
esters it should be underlined that a low observed activity of a
protected NHC-precatalyst cannot necessarily be attributed to

2 difficult or incomplete deprotection. The activity is also
strongly influenced by the NHC itself; indeed it is possible to
render a free NHC completely inactive by choice of the
“wrong” N-substituents.*? Special care must therefore be taken
when comparing two progenitors with differing parent NHCs,

25 as the overall activity is a function of both deprotection and
inherent catalytic power of the carbene. Of course, this
generally applies to all processes mediated by in situ generated
catalysts.

As a final example for a thermolabile coinage metal NHC

3 complex, [NHC(CuCl)] (25) was found to be stable in DMSO
for a week, while heating to 60°C led to a release of CuCl to
catalyse a typical “click” reaction (Scheme 11).% Interestingly,
in THF or isopropanol no latency was found, and high
conversions were achieved at room temperature already.

Conclusions

In Table 1, the advantages and disadvantages of several classes
of protected NHCs are summed up in order to serve as a
guideline for choosing the most suitable precatalyst for an
« intended application. One very fundamental difference is of
course the division into metal-free and metal-containing

=
=)

protected NHCs. While the former can provide access to
organocatalysis with all the connected benefits, the latter might
also be found to be a very attractive alternative. Apart from

s being co-catalysing PGs, the implementation of non-toxic and

readily available metal compounds might very well eliminate
purification steps of the product and economic concerns
regarding the costly consumption of metal resources. Control
over the deprotection temperatures has been shown to be in
need of more research efforts, yet it is clear that here again a
major division can be made between protected NHCs were the
NHC has to be manipulated in order to modulate the activation
temperatures  (azolium  hydrogen  carbonates, NHC-
carboxylates) and strategies that allow for variation of the PG

s (NHC-alcohol-adducts, metal complexes). Though it is very

convenient to apply the findings for CO,-protected NHCs and
increase the steric bulk for more facile loss of carbon dioxide, it
might well be that this same manipulation renders the NHC not
useful for the intended catalysis. Especially if the reaction is
not flexible with regard to the applied temperature, the use of
metal-protected NHCs can provide a more facile access to
precatalysts with higher or lower propensity towards
dissociation and liberation of the NHC.

It must furthermore be considered that azolium hydrogen

s carbonates and NHC-CO, adducts release byproducts that can

be easily removed, while metal salts or alcohols will reside in
the reaction system. When a robust process can tolerate protic
impurities, NHC-aclohol-adducts or azolium hydrogen
carbonates can be interesting choices. For more sensitive
applications, NHC-carboxylates or NHC-metal complexes are
recommended.

The important issue of solubility seems problematic for
[NHC(H)][HCO3] and in some cases for NHC-CO,, while such
difficulties are absent or easily circumvented in the case of

s alchohol-adducts and metal complexes. Interestingly, silver (I)

complexes and azolium hydrogen carbonates give access to
protected NHCs without prior generation of a free NHC, via the
“Ag,O-route” or anion metathesis, respectively. Truly
thermally latent reactions, that can be “switched on” by heating
are at the moment realized best by using NHC-carboxylates or
suitable NHC-metal complexes.

This journal is © The Royal Society of Chemistry [year]
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In conclusion, the development of protected NHCs has
already proven very fruitful for a number of applications.
Increased stability, facile handling and externally controlled,
heat-induced reactions pave the way for future large-scale NHC

s (organo-)catalysis. The research on thermolabile NHC-adducts
is also interconnected to related fields, especially the activation

of small molecules. The methods that exist at present to create
labile NHC-progenitors complement each other and offer broad
venues for intelligent precatalyst design. It must be expected
10 that NHCs will rise in importance in the years to come, and so
will strategies to control their reactivity and triggered release.

This journal is © The Royal Society of Chemistry [year]
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s The thermally triggered release of catalytically active, free NHCs from various heat-sensitive progenitors is discussed.
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