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Caffeine and other purine bases are naturally occurring, inexpensive, and readily available heterocycles
composed of a fused imidazole—pyrimidine framework, whose five-membered imidazole core corres-
ponds to an N-heterocyclic carbene (NHC) precursor. These features make purine scaffolds ideal precur-
sors for the design of metal-NHC ligands that combine biological relevance, structural diversity, and
tunable electronic properties. Over the past two decades (2004-2025), an expanding family of purine-
derived NHC complexes has been developed across the periodic table, including those of Ru, Ir, Rh, Ni,
Pd, Pt, Cu, Ag and Au, revealing distinctive coordination modes, redox behaviors, and catalytic activities.
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This review provides a comprehensive overview of their synthetic strategies, structural features, and cata-
lytic applications, emphasizing how the intrinsic anisotropy and multifunctionality of the purine framework
enable unique metal-ligand interactions and reactivity patterns relevant to sustainable catalysis, photo-
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physics, and bio-organometallic chemistry.

1. Introduction

The isolation of the first stable free carbene represents a
seminal milestone in modern chemistry."™* This achievement
opened the way for the design of functionalized imidazolyli-
dene scaffolds, later known as N-heterocyclic carbenes (NHCs),
which rapidly emerged as powerful ligands in transition-metal
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catalysis.”® Since then, NHC-metal complexes have become
an essential class of organometallic compounds, underpin-
ning advances in selectivity control, catalytic efficiency, and
reaction design across organic and inorganic chemistry.'®"!
Over the past decades, an extensive variety of structurally
diverse NHC-metal architectures has been developed, fine-
tuning steric and electronic properties to enable new reactivity
pathways, enhance substrate scope, and provide cost-effective
alternatives for industrially relevant transformations.'*>°
Purines constitute an especially appealing platform within
this landscape. These aromatic heterocycles consist of a fused
pyrimidine-imidazole core, and naturally occurring deriva-
tives, such as adenine, guanine, hypoxanthine, xanthine, theo-
bromine, theophylline, isoguanine, and caffeine, exhibit rich
tautomeric behavior arising from keto—-enol and amine-imine
equilibria.>” Fig. 1 depicts the purine skeleton and its deriva-
tives, highlighting the atom numbering scheme adopted
throughout this review. The imidazole fragment within the
purine structure inherently contains a pre-carbenic site (C8),
which can be exploited for metal coordination, providing
enhanced stability and tunable electronic environments in
organometallic catalysis.”® In some cases, an additional pre-
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carbenic position may also be available on the pyrimidine ring
(C2). Related fused NHC scaffolds based on pyridine-imid-
azole have also been described in the
literature.

Among these, xanthine derivatives have attracted growing
attention due to their natural abundance, low cost, and ready
availability. These compounds serve as bio-derived NHC pre-
cursors, enabling the development of functionalized NHC-
metal complexes suitable for both homogeneous and hetero-
geneous catalysis.®' °® Their structural diversity allows for deri-
vatization through straightforward N-alkylation or tether modi-
fication, yielding ligands with tailored solubility, steric bulk,
and electronic profiles, and even surface-anchored catalysts
when supported on materials such as graphene, silica, or
polystyrene.

While several reviews have summarized the synthetic and
biological aspects of purine-based NHC complexes,®”® their
catalytic reactivity has often been only briefly mentioned or
treated tangentially. To the best of our knowledge, no compre-
hensive review has yet focused specifically on the catalytic
applications and reactivity studies of NHC-metal complexes
derived from purine frameworks.

frameworks
29-60
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Fig. 1 Structure of purine and representative naturally occurring derivatives. The purine core features a fused pyrimidine—imidazole framework;
atom numbering follows the scheme shown. Derivatives such as adenine, guanine, xanthine, theobromine, theophylline, and caffeine illustrate the
structural diversity and functionalization patterns relevant to NHC precursor design.

In this contribution, we present an integrated overview
(2004-2025) of the catalytic behavior of purine-derived NHC-
metal complexes, encompassing Ru, Ir, Rh, Ni, Pd, Pt, Cu, Ag
and Au systems. Special attention is given to their synthetic
methodologies, ligand-transfer processes, ancillary-ligand
exchange dynamics, and catalytic transformations, including
cross-coupling, condensation, and hydrogen-transfer reactions.
Through this analysis, we aim to establish purine-based NHC
ligands as a sustainable and multifunctional platform in tran-
sition-metal catalysis, bridging the gap between bio-inspired
design and advanced organometallic reactivity.

2. Purine-based NHC complexes of
Group 8 metals

Group 8 of the periodic table comprises iron (Fe), ruthenium
(Ru), and osmium (Os). In the literature, several Fe complexes
incorporating a purine fragment have been reported.”®”°
However, to the best of our knowledge, there are no examples
of Fe complexes featuring purine-derived NHC ligands, high-
lighting a clear gap in this area. Purine-based NHC complexes
of Os”” have been explored at the DFT level (B3LYP/6-311++G
(d,p)/LANL2DZ), providing valuable theoretical insights into
their bonding characteristics and electronic structure.”®

In contrast to Fe and Os, some purine-based Ru-NHC com-
plexes have been described in the literature, together with
their catalytic applications.”® In particular, xanthine-derived
Ru(u)-NHC complexes 1a and 1b were evaluated in a series of
transformations, including transfer hydrogenation, alkene oxi-
dation, and the synthesis of vinyl ester compounds.”® The
transfer hydrogenation reaction was performed in i-propanol,

This journal is © The Royal Society of Chemistry 2026

which served simultaneously as a solvent and hydrogen donor
(Scheme 1). Both complexes exhibited comparable catalytic
performance, affording yields between 59% and 99% across
various substrates. Remarkably, an imine substrate was quanti-
tatively reduced to the corresponding secondary amine. This
behavior is consistent with previous reports describing Ru-
complex-mediated hydrogen transfers.*

The oxidation of alkenes using 1a and 1b (1 mol%) in the
presence of NalO, produced benzaldehyde and acetophenone
selectively from styrene and methylstyrene, respectively, within
30-45 min (Scheme 2a). The formation of the corresponding
carboxylic acids was not detected under these conditions. In
contrast, oxidation of aliphatic substrates such as 1-hexene
and cyclooctene afforded the corresponding carboxylic acids
after 24 h in moderate to good yields (Scheme 2b).

Complexes 1a and 1b also catalyzed the formation of vinyl
esters from benzoic acid and 1-hexyne under microwave
irradiation. The reaction afforded mixtures of Markovnikov
(using 1a, yield: 72%, and 1b, yield: 58%) and anti-
Markovnikov (using 1a, yield: 28%, and 1b, yield: 42%) pro-
ducts. The distinct Z/E selectivities observed underscore
marked differences in the reactivity and stereochemical behav-
ior of the two Ru-NHC catalysts (Scheme 2c). Complex 1b,
bearing the bulkier N-substituent on the NHC ligand, favored
the formation of the less sterically hindered E-stereoisomer.

The alkylation of anilines via dehydrogenative coupling rep-
resents a green and atom-economical strategy for C-N bond
formation.®" The methylation of aniline derivatives using
methanol as a C1 source (Scheme 3) was accomplished
through the in situ generation of a xanthine-based Ru-NHC
complex (2).8” This catalytic system exhibited good functional-
group tolerance, accommodating halogens, ethers, and nitro

Dalton Trans.
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Scheme 1 Caffeine-derived Ru—NHC complexes (la and 1b) catalyze the transfer hydrogenation of ketones and a representative imine, affording
the corresponding alcohols and secondary amine under mild conditions.

a) Oxidation of alkenes to ketones
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Scheme 2 Caffeine-derived Ru-NHC complexes (1a and 1b) catalyze the oxidation of alkenes and the synthesis of vinyl esters, highlighting their
versatility in redox and coupling transformations.
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Scheme 3 NHC-Ru complex (2) catalyzes the dehydrogenative methylation of anilines with methanol, affording N-methylaniline derivatives under

mild conditions.

substituents. Reported yields ranged from moderate to excel-
lent (62-99%), highlighting the efficiency and versatility of the
Ru-NHC framework.

The reactivity of Ru cluster 3 was examined in the presence
of triphenylphosphine (Scheme 4).”” At room temperature,
cluster 3 reacted smoothly to afford the mono- and bis-phos-

several pathways. For instance, migration of the PPh; ligand
either to a second equatorial site on the same ruthenium
center or to a different ruthenium center can generate a new
isomer. Alternatively, hydride migration to another Ru-Ru
edge may also lead to isomer formation. The two species likely
differ by substitution at the nitrogen-bound ruthenium atom

phine-substituted derivatives [Ru3(CO)o(PPh; )0’ k-
C5N4(CH3);0,}(1-H)] (4a) and [Rus(CO)g(PPhy), {u,n',x'-
CsN,4(CH3);0,Hp-H)] (5) in 38% and 8% yields, respectively.
When the same reaction was performed in toluene under
similar conditions, complexes 4a and 5 were obtained in 41%
and 21% yields, respectively. Both products are air-stable in
the solid state, although they undergo slow decomposition in
organic solution upon exposure to air. Attempts to obtain
single crystals suitable for X-ray diffraction were unsuccessful.
Cluster 4a can undergo isomerization in solution through

(major isomer) versus the carbon-bound ruthenium atom
(minor isomer), as illustrated in Scheme 4b.

3. Purine-based NHC complexes of
Group 9 metals

Over the past three decades, the chemistry of Group 9 metals
has gained considerable attention owing to their broad cata-
Iytic versatility. Cobalt complexes containing a purine frag-

a) Reaction of 3 with PPh3

PPh
PFhng

oc )N co —  ph,p )N co + pPhpr PN co
Ho>~\7" co CH,Cly, rt iy i
RU I/—Ru_CO ——=Ru_ CO
oc—Ru=_1 \| oc—Ru<_| \| oCc—Ru<_ | \I
| (I:O Ru—CO | éO Ru—CO | éO Ru—CO
¢ co | “co ¢ co | “co o¢ co (I:o\:?m
4a 5

Dmp\_N\ co oc\‘N\ co
H=/—=R4_co H=/—=R{_co
—Ru=_1 \I oh.P—Ru<_1_\I

OC—Ru=—1_ Ph;P—Ru

oc” | &o RO oc” | &o RuTCO

co (|: co co [ Neo
4a 4b
(major) (minor)

Scheme 4 Ligand exchange behavior of NHC—Ru complex 3 upon addition of PPhs and postulated structures of the two isomeric forms of the
complex (4a and 4b).

This journal is © The Royal Society of Chemistry 2026 Dalton Trans.
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ment have been known since the 1950s.”%7%8378% However, to
date, no examples of purine-derived NHC complexes of cobalt
have been reported, despite the existence of numerous Co-
NHC complexes in the literature with well-established catalytic
applications.*®

In contrast, several purine-based Ir-NHC complexes have
been synthesized, characterized, and evaluated in catalytic
transformations. The preparation of Ir(i)-NHC complexes of
the type [(NHC)Ir(COD)Cl], where COD denotes 1,5-cycloocta-
diene, has enabled their study from multiple perspectives. For
example, the chloride ligand can be replaced by fluorinated
arylthiolate (SAr*) groups through ligand exchange with [Pb
(SATF),],”" which serves as a halide abstractor (Scheme 5). The
driving force for this transformation is the formation of the in-
soluble [PbCl,] byproduct and the strong affinity of Pb(u) for
halide ions. The resulting Ir-SAr" complexes (7a and 7b) were
isolated in 53% and 64% yields, respectively. Interestingly,
incorporation of the SArF ligand enhanced cytotoxic activity
but reduced selectivity; nevertheless, both complexes showed
activity against several cancer cell lines, highlighting their
potential as bioactive species.

The COD ligand in complexes of the type [(NHC)Ir(COD)CI]
can be readily substituted by CO,”>™* affording the corres-
ponding [(NHC)Ir(CO),Cl] species (Scheme 6).°° This trans-
formation is conveniently achieved by bubbling CO through a
solution of the Ir-NHC precursor at 0 °C, a temperature that
enhances CO solubility and promotes ligand exchange. The
significance of the [(NHC)Ir(CO),Cl] complexes lies in the fact
that their C-O stretching frequencies (¢(CO)) provide a direct
measure of the electronic properties of the NHC
ligand.'®'%%"°7 For complexes 8b-f, the average 1(CO) values
were 2019 cm™" (8a), 2020 cm™* (8b and 8c), 2022 cm™" (8d),
and 2016 cm™" (8e). Notably, the corresponding value for the
well-known IMes derivative is 2023 cm™,%”
benchmark for comparison.

A characteristic feature of Ir(u) complexes is their ability to
activate C(sp*)-H bonds, particularly when such activation
enables the formation of five-membered metallacycles. This
strategy has been extensively employed for the construction of
bidentate ligands and their corresponding Ir(u) coordination

serving as a useful

YWJ: »-f—ﬁ

I - [PbCIz]

s S
F F
SArf = d d
- £ F F
F
7a 7b

Scheme 5 Chloride-to-fluorinated arylthiolate ligand exchange in Ir—
NHC complexes, illustrating the formation of SArF-substituted
derivatives.

Dalton Trans.

View Article Online

Dalton Transactions

| |
o Ko i : /
Ir—l=
_N | ,3>—|
Cl
0o CH,Cl,

\ R, \ N
6b, R = 2-F 8b, R =2-F
6c, R = 3-F 8c, R =3-F
6d, R = 4-F 8d,R = 4-F
6e, R =2,3,4,5,6-F5 8e, R =2,3,4,5,6-F5
6f, R = 2,6-F, 8f,R = 2,6-F,

Scheme 6 Formation of dicarbonyl Ir-NHC complexes through CO
substitution of the [(NHC)Ir(COD)Cl] precursor, illustrating ligand
exchange from COD to CO.

compounds.”® In this context, two structural isomers, 9-mer
and 9-fac, were isolated and fully characterized.”® Remarkably,
the mer-isomer can be converted into the fac-isomer upon
treatment with trifluoroacetic acid (TFA) in a CH,Cl,/EtOAc
mixture at 65 °C (Scheme 7). The two isomers display distinct
photophysical properties, with quantum yields of 0.99 (9-mer)
and 0.77 (9-fac), respectively.

Following a similar C(sp?)-H activation strategy, a series of
Ir(m) and Rh(m) complexes bearing C*D-chelating ligands (C =
C8 of the purine core; D Cnuc, NR, or PR,) were
synthesized.'°"'%* In these systems, coordination of the metal
to the D ligand precedes the C-H activation of the neutral
purine, leading to the formation of an azolyl-type
complex.'®7'% Subsequent protonation of the free nitrogen
atom within the purine moiety affords access to the corres-
ponding protic NHC (pNHC) species (Scheme 8).'°%**

In the case of the xanthine-pyridine C*N chelate ligand
(10), the "*C NMR spectra of both complexes exhibit nearly
identical chemical shifts for the C8 carbon—174.7 ppm for the
PNHC complex (11) and 173.9 ppm for the azolyl analogue
(10). This observation indicates that the C8 carbon functions
as a carbene donor in both species, irrespective of the protona-
tion state of the adjacent nitrogen atom."®®

Coordination through the C2 position of the purine ring is
also feasible (Scheme 9).'°° The reaction of caffeine with
aqueous NaOH, followed by the sequential addition of concen-

N

= N=y
S\(N S\\(N
—No

N/\ CH,Cly, AcOEt N I, /
\/ 65°C :~\§\/ N N

\{}J\/‘M N\eﬁ

\ \ N

N—

9-mer 9-fac

Scheme 7 Observed mer-to-fac isomerization of NHC—Ir complex 9 in
acidic medium, illustrating reversible structural rearrangement under
protonic conditions.

This journal is © The Royal Society of Chemistry 2026
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Scheme 8 Protonation of the free nitrogen atom within the purine
moiety affords the corresponding protic NHC (pNHC) species.

trated HNO; and triethyl orthoformate [HC(OEt);], affords the
corresponding azolium salt (14), which serves as a versatile
precursor for the synthesis of Ir() and Rh(r) complexes. This
azolium intermediate can also undergo C2-C2 dimerization,
leading to the formation of a dimeric bis-NHC species (16),
from which bis-NHC carbonyl Rh(1) complexes can be obtained
(17). The Tolman electronic parameters (TEPs), determined
from FT-IR spectra of the CO stretching bands,
2057 cm™ " for the dimeric complex and 2058 cm™ " for the
monomeric analogue, indicating comparable electron-donat-
ing abilities of the two NHC environments. Notably, these TEP
values closely match those reported for NHC ligands bearing
electron-withdrawing substituents directly attached to the
heterocyclic backbone,'® which is consistent with the presence
of the carbonyl groups in the purine framework.

When two xanthine-derived NHC ligands are coordinated to
the Rh(COD) fragment (18), the COD ligand can be readily
replaced by carbon monoxide to yield the corresponding dicar-
bonyl complex 19 (Scheme 10)."°” The FT-IR spectrum displays
two characteristic C-O stretching bands at »(CO) = 2080 and
1962 cm™', consistent with a cis-configuration of the CO
ligands. These relatively low frequencies reflect the strong o-
donor ability of the NHC ligands, which enhances back-
donation from the metal center to the carbonyl groups.

were

iNaOH, r.t., 24h
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Scheme 10 Substitution of the COD ligand by CO in NHC—-Rh complex
18, yielding the corresponding dicarbonyl Rh-NHC species.

Iridium and rhodium complexes have been extensively
investigated as catalysts in transfer hydrogenation, borylation,
and hydroformylation reactions. In this context, some purine-
based NHC complexes of Ir and Rh have been successfully
applied in these transformations. Scheme 11 summarizes the
reaction conditions and turnover numbers (TONs) reported for
xanthine-derived Ir-NHC catalysts in transfer
hydrogenation,'?%1%8110

Complex 20, a caffeine-derived Ir-NHC species, exhibited
notable catalytic activity in the transfer hydrogenation of
ketones (Scheme 11a). The reaction, performed in the presence
of KOH at 80 °C for 2 h, afforded TON values of up to 84."°% In
contrast, reactions catalyzed by the chelating Ir-NHC com-
plexes 21a and 21b required significantly longer reaction times
(30-90 h), achieving TON values of 33 and 13.3, respectively."*

The bis-NHC Ir complex 22 catalyzed the borylation of
benzene through C(sp®)-H activation, affording the corres-
ponding product in a low yield (12%) (Scheme 11c).'*® The
limited catalytic efficiency is likely attributable to the weak o-
donor character of the caffeine-derived NHC ligands, which
reduces metal-ligand electron density. Furthermore, the non-
chelating nature of the bis-NHC framework appears to disfavor
the formation of the active Ir species after the initial catalytic
turnover, thereby diminishing overall activity.

Rhodium complexes are widely employed as catalysts in the
hydroformylation of olefins. The xanthine-derived Rh-NHC
complex 23 effectively catalyzed the hydroformylation of
1-octene under high-pressure conditions (50 bar, CO/H,
mixture) (Scheme 12)."'° After 1 h of reaction, a substrate con-
version of 39% was achieved, corresponding to a turnover fre-
quency (TOF) of 2410 h™". The linear-to-branched (I/b) alde-
hyde ratio at this stage was 1.5. As the reaction progressed and

i. NaHMDS, -80°C, 15 min

o r|‘ ii. HNO; 2h | —| PFs i [Rn(COD)CI], oc. O |
iii. HC(OEY);, 110 °C, 1.5 ®] iii. CO, CH,Cly Rh__N__N
\ .
T > — ‘/ S d IS
- N N N
\ \ - \
o o o

14

ka)\/

ii. Me3OBF,

\>

—| (BFal2 KO'Bu, -80°C, 10 min
ii. [Rh(COD)Cl],
iii. CO, CH,Cl,

15

i. NaHMDS, 45 min

NI0d

)\(71): )>—m. co

Scheme 9 Synthesis of dimeric Rh—NHC complex 16 and its Rh(i) carbonyl derivative.

This journal is © The Royal Society of Chemistry 2026

Dalton Trans.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00012f

Open Access Article. Published on 06 February 2026. Downloaded on 3/17/2026 3:40:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

a) Transfer hydrogenation

View Article Online

Dalton Transactions

Ly
O _N N
it ) )>—I|r— —

1 mol% 20 .
" IPrOH, KOH M N N |
80°C,2h 5
Yield: 84% 20
TON: 84
b) Transfer hydrogenation
|
o 1mol% 21a and 21b OYN N (IZI
3 mol% NaO'Pr N | \> Ir
{ )j\ g \ l
'PrOH, 80 °C o ( N\
90-95 h I
21a: 99%, TON: 33 =
21b: 40%, TON: 13.3 21a,n=1
21b,n=0
) Borylation of benzene
ﬂs —| CF,;C00
\

H 0& 1.5 mol% 22 ,0‘?
+ T —— =
B \
H

_B. Dioxane, MW B‘O
o (300 W) 35 min
Yield: 12%
TON: 8

22

Scheme 11 Transfer hydrogenation and benzene borylation catalyzed by xanthine-based Ir-NHC complexes.
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Scheme 12 Hydroformylation of 1-octene catalyzed by xanthine-based Rhn—NHC complex (23).

the conversion increased to 80%, the I/b ratio decreased to 0.5,
indicating that the branched aldehyde was formed preferen-
tially as the kinetic product.

4. Purine-based NHC complexes of
Group 10 metals

Group 10 metals are well known for their pivotal role in cross-
coupling catalysis, particularly nickel and palladium, which
have been extensively employed in a wide range of C-C and C-
heteroatom bond-forming reactions.’**™?° Platinum, on the
other hand, has found important applications in hydrosilyl-
ation of alkynes in aqueous media, where it acts as an active
and recyclable catalyst, as well as in hydroamination reactions,
which constitute key steps in the synthesis of nitrogen-contain-
ing heterocycles."*’*** In addition, several Pt complexes have
been explored as anticancer metallodrugs, expanding the rele-
vance of Group 10 chemistry beyond catalysis."**

The Ni-NHC complexes (24a-c), stabilized by xanthine-
derived ligands and a cyclopentadienyl ancillary group, were
evaluated as catalysts in the Suzuki-Miyaura cross-coupling
between aryl bromides and arylboronic acids (Scheme 13)."*®
The catalytic scope was assessed using complex 24a, which

Dalton Trans.

delivered 15 examples with yields ranging from 73% to 98%.
Notably, 24a also exhibited good activity in the coupling of aryl
chlorides—in place of aryl bromides—when PPh; (5 mol%)
was used as a co-ligand, affording biaryl products derived from
pharmaceutical substrates such as chlorpromazine (81%
yield), fenofibrate (73% yield) and indomethacin (82% yield).

Interestingly, complex 24c is among the few reported
examples in which a phenyl group is directly bonded to the N
atom of the NHC ligand. Its synthesis is not straightforward
and is typically achieved via an Ullmann coupling."*>'*® The
presence of the phenyl substituent impacts the percent buried
volume (% V) of the NHC ligand. %V, is defined as the per-
centage of a sphere (r = 3.5 A) centered at the metal that is
occupied by the ligand.'*” For NHCs bearing N-methyl substi-
tuents, %Vyy, is 27.8% (as in 24a), whereas the introduction of
an N-phenyl group increases this value to 31.2% (as in 24c).
NHC ligands featuring N-benzyl substituents display a slightly
higher %V, of 32.3% (as in 24b), consistent with the greater
steric demand imposed by bulkier N-substituents around the
metal center.

A graphene (GP)-supported, caffeine-derived Ni-NHC cata-
lyst (25) efficiently promoted the arylation of benzoxazole with
a broad range of arylboronic acids, affording a representative
series of 2-arylbenzoxazoles (Scheme 14)."*® Under optimized

This journal is © The Royal Society of Chemistry 2026
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Scheme 13 Suzuki—Miyaura cross-coupling reaction catalyzed by xanthine-based Ni(1)-NHC complexes.

conditions, benzoxazole reacted with electron-deficient aryl-
boronic acids, such as 4-nitrophenylboronic acid and 3,5-
dichlorophenylboronic acid, to give the corresponding pro-
ducts, with yields of up to 78%. Reaction with neutral phenyl-
boronic acid provided the corresponding product in 88% yield.
Notably, arylation also proceeded efficiently with heteroaryl-
boronic acids, including 3-thienylboronic acid and 2-furanyl-
boronic acid, affording 87% and 84% yields, respectively.

NHC-palladium complexes are among the most prominent
catalysts in modern organic synthesis. In particular, Pd-NHC
pre-catalysts are highly versatile and efficient for promoting C-
C and C-N cross-coupling as well as carbopalladation reac-
tions, making them fundamental tools in both synthetic chem-
istry and homogeneous catalysis. The strong Pd-carbene bond
endows these complexes with remarkable thermal and chemi-
cal stability, ensuring sustained activity of the catalytically rele-
vant Pd(0) species even at low catalyst loadings. Moreover, the
rational design of NHC ligands provides the necessary stereo-
electronic protection to the metal center, suppressing unde-
sired off-cycle Pd(1) species and maintaining high turnover
efficiency. "' '"?

Under optimized conditions, Pd-NHC complexes enabled
the efficient synthesis of structurally diverse molecules,
ranging from fine chemicals to pharmaceuticals. Indeed, the

This journal is © The Royal Society of Chemistry 2026

development of palladium-catalyzed cross-coupling reactions
represents a milestone in catalysis—an achievement recog-
nized by the 2010 Nobel Prize in Chemistry, awarded to
Richard F. Heck, Ei-ichi Negishi, and Akira Suzuki."*’

In this context, purine-derived NHC-Pd complexes have
recently emerged as innovative and efficient catalytic systems.
Scheme 15 illustrates xanthine-based Pd(u) complexes that
have been employed as catalysts in Suzuki-Miyaura C-C cross-
coupling reactions."***° Representative examples include
reactions where an aryl halide or aryldiazonium salt serves as
the electrophilic partner, while phenylboronic acid acts as the
nucleophilic coupling reagent. Owing to the polar nature of
xanthine ligands, most reported protocols utilize polar sol-
vents—typically water, alcohols (i-propanol or methanol), or
THF/water mixtures. The most commonly used bases are
K,CO; and KOH; however, when aryldiazonium salts are
employed, the coupling can proceed efficiently under base-free
conditions. Temperature also plays a key role, with most reac-
tions being carried out between room temperature and 100 °C,
depending on substrate reactivity and catalyst loading.

One of the main advantages of xanthine derivatives is their
synthetic versatility, as they can be readily obtained from
caffeine, theophylline, or theobromine. The N1, N7, and N9
positions of the xanthine core can be conveniently functiona-
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Scheme 14 Benzoxazole arylation reaction promoted by graphene-supported NHC—-Ni complex (25). Arylboronic acid-dependent reaction times:
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lized via nucleophilic substitution using alkyl halides,
enabling straightforward ligand diversification. Complex 26
represents a bis-NHC species derived from caffeine, whereas in
complexes 27a and 27b, the N1 and N9 nitrogen atoms were
functionalized with methyl or benzyl (Bn) groups, respectively.

Such nitrogen functionalization provides an efficient means
to tune the physicochemical properties of the resulting metal
complexes or to anchor them onto supports. For instance,
complex 31, bearing a sulfonate substituent, exhibits
enhanced water solubility and can be further immobilized on
a nano-magnetite support, allowing easy recovery using an
external magnet. Another noteworthy example is complex 32,
which was supported on a polystyrene matrix, demonstrating
the versatility of xanthine-derived NHC frameworks for hetero-
geneous catalysis.

A wide variety of co-ligands can be incorporated around the
metal center, providing additional stability and functional
diversity. Typical examples include halides, acetates, hetero-
cycles, phosphines, and allyl ligands. The water solubility of
complexes 27a-c, for instance, was significantly enhanced by
coordination of the sodium triphenylphosphine trisulfonate
(TPPTS) ligand, a well-known hydrophilic phosphine.
Moreover, the formation of PEPPSI (Pyridine Enhanced
Precatalyst Preparation, Stabilization and Initiation)-type com-
plexes is also feasible within this family. Such PEPPSI-NHC
systems are generally recognized as highly active and robust
catalysts, combining excellent air stability with efficient palla-
dium(u) reduction under catalytic conditions.

A direct comparison of the catalytic activity of the various
xanthine-based Pd-NHC complexes is not straightforward, as
they have been evaluated under different reaction conditions.
Nevertheless, several consistent trends can be identified.

Dalton Trans.

Complexes 26, 27, 28, 29, 31, and 30 displayed notable activity
in the Suzuki-Miyaura coupling of a broad range of aryl bro-
mides. Among them, the PEPPSI-type complexes exhibited the
highest turnover numbers (TONSs), reaching values of up to 380
for complex 28b. Substrates containing electron-withdrawing
groups (EWGs), such as -NO,, -CHO, -COR, and -CFj3, gener-
ally provided higher yields than those bearing electron-donat-
ing groups (EDGs), including -OH, -OMe, and -alkyl. This be-
havior reflects the facilitating influence of EWGs on the oxi-
dative addition step, which promotes palladium insertion into
the C-Br bond and thereby accelerates the catalytic cycle.

The nature of the aryl halide also exerts a significant influ-
ence on catalytic performance. As expected, aryl iodides gener-
ally exhibit higher reactivity than aryl bromides, consistent
with the well-established order of oxidative addition rates (I >
Br > Cl) for palladium-catalyzed cross-coupling reactions.
Notably, among the xanthine-derived catalysts, only complex
31 exhibited measurable activity toward the more challenging
aryl chlorides, delivering the biphenyl product in 80% yield.

In contrast, aryl diazonium salts undergo oxidative addition
much more readily than halides, owing to nitrogen gas evol-
ution, which acts as a strong thermodynamic driving force.
Using complex 32a, cross-coupling products were obtained in
58-98% yields under base-free conditions and at room temp-
erature, underscoring the excellent activity of purine-based
Pd-NHC catalysts toward diazonium substrates.

Halogenated heterocycles were also evaluated as substrates
in cross-coupling reactions. For instance, complex 27¢ efficien-
tly catalyzed the Suzuki-Miyaura coupling of 2-bromothio-
phene, affording the desired product in 40% yield at 60 °C.
Increasing the reaction temperature to 80 °C markedly
improved the yield to 95%. In another example, complex 29a

This journal is © The Royal Society of Chemistry 2026
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Scheme 15 Xanthine-based NHC-Pd(i) complexes catalyze Suzuki—Miyaura cross-coupling reactions.

successfully promoted the coupling of 3-bromopyridine, deli-
vering the corresponding product in 97% yield, thus demon-
strating the broad substrate tolerance of xanthine-based Pd-
NHC catalysts toward heteroaryl bromides.

Complexes 28a, 29a and 29b were also evaluated as catalysts
in cross-coupling between N-benzoylglutarimide and arylboro-
nic acids (Scheme 16)."** The reactions were conducted using
2 mol% of catalyst in 1,4-dioxane as the solvent, with K,CO; as
the base, at 120 °C for 15 h. All three complexes displayed
comparable catalytic activity, affording the coupling products

o o
B(OH),
0 el
@i:é MeO

Dioxane, K,CO3
120°C,15h

in 75% (28a), 76% (29a), and 81% (29b) yields, with corres-
ponding TONs of 37.5, 38.0, and 40.5, respectively.

Another representative transformation catalyzed by palla-
dium complexes is the Heck-type reaction. Scheme 17 sum-
marizes the catalysts that have been employed for this purpose
and the corresponding reaction conditions.'*®?* 13137 A wide
range of solvents have been explored for this transformation,
most of which are polar media. Typical examples include
water, ethanol, i-propanol, N-methylpyrrolidone (NMP), and di-
methylacetamide (DMA). The base of choice is generally

2 mol% 28a, 29a-b

Shew

TON: 37.5 (28a), 38 (29a), 40.5 (29b)

Scheme 16 Cross-coupling between N-benzoylglutarimide and arylboronic acids catalyzed by the Pd—NHC complex.

This journal is © The Royal Society of Chemistry 2026
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Scheme 17 Xanthine-derived NHC—Pd(i1) complexes 26, 28a—c, 29a, 29b, 30, and 32a reported as catalysts for Heck-type cross-coupling reactions.
Representative conditions are summarized, typically relying on polar media and K,COs3 as the base at 90-100 °C, although base-free variants have
been described. Complex 32a has also been applied to Heck-type couplings of aryl diazonium salts under mild conditions at room temperature.

K,CO;3, although an example has been reported under base-
free conditions. The reactions are typically conducted at temp-
eratures between 90 and 100 °C.

Complexes 28a-c, 29a, 29b, and 30 efficiently catalyzed
Heck-type coupling reactions using aryl bromide substrates,
whereas complex 26 was active with aryl iodides at 90 °C. The
corresponding turnover numbers (TONs) were 46 (26), 40
(28a), 90 (28b), 85 (28c), 41.5 (28a), 34.5 (29a), 33.5 (29b), and
100 (30), respectively. As expected, the use of aryl chlorides
remains challenging. However, complex 30 was capable of cata-
lyzing reactions involving aryl chlorides bearing electron-with-
drawing groups (EWGs), which facilitate C-Cl bond activation.
For example, the cross-coupling of methyl acrylate with 1-iodo-
4-nitrobenzene afforded the Heck-type product in 20% yield,
while the corresponding bromide or iodide substrates pro-
duced the product in quantitative yield (100%). In contrast,
substrates containing electron-donating groups (EDGs) nega-
tively affected the reaction efficiency; in the case of 4-bromoa-
nisole catalyzed by complex 30, the yield decreased to 25%.

Complex 32a efficiently catalyzed the Heck-type reaction
using aryl diazonium salts as substrates at room temperature,
achieving a TON of 109. This methodology exhibited broad
olefin tolerance, accommodating a wide variety of substituents

Dalton Trans.

such as -CO,Me, -CO,Et, -CO,"Bu, -CONH,, -Ph, p-methoxy-
phenyl, and p-chlorophenyl groups.

Complexes 28a-c efficiently catalyzed the coupling of
1-methyl-2-pyrrolecarboxaldehyde and 3,5-dimethylisoxazole
with a variety of aryl bromides."*” The reactions were carried
out under conditions analogous to those employed in Heck-
type couplings, using 1 mol% of catalyst, potassium acetate as
the base, and DMA as the solvent at 120 °C for 4 h
(Scheme 18).

When 1-methyl-2-pyrrolecarboxaldehyde was used as the
substrate, the turnover numbers (TONs) reached 65 for 28a, 94
for 28b, and 85 for 28c. In contrast, reactions with 3,5-di-
methylisoxazole afforded slightly lower TON values of 46 (28a),
61 (28b), and 69 (28c). The reaction conditions exhibited good
functional-group tolerance, accommodating aldehyde (CHO),
ketone, and methoxy (OMe) substituents without noticeable
deactivation.

Xanthine-based Pd-NHC complexes also exhibit catalytic
activity in the Sonogashira cross-coupling reaction. Complexes
26, 28a, 29a, 29b and 30 effectively catalyzed the transform-
ation (Scheme 19) at temperatures between 90 and
100 °C."*%'33135 The TONs obtained for the different catalysts
were 48 (26), 40 (28a), 41 (29a), 49 (29b), and 100 (30). As

This journal is © The Royal Society of Chemistry 2026
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Scheme 19 Xanthine-based NHC—-Pd(i) complexes catalyze Sonogashira cross-coupling reactions.

expected, pincer complexes are well-recognized for their high
catalytic robustness and stability, which explains the superior
performance of complex 30 in this transformation.

A series of caffeine-derived Pd-NHC catalysts were evaluated
in the cyanation of aryl bromides (Scheme 20)."*® Preliminary
studies revealed that the zwitterionic complexes (33¢c, 33e, and
33g) were significantly more active, affording up to 99% yield
after 4 h, compared to their chelated counterparts (33a, 33b, and

33d), which produced up to 50% yield. This enhanced reactivity

This journal is © The Royal Society of Chemistry 2026

is presumably due to the anionic substituent in the zwitterionic
species, which improves the solubility of the active PA-NHC inter-
mediates in the aqueous reaction medium. Further exploration of
the reaction scope using complexes 33f and 33g as catalysts
afforded a broad range of products, with yields of 12-64% (33f)
and 16-74% (33g) and corresponding TON values of 64 and 74,
respectively, under similar conditions.

On the other hand, bis(pNHC) Pd (1) complexes can also be
obtained.'®® These species exhibit a dynamic equilibrium
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e
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R = Me, OMe, Br, Yield: 12%-74%
CH3CO, NO,
CN R= -NO, -Br -CN -Me -OMe -COMe
O 33a= 64% 12% 63% 20% 14% 18%
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33a 33b

33c

33g

Scheme 20 Xanthine-based NHC-Pd(i) complexes catalyze cyanation of aryl halides.

between the bis(pNHC) complex (34) and the ‘theophyllinate’
complex (35), in which the theophylline ligand coordinates
through the N9 atom. In this system, the pNHC form corres-
ponds to the kinetic product, whereas the ‘theophyllinate’
species represents the thermodynamic product, as illustrated
in Scheme 21. This equilibrium is solvent-dependent: the
‘theophyllinate’ complex is favored in poorly coordinating sol-
vents (e.g.,, CDCl;), where the carbene species is almost
undetectable by ">C NMR spectroscopy. Conversely, in strongly
coordinating solvents such as DMSO-ds, the NHC form is
stabilized and can be clearly identified spectroscopically.
Purine-based NHC complexes of platinum have also been
synthesized.'®>'*°'*> However, to the best of our knowledge,
no catalytic applications have been reported to date. Instead,
these Pt-NHC systems have primarily been explored for their

)\Jj: >>—Pd—<< /VHfY

34

Scheme 21 Dynamic equilibrium between NHC—-Pd complexes 34 and 35.
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including  potential

5. Purine-based NHC complexes of
Group 11 metals

The chemistry of Group 11 metals (Cu, Ag, and Au) is highly
distinctive for each element. Copper, one of the most abun-
dant transition metals in the Earth’s crust, occurs mainly in
mineral ores and is commonly commercialized as sulfate, car-
bonate, halide, or oxide salts. These compounds are bench-
stable, inexpensive, and readily available—qualities that make
copper an attractive metal feedstock for catalyst preparation
and other industrial applications.'*8143:144

This journal is © The Royal Society of Chemistry 2026
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Cu-NHC complexes are particularly well established in o-/
m-activation reactions involving molecules with multiple bonds
(e.g., olefins, alkynes, NH;, and CO,), typically enabling
functionalization and heteroatom incorporation, or even C-H
bond activation. A notable example is the copper-catalyzed
alkyne-azide cycloaddition (“click reaction”), which affords
1,4-disubstituted  1,2,3-triazoles with complete atom
eCOnOmy.25’145_150

In contrast, silver and gold are far less abundant and are
classified as precious transition metals. Although their catalytic
applications have been known for decades, the last two to three
decades have witnessed a resurgence of interest, particularly due
to their ability to act as mild Lewis acid catalysts.">*™*® The fol-
lowing sections summarize the coordination chemistry, catalytic
behavior, and reactivity trends of Group 11 metal complexes
bearing purine-derived NHC ligands.

The theophylline-based Cu()-NHC complex (36), incorpor-
ating a hydrophilic ammonium salt unit, was evaluated as a
catalyst for regioselective alkyne-azide cycloaddition between
alkynes and alkyl halides in aqueous medium (Scheme 22).%*
Under these conditions, a representative library of 1,4-di-
substituted 1,2,3-triazoles was obtained in yields of up to 93%.

The catalytic activity of complex 36 was also examined in
the Glaser homocoupling of alkynes (Scheme 23),°* affording
1,3-diynes in moderate to good yields (73-92%). The catalyst
exhibited good substrate tolerance, efficiently converting
diversely substituted alkynes, although electron-donating sub-
stituents appeared to enhance reaction efficiency. Recyclability
experiments revealed certain limitations in catalyst recovery
and reuse; however, the use of a catalyst based on inexpensive

View Article Online
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=z 1 mol% 36
R——=——R
H,0, pyridine,
rt, 24 h Yield: 79%-93%
R Q — O R= -H -Bu -OMe -F
- Yield: 92% 91% 93% 79%
N S OH HO
|s — — \| ==
Yield: 90% Yield: 86%

Scheme 23 Glaser homocoupling of alkynes catalyzed by Cu()-NHC
complex 36.

copper and a naturally occurring theophylline-derived NHC
ligand represents a valuable advance toward sustainable,
water-mediated Cu catalysis.

The cellulose/alumina (C/A)-supported Cu complex (37),
derived from a caffeine-based NHC ligand, efficiently pro-
moted the Ullmann-type coupling for the synthesis of diaryl
ethers (Scheme 24).">” The reaction employed either phenylio-
dide or phenylbromide as aryl halide partners, together with a
library of phenols bearing substituents of varying electronic
and steric characteristics. When phenyliodide was used as the
substrate, the reaction afforded slightly higher yields (71-90%)
compared to the bromide analogues (64-83%). Notably, the
presence of electron-withdrawing substituents (e.g., R = NO,)
had a negative effect on the reaction outcome, resulting in
lower yields (64-69%).

Caffeine-based NHC complexes of silver (38a-c) and gold
(39a-c and 40), featuring N-attached hydroxyethyl-substituted

|
R! OYN N/
1 mol% 36 =
/ + ar~ >y + NaN; —°> (kN _N | N)>_CU Cl o
R H,0, rt, 24 h N—ti Br
Ar—s o \©V\@
R=Ar akkyl X=Cl,Br Yield: 73%-93% 0 N\\/
R R R
NN NN NN I AN
Iy 1 1 1
@\/ N—N @\/N—N \Q\/N—N @\/N—N
g’; H((yi(laéd:giifio/‘%))), Yield: 84% R = H (yield: 92%), E(= Hléyigk:l} ?2%),
e (yield: b), § i ald- RQ0) yield: 87%
F (yield: 79%) o (y'e.ld' B9%);
OMe (yield: 90%)
R OMe
—
N ON s O OON
cl N-N ﬂC@\/N‘" - Fz‘?@\/N—"
O~ I~ -
R = OMe (yield: 93%), Yield: 73% Yield: 90% Yield: 85%

F (yield: 87%)

Scheme 22 Alkyne—azide cycloaddition (“click reaction”) catalyzed by Cu(1)-NHC complexes.

This journal is © The Royal Society of Chemistry 2026
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CIAD
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a) Starting from iodobenzene (X = 1)

o0 G

Yield: 82%

oQ,, TQ,

Yield: 75% Yield: 71%

ortho (yield: 86%),
meta (yield: 81%),
para (yield: 90%)

o

ortho (yield: 77%),
para (yield: 88%)

(0] ortho (yield: 76%),
©/ | N02 meta (yield: 71%),
para (yield: 71%)

b) Starting from bromobenzene (X = Br)

o0 OG-

Yield: 77%
Yield: 83% Yield: 69%

Scheme 24 Ullmann-type coupling catalyzed by Cu())-NHC complex 37.

wingtips, were evaluated as catalysts in the synthesis of
propargylamines (Scheme 25a) and the hydroamination of
alkynes (Scheme 25b).">® In the propargylamine synthesis
(15-99% yield), the catalytic activity showed a marked depen-
dence on the nature of the aldehyde. For instance, the [Ag
(NHC)OAc] complex (38a) afforded 95% yield when acet-
aldehyde was used as the substrate, whereas the yield dropped
sharply to 15% with benzaldehyde, highlighting a strong aro-
matic substituent effect.

Similarly, the gold acetate analogue (40) provided 91% yield
with acetaldehyde, but only 54% yield with benzaldehyde, a
trend consistent across a series of Au-NHC complexes.
Furthermore, catalyst 40 was successfully applied to the hydro-
amination of alkynes, producing four different imine deriva-
tives in moderate yields (39-73%). These results emphasize the
Lewis-acidic character of Ag(1) and Au(i) centers, which plays a
crucial role in activating n-bonds and facilitating nucleophilic
addition processes in such transformations.

Up to this point, we have discussed reactions catalyzed by
Ag(1) in which the metal fragment acts primarily as a Lewis
acid. More challenging catalytic transformations, where Ag
participates in oxidative addition steps, have been reported for
the caffeine-derived complex 41. The polymer-supported (PS)
complex 41 was evaluated in the Sonogashira coupling
between terminal alkynes and aryl halides (Scheme 26)."*° The
reaction scope revealed a representative library of non-sym-

Dalton Trans.

ortho (yield: 78%),
meta (yield: 73%),
para (yield: 78%)

T on

ortho (yield: 73%),
para (yield: 79%)

ortho (yield: 69%),
©/ \O —-NO, meta (yield: 68%),
para (yield: 64%)

metrical internal alkynes bearing various (hetero)aryl substitu-
ents, affording yields ranging from 54% to 92%. No clear
trends related to electronic or steric effects were observed—for
instance, R = H (63% yield), p-CHO (69%), p-OH (58%), and
0-CHO (54%). This study represents one of the few examples in
which oxidative addition at Ag() is achieved without the assist-
ance of multidentate or fluorinated ligands,'®*"*"* underscor-
ing the unique reactivity of the caffeine-based Ag-NHC system.

Collectively, these examples underscore that purine-derived
coinage-metal NHC complexes can display reactivity that goes
beyond simple Lewis-acid activation. In this context, the gold
system below illustrates how Au-NHC connectivity may
undergo slow, solvent-dependent reorganization under basic
conditions. In the preparation of the NHC-Au complex (42),
prolonged stirring of the bis-NHC proligand with [AuCl(SMe,)]
and K,COj; in acetonitrile led to the formation of complex 43
(Scheme 27)."”> The synthesis of complex 42 proceeds at room
temperature within 3 h, whereas the subsequent transform-
ation into complex 43 requires 72 h for completion. The initial
step corresponds to a ligand-transfer reaction, while the for-
mation of 43 involves partial cleavage and reformation of the
Au-NHC bond. This process appears to be solvent-dependent,
as the coordinating ability of acetonitrile likely facilitates reor-
ganization within the metal coordination sphere over time.

A key reactivity feature of NHC-Ag complexes lies in the
lability of the C(NHC)-Ag bond, which can readily dissociate

This journal is © The Royal Society of Chemistry 2026
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Scheme 25 Synthesis of propargylamines and hydroamination of alkynes catalyzed by Au— and Ag—NHC complexes.

in solution to establish dynamic equilibria among various
silver species, the counteranion (e.g., CI~ and OAc™), the free
NHC ligand, and other [NHC-Ag]", fragments. This ligand-
transfer reactivity is widely exploited as a synthetic route to
other NHC-metal complexes, as it avoids the need for strong
deprotonating agents, contaminant bases, or the isolation of
free carbenes. The irreversible precipitation of AgX serves as
the thermodynamic driving force, enabling clean isolation of
the desired NHC-metal complex after filtration and solvent
removal."”®"7?

This silver-mediated transmetalation strategy has been
widely employed to prepare various NHC complexes, including
those derived from xanthine ligands. For instance, rhodium
and ruthenium NHC complexes (44 and 1a) were synthesized

This journal is © The Royal Society of Chemistry 2026

via a one-pot, two-step procedure involving the in situ acti-
vation of the corresponding xanthium triflate or iodide salts
with [Ag,0], followed by transmetallation of the in situ-gener-
ated silver NHC intermediates with [RhCI(COD)], or [RuCl,(p-
cymene)],, respectively, to afford the final NHC-Rh and NHC-
Ru complexes (44 and 1a) (Scheme 28a and b).”*'8%'8!
Notably, omitting the isolation of the intermediate silver NHC
complex and directly introducing the target metal precursor
into the reaction mixture proved equally effective, confirming
the efficiency and general applicability of this ligand-transfer
methodology.

The reaction of equimolar amounts of the NHC-Ag complex
(45) and [Rh(COD)Cl], in DMSO afforded the corresponding
cationic NHC-Rh complex (46) via a typical ligand-transfer
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Scheme 27 Transformation of complex 42 into complex 43.

process from silver (Scheme 28c). Interestingly, the presence of
PF,~ as the counterion in complex 45 leads to the formation of
[AgPFg], which can act as a halide scavenger in the presence of
coordinating solvents. Complex 45 is air-stable up to its
melting point. In the "*C NMR spectrum, the carbene carbon
resonates as a doublet at 188.46 ppm (‘Jc_gn = 43.8 Hz).'®
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Silver-NHC complexes readily undergo ligand transfer to
palladium, providing a versatile and reliable route for the syn-
thesis of NHC-Pd derivatives.

Scheme 29 complexes
through this strategy. The nature of the product depends
strongly on the reaction conditions. When the reaction of [Ag

summarizes several obtained

182-184
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Scheme 28 Transmetalation from Ag()-NHC complexes to Ru(i) and
Rh() centers.
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(NHC),JX with a palladium precursor (e.g., [PACl(n*-allyl)],,
[(Me-Py-CH,SPh)Pd(n*-olefin)], or [PdC,(COOMe)],) is per-
formed in the presence of a neutral ligand (L)—such as phos-
phines or arsines—the resulting heteroleptic complex contains
both the NHC and the neutral ligand. In contrast, under
ligand-free conditions, bis(NHC)-Pd species are preferentially
formed. The palladium complexes displayed significant cyto-
toxic activity toward selected cancer cell lines, suggesting
potential for further bioorganometallic exploration.

For instance, the reaction of [Ag(NHC),]BF, with [PdCl(n’-
allyl)], in the presence of two equivalents of triphenyl-
phosphine afforded the heteroleptic complex (47). During this
process, [AgBF,] acts as a halide scavenger, removing the chlor-
ide ligand coordinated to palladium and generating a vacant
coordination site that accommodates the phosphine ligand.
Conversely, when the reaction is carried out in the absence of
PPh;, a cationic bis(NHC)-Pd complex (48) is obtained. The
addition of KI effectively removes residual silver from the reac-

X
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Scheme 29
(NHC) species.

This journal is © The Royal Society of Chemistry 2026

Influence of neutral ligand addition on the formation of NHC-Pd(i) complexes, highlighting the generation of heteroleptic versus bis
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tion mixture, and the resulting cationic complexes are stable
in air and in solution.

Similarly, cationic [Ag(NHC),]AgCl, reacts with equivalent
amounts of the polymeric precursor [PdC,(COOMe)], in the
presence of triphenylphosphine to afford heteroleptic com-
plexes (49a—-c) in up to 85% yield. In the absence of triphenyl-
phosphine, bis(NHC)-Pd complexes are formed in moderate to
good yields (71-90%), provided that thermodynamic and
kinetic parameters are carefully controlled to prevent the for-
mation of bis(PPh;)-Pd or mixed-product distributions.

In a related approach, a library of NHC-Pd complexes (52a-
h) was prepared by reacting equimolar amounts of [Ag(NHC),]
AgCl, and PPh; (or AsPh;) with [(Me-Py-CH,SPh)Pd(n*-olefin)]
in CH,Cl,, where AgCl precipitation indicated reaction pro-
gress. This strategy takes advantage of the lability of the
2-methyl-6-(( phenylthio)methyl)pyridine ligand, which is
prone to dissociation due to chelate-ring distortion. The result-
ing heteroleptic complexes (52a-h) were isolated by ether pre-
cipitation or solvent evaporation, whereas bis(NHC)-Pd com-
plexes (51) were obtained under ligand-free conditions.

Using [Ag(NHC),]I (53) as a ligand-transfer reagent, the
functionalized NHC-Pt complex (55)—bearing an all-nitrogen,
methylated caffeine core ligand—was obtained indirectly via
the intermediate formation of the NHC-Pt(dvtms) complex
(54) (Scheme 30)."*° The reaction between complex 53 and
[Pty(dvtms);] first afforded complex 54, which subsequently
underwent oxidative addition of I, in the presence of the coor-
dinating amine ligand CyNH,, leading to complex 27 in 39%
isolated yield on a gram scale (up to 2 g).

When complex 56 was dissolved in ethanol, methanol, or
water/ethyl acetate mixtures and the solvent was allowed to
slowly evaporate, the [Ag(NHC)OAc] complex (57) was obtained
(Scheme 31).'®° Complex 57 is a water-soluble, light-stable
solid, consistent with its formulation as an acetate derivative.
Further "*C NMR analysis showed a carbene carbon resonance
at 186.2 ppm, along with carbonyl and methyl signals from the
acetate group at 176.2 and 23.1 ppm, respectively, confirming
the formation of the expected [Ag(NHC)OAc] complex (57).
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g9 — > ’
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Scheme 30 Synthesis of Pt—NHC complexes via transmetalation from
Ag(1)-NHC precursors.
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Scheme 31 Reaction of complex 56 leading to the formation of
complex 57.

6. Future outlook

Throughout this review, we have highlighted the growing
importance of purine-derived NHC ligands as a versatile class
of scaffolds for the stabilization of transition-metal centers
and the promotion of a wide range of catalytic transform-
ations. The complexes reported so far encompass Cu, Ni, Pd,
Ag, Au, Rh, Ru, Ir, and Pt, representing nearly every major
block of transition-metal catalysis. Collectively, these systems
demonstrate how the unique structural and electronic charac-
teristics of the purine nucleus—particularly its multiple
heteroatom donors, accessible protonation sites, and distinct
C-H activation potential—can be strategically harnessed to
modulate metal-ligand bonding, reactivity, and selectivity.

From a synthetic perspective, the xanthine, theophylline,
and caffeine backbones have proven to be the most accessible
and tunable frameworks for generating purine-based NHCs.
Their straightforward N-alkylation chemistry enables rapid post-
functionalization to adjust steric and electronic properties, while
the use of Ag-mediated transmetalation routes allows mild and
selective access to a broad spectrum of M-NHC complexes
without resorting to free carbene intermediates. Further advances
in polymer- and graphene-supported systems highlight the com-
patibility of purine NHCs with heterogeneous catalysis, offering
promising opportunities for catalyst recovery and recyclability, in
line with green-chemistry principles.

Mechanistically, purine-derived NHC complexes reveal a
striking range of behaviors across the periodic table. Group
8-10 metals (Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, and Pt) typically
engage in oxidative-addition/reductive-elimination cycles, benefit-
ting from the strong o-donor ability and tunable w-acceptor
capacity of the purine carbene center. In particular, Ir(m) and Ru
(n) complexes display rich C-H activation chemistry, accessible
mer/fac isomerism, and notable photophysical properties,
suggesting avenues toward photo-responsive or luminescent cata-
lysts. In contrast, Group 11 metals (Cu, Ag, and Au) illustrate the
complementary o/r-activation and Lewis-acid pathways character-
istic of late-d'® systems: Cu-NHC complexes excel in atom-econ-
omical C-N, C-0O, and “click” transformations under mild con-
ditions, whereas Ag- and Au-NHC complexes operate as soft
Lewis acids in hydroamination and propargylamine synthesis,
with Au uniquely capable of oxidative addition even in the
absence of hemilabile co-ligands or external oxidants.

Looking ahead, the integration of purine-based NHCs into
catalytic, photochemical, and biological contexts is poised to
expand dramatically. The inherent biocompatibility and
modular structure of purine ligands make them attractive not

This journal is © The Royal Society of Chemistry 2026
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only for homogeneous catalysis but also for bio-organometallic
and medicinal applications, particularly when combined with
Pt, Au, and Ru centers. Likewise, the development of Earth-
abundant metal complexes (e.g., Fe, Ni, Cu, and Co) featuring
purine-derived NHCs will be central to advancing sustainable
catalysis and C-H bond functionalization using renewable
feedstocks.

In summary, purine-derived NHC ligands stand at the inter-
section of organic synthesis, coordination chemistry, and
materials science, offering a rich platform for multifunctional
catalyst design. Their electronic anisotropy, facile derivatiza-
tion, and compatibility with diverse metals and supports
ensure that future efforts will continue to uncover new reactiv-
ity paradigms, deepen our understanding of metal-carbene
bonding, and foster environmentally responsible transform-
ations driven by rational ligand design.
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