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In recent years, active efforts to assess similarities and differences in the reactivity of isostructural mag-
nesium and zinc complexes have witnessed reasonable growth. The advancements in their chemistry
concerning catalytic reduction of compounds like olefins, imines, nitriles, carbonyls and CO,, alkene iso-
merisation as well as hydrogen uptake and release have garnered attention. The unique characteristics of
Mg and Zn stem from their similarities at the molecular level but differences in electrophilicity after com-
plexation. This is reflected in the structures and/or chemistry of these isostructural complexes, making
their study even more interesting. Consequently, the chemistry of Mg and Zn complexes with suitable co-
ligands has seen progression both in terms of synthetic methodology as well as isolation of unique frame-
works, ranging from mono- or bimetallic hydride complexes to multimetallic hydride clusters, cationic
complexes, amidoboranes as well as 6-complexes with transition metals. The organisation of this review
is based on the categories of ligand systems that stabilise these precarious complexes, specifically
B-diketiminate and its derivatives, N-heterocyclic carbene motifs, NNNN-macrocyclic motifs, anionic
nitrogen donor motifs and allylic donor motifs. The synthesis and structural aspects of these main group
complexes are discussed, along with their reactivity, applications, and mechanistic insights into some of
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1. Introduction

Molecular compounds of magnesium and zinc show signifi-
cant similarities in their chemical behaviour. For instance, the
dications of the two metals are both stable with closed shell
configurations (Mg?*: [Ne]3s% zn*": [Ar]3d"°4s°) and have com-
parable ionic radii across a variety of coordination numbers
(Table 1)."

The coordination geometries of magnesium and zinc are
also very similar; there are complexes where these two metals
can be substituted.”'° In addition, the metal oxides MgO and
ZnO and vitriols like MgSO,-7H,0 and ZnSO,-7H,0 exhibit iso-
morphism in their crystalline forms, permitting unrestricted
interchange of magnesium and zinc.>* However, according to
the hard and soft acid-base principle, Mg®" is harder than
Zn>* primarily because of the electronegativity difference
between these two atoms."™'* The charge/radius value is sig-
nificantly different for both ions since the effective nuclear
charge of Zn>" is higher than Mg>" due to the presence of low
shielding d-electrons in the former. Hence, regardless of the
similarities, the Lewis acidity of isostructural molecular mag-
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nesium and zinc compounds may differ significantly.""'* The
inconsistent chemical behaviour of certain isostructural com-
pounds, such as organozinc and organomagnesium com-
pounds, in terms of reactivity and catalysis, does frequently
reflect this. To illustrate, magnesium-carbon bonds are signifi-
cantly more polar than zinc-carbon bonds.'® This difference
in polarity has implications in several reactions involving the
addition of Mg-C and Zn-C across unsaturated organic sub-
strates.”> Moreover, organomagnesium reagents are stronger
nucleophiles than organozinc reagents. Hence, they have gen-
erally found preference in synthetic applications, even though
organozinc reagents were among the earliest identified
organometallic compounds.’*® Nevertheless, there is a
renewed focus on zinc reagents due to a growing appreciation
for their typical properties, which include mild nucleophilicity

Table 1 Ionic radii of Mg?* and Zn?* ions with different coordination
numbers

Ionic radii (A)

Coordination number Mg** Zn**
4 0.57 0.60
5 0.66 0.68
6 0.72 0.74
8 0.89 0.90
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combined with good functional group tolerance, making them
more chemoselective and stereospecific than organomagne-
sium reagents."”*° Furthermore, several molecular zinc com-
plexes have become more significant as highly active and selec-
tive catalysts relative to their magnesium counterparts for a
wide range of transformations in addition to their stoichio-
metric uses.'”>°

There are detailed reviews dedicated to the synthetic and
structural facets of molecular magnesium and zinc complexes,
along with certain areas of their chemistry.”' > However, to
the best of our knowledge, there is no comprehensive account
that focuses on the analogous and/or contradictory chemical
behaviours of these complexes. In this perspective article, we
provide an overview of the analogies and highlight the differ-
ences between isostructural magnesium and zinc complexes.
Hydride archetypes are mainly prominent in this review as
they showcase rich and diverse chemistry. Other archetypes,
such as cationic and amidoborane complexes, are also dis-
cussed. The ligand systems that have been used to stabilise
these precarious main group complexes are the basis for the
organisation of this article; these systems include mainly nitro-
gen and carbon donor ligands: (i) the p-diketiminate ligand
and its derivatives, (ii) N-heterocyclic carbenes as ligands, (iii)
NNNN-macrocyclic ligands, (iv) anionic nitrogen donor-based
ligands and (v) allyl anions as ligands. It is by no means
intended to diminish the importance of the other archetypes
of magnesium and zinc complexes like the alkyl and low oxi-
dation state complexes, but neither is it to give a comprehen-
sive account for each prototype.

2. p-Diketiminate (BDI or ‘nacnac’)
ligands

Modern coordination and organometallic chemistry have
extensively utilised the monoanionic p-diketiminate (BDI or
‘nacnac’) ligands®*® [(ArNCR),CH]™ (*"BDI*"; Ar = aryl substi-
tuents, R = alkyl substituents), due to their ease of synthetic
accessibility combined with steric and electronic
tunability.?”®* These ligands have been used extensively
throughout the periodic table and have been essential in iso-
lating highly reactive species and intermediates.”* Numerous
examples of magnesium hydrides supported by the BDI
ligands of varying steric bulk have been reported to date.”!
One of the approaches for their synthesis involves the reaction
of a parent metal alkyl with a hydrosilane, resulting in the for-
mation of the desired hydride via o-bond metathesis.*® For
example, dimeric magnesium hydrides [(*BDI”'PP)Mg(u-H),]
(1a and 1b) (Dipp = 2,6-iPr,-C¢Hs; R = Me (1a), tBu (1b)) were
obtained in 40% yields from the reaction of phenylsilane with
the corresponding magnesium alkyls (Scheme 1).%° 1a can also
be obtained via an alternative route that involves pyrolysing
the aminoborane [(M*BDI”'PP)MgNH(iPr)BH;] in benzene.*!
This reaction proceeds via f-hydride elimination and affords
1a in a significantly higher yield (89%), alongside a borazine
by-product [(iPrNBH);] (Scheme 1).*
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In contrast to the magnesium hydrides 1a and 1b, BDI-sup-
ported zinc hydrides are stable in both dimeric and mono-
meric forms and may simply be synthesized by reacting the
corresponding zinc halides with hydride sources like NaH,
CaH, or KNH(iPr)BH;.*>** For example, the dimeric zinc
hydride [{(**BDI™**)ZnH},] (2: Mes = 2,4,6-Me;C¢H,) was syn-
thesized by reacting the corresponding BDI-supported zinc
halides [(™*BDI™**)ZnX] (X = CI or I) with NaH or KNH(iPr)BH;
(Scheme 1).*! The monomeric zinc hydride [(M*BDI”'PP)ZnH]
(3) was obtained by using a sterically more demanding
N-bound aryl group (Dipp; Scheme 1).>* In contrast, the rare
monomeric magnesium hydride [(*"BDI”'PP)MgH(DMAP)] (4)
could only be accessed by allowing complexation of the signifi-
cantly basic N,N-dimethylpyridin-4-amine (DMAP) with com-
pound 1b having a much bulkier ®"BDI”PP ligand.** A
summary of some interesting reactivities of these hydrides is
provided below.

Catalytic hydrosilylation of alkenes vs. nitriles

The hydridomagnesiation of less reactive and functionalized
alkenes has consistently been an appealing yet challenging
route towards the formation of Mg-C bond(s).>* The reasons
being (i) the lack of alternative general synthetic approaches
for Mg-C bond formation, which almost exclusively depends
on the ‘direct reaction’ of elemental magnesium with an orga-
nohalide, and (ii) the disadvantageous occurrence and use of
residual halides and ether solvents, respectively, in the existing
methods.?>?® Notwithstanding this, the reactivity of dimeric
p-diketiminato magnesium hydride [(M*BDI*"PP)Mg(u-H),] (1a)
towards terminal alkenes afforded the corresponding organo-
magnesium derivatives.?® For example, the reaction of 1a with
terminal alkenes like 1-hexene proceeds at 80 °C, yielding con-
sistent alkylmagnesium organometallics, viz., n-hexyl.
Additionally, it was noted that the steric demands of the
alkene reagent greatly dictate the ease and regioselectivity of
these reactions.>®> For instance, reactions with terminal
alkenes like 1,1-diphenylethene or styrene proceed at relatively
high temperatures of ~100 °C, with the former alkene yielding
the magnesium 1,1-diphenylethyl derivative as the single reac-
tion product, while the reaction with styrene afforded a
mixture of 2-phenylethyl and 1-phenylethyl products.®® In
addition, 1a was found to be unreactive towards internal
alkenes other than the strained bicyclic alkene norbornene.*?
This Mg-H/C=C insertion reactivity lays the foundation for
the catalytic hydrosilylation of terminal alkenes with PhSiH;.*
The reaction is slow, and performing it at relatively high
temperatures reduces the time frame. Regardless, the reaction
undergoes complete conversion in either case, with a selective
preference for the anti-Markovnikov organosilane product.*®
For instance, the reaction between 1-hexene and PhSiH; in the
presence of 1a leads to complete conversion to n-hexyl(phenyl)
silane. This preference for the anti-Markovnikov organosilane
product fits with (i) the high regioselectivity of the stoichio-
metric insertion reaction to afford the terminal n-hexyl-
magnesium product and (ii) the sequential proceeding of
Mg-H/C=C insertion with Mg-C/Si-H metathesis being the

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthesis of BDI-stabilised magnesium and zinc hydrides. Top: synthesis of dimeric magnesium hydrides 1a (R = Me) by hydrosilane
metathesis as well as p-hydride elimination routes, with 1b (R = tBu) and the monomeric magnesium hydride (4) as a DMAP adduct. Bottom: syn-

thesis of dimeric and monomeric zinc hydrides 2 and 3.

operational mechanism of the reaction, as demonstrated in
Scheme 2.%

The related monomeric zinc hydride [(M°BDI*"PP)znH] (3),
on the other hand, was found to have an unexpected role in
the chemoselective hydrosilylation of nitriles under mild con-
ditions.*” The catalytic role of 3 in the chemoselective monore-
duction of nitriles to synthetically valuable N-silylimines is the
first example of such catalysis in the absence of a transition
metal.’” For example, benzonitrile undergoes rapid reduction
by PhSiH; in the presence of 3 to the N-silylimine PhCH =
NSiH,Ph at room temperature. Mechanistic studies rationalize
the basis of chemoselectivity in the hydrosilylation of nitriles
to N-silylimines by proposing a novel hydride mechanism, as
illustrated in Scheme 2. This involves activation of the silane
by the Lewis acidic zinc hydride catalyst 3, followed by an
outer sphere transfer of the zinc hydride to the nitrile sub-
strate via a concerted 6-membered cyclic transition state (see
ref. 36 for the significance of the reaction constants k;, k_; and
k, mentioned in Scheme 2).%>”

Reactions with copper(1) arene complexes: Mg vs. Zn

The magnesium and zinc hydrides, 1a and 3, react with a set
of copper(i) arene complexes [(*BDI*")Cu(n*-toluene),] (I-IIL; I:
R = CF;, Ar = Mes, n = 0.5; II: R = Me, Ar = CgFg, n = 1; III: R =
Me, Ar = 2,6-Cl,C¢Hj, n = 0.5) bearing electron-deficient BDI
ligands to form the corresponding o-complexes (see

This journal is © The Royal Society of Chemistry 2025

Scheme 3).*® All sets of copper complexes mentioned here
bind reversibly to the monomeric three-coordinated zinc
hydride complex [(M°BDI”PP)znH] (3).** Although the data
support quick and reversible coordination in solution, it is
possible to isolate crystalline forms of the resulting c-com-
plexes as [("BDI*")Cu(p-H)Zn(V*BDI”'PP)] (5a-¢; 5a: R = CF;, Ar
= Mes; 5b: R = Me, Ar = CgF¢; 5¢: R = Me, Ar = 2,6-Cl,C¢Hj3)
from hydrocarbon solutions (Scheme 3).>® These species were
characterised by single-crystal X-ray diffraction studies, and
the structure of 5¢ showed a remarkably small Cu---Zn distance
(2.4684(5) A). The Cu---Zn distance follows the trend 5b > 5a >
5c across the series. Interestingly, significant flexibility is
observed in the coordination geometry at copper throughout
the series. The data are indicative of a slight deviation from a
distorted trigonal planar arrangement (in 5a and 5b) towards a
T-shaped geometry (in 5¢, w.r.t. copper). In particular, the dis-
tortion towards a T-shaped geometry becomes more pro-
nounced as the Cu---Zn separation decreases (5b > 5a > 5c).
This is because the BDI ligands must undergo out-of-plane tor-
sional rotation with each other to account for the approach of
the two metals. Consequently, the geometry at copper bends
from trigonal planar to a T-shaped geometry as the Zn-H
ligand approaches copper, because the solid-state structures
can withstand variations in the Cu---Zn distance of up to +5%
only. Upfield chemical shifts in low temperature "H NMR data
support the presence of the o-hydride in complexes 5a-c.

Dalton Trans., 2025, 54,13005-13019 | 13007
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Scheme 2 Proposed cyclic mechanisms for catalytic hydrosilylation (with PhSiH3) of (top) 1-hexene in the presence of 1a and (bottom) benzonitrile

in the presence of 3.
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Scheme 3 Formation of o-complexes 5a—c and 6a and the tetrahedral magnesium complex7;1a:M =Mg,n=2;3: M=Zn,n=1.

13008 | Dalton Trans., 2025, 54,13005-13019

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00978b

Open Access Article. Published on 17 July 2025. Downloaded on 4/19/2026 12:08:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

Unlike 5a-c, the products of the reactions between dimeric
molecular magnesium hydride [(M*BDI”'PP)Mg(u-H),] (1a) and
copper(1) arene complexes (I-III) are unstable (Scheme 3).*® In
a hydrocarbon solution, they decompose readily within a few
hours at ambient temperature. However, a 6-complex could be
isolated and crystallographically characterized as [("BDI*")Cu
(v-H)Mg(M°BDI”P)] (6a, R = CF;, Ar = Mes) despite the frangi-
ble nature of the BDI ligand-supported Cu-H-Mg three-centre
two-electron bonds (Scheme 3). The preparation and isolation
of 6a as a crystalline solid, isostructural with 5a, was possible
only when the reactions, followed by a work-up and direct crys-
tallization, were carried out at significantly low temperatures
of —35 °C. Multinuclear NMR spectroscopy was used to charac-
terise the additional compounds that were generated in situ
(Scheme 3). The reaction of 5b with 0.5 equiv. of [(*BDI”PP)
Mg(p-H),] (1a) enables the determination of at least one poten-
tial decomposition pathway. Although the formation of 6b was
not observed in this instance, the tetrahedral magnesium
complex bearing two BDI ligands [(*BDI*")Mg(**BDI"""P)] (7; R
= Me, Ar = C¢F¢) was generated cleanly (Scheme 3). An inde-
pendent synthesis later reaffirmed the composition of complex
7. It is most likely the result of an in situ ligand exchange reac-
tion between magnesium and copper that produces “Cu-H”
and [(*BDI*")Mg(M°BDI”"PP); the former easily breaks down
into H, and copper(0).>®

Alkene isomerisation: conversion of dienes to alkynes with a
Zr/Zn heterobimetallic complex

Decades of research in the field of alkene isomerisation® have
left the conversion of dienes into alkynes mostly obscure, with
the dehydrogenation of alkenes to alkynes being the only
known precedent.*® Interestingly, the isomerization of cyclooc-
tadiene to cyclooctyne is facilitated within the coordination
sphere of an atypical Zr/Zn heterobimetallic complex [Cp,ZrH
(u-H),Zn(M°BDI”'PP)] (8) (Scheme 4).*" For the sake of compari-
son, it should be mentioned that the isostructural Zr/Mg
complex [Cp,ZrH(u-H),Mg(M*BDI*"PP)] (9) or even Zr/Zr bi-
metallic complexes [Cp,ZrH(p-H)], do not lead to trapping of
the alkyne, but instead cause the expected isomerization of
1,5-cyclooctadiene (1,5-COD) to 1,3-cyclooctadiene (1,3-COD)
(Scheme 4).*!
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\

N
S
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-/
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g H/"Zr’\ /\/H/\ :
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The heterobimetallic M/Zr [M = Zn (8) or Mg(9)] complexes
are the products of the simple addition reactions of the iso-
structural f-diketiminato hydrides [(M*BDI®PP)MH], (1a: M =
Mg, n = 2; 3: M = Zn, n = 1) with [Cp,ZrH,],. Although com-
plexes containing Zr-H-Mg groups have precedence although
limited, those containing a Zr-H-Zn moiety were previously
unknown. The reaction of the Zn/Zr complex (8) with 1,5-COD
in C¢Dg at 80 °C results in slow isomerisation of the hydro-
carbon to 1,3-COD, along with the formation of a cyclooctyne-
bound heterobimetallic complex 10 (Scheme 4) as a major
product (85% yield). While the chemical shifts in the '"H NMR
spectrum account for the protons adjacent to the unsaturated
C-C bond in 10, *C NMR data provided downfield resonances
typical of the alkynes. A single crystal X-ray diffraction experi-
ment on 10 demonstrated the specific way in which cyclooc-
tyne binds to the metal centres. This experiment may also
provide insight into how the reactivity is dependent on the
major group fragment. An alkyne ligand and a hydride bridge
the two metal centres, zinc and zirconium. The Zr-C bond
lengths agree with the alkyne bridge’s predicted asymmetry.
The length of the Zn-C bond (2.198(2) A) is shorter than those
reported for strongly p-coordinated alkene complexes of Zn"
(range: 2.2-2.3 A), but it is slightly longer than the range
found for terminal Zn—-C o-bonds (1.9-2.1 A). The obtuse C-C-
C bond angles (129.0(2) A and 133.9(2) A) and the short C-C
bond length (1.308(3) A) lend credence to the formulation as a
coordinated cyclooctyne. In contrast, the related bimetallic
complexes Zr/Mg (9) or [Cp,Zr(u-H)(H)], give mixtures of 1,3-
COD, cyclooctene, and cyclooctane from 1,5-COD. Therefore,
the generation of a metal-bound cyclooctyne was observed only
in the zinc analogue (8). This may be because the beneficial
binding of cyclooctyne provides the thermodynamic driving
force for the isomerisation. The role of stabilising interactions
that permit cyclooctyne to bind to the heterobimetallic
complex 8 is also emphasized by some control reactions.*

Hydrogen elimination from molecular zinc and magnesium
hydride clusters: A comparison

The efficient hydrogen storage properties of early main-group
metal hydrides have attracted significant interest.**™**> Even
though MgH, appears to be an ideal candidate for reversible
hydrogen storage, its high thermodynamic stability presents a

Scheme 4 Synthesis of heterobimetallic complexes 8 or 9 followed by formation of the cyclooctyne-bound heterobimetallic complex 10 with 8.

This journal is © The Royal Society of Chemistry 2025
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challenge, which results in relatively high hydrogen desorption
temperatures (300 °C) and sluggish hydrogen release and
uptake kinetics.**™*° It is interesting to note that some mole-
cular clusters of magnesium and zinc have been shown to
release hydrogen upon thermal decomposition at much lower
temperatures.”’™*° For example, the dimeric magnesium and
monomeric zinc hydrides [(M*BDI”'PP)MH], (1a: M = Mg, n = 2
and 3: M = Zn, n = 1) show a record of thermal decomposition
(or H, release) temperatures of 120 °C and 150 °C with the
consecutive release of 1 and 0.5 equiv. of H,, respectively
(Scheme 5).***° The higher stability of 3 due to its monomeric
form accounts for its higher decomposition temperature than
that of 1a. The much larger magnesium hydride cluster [NN-
(MgH),], (11) (Scheme 5), supported by coupled BDI ligands,
eliminates hydrogen at higher temperature (175 °C, Scheme 5)
with a stoichiometric release of 2 equiv. of H,.*®

In stark contrast, the isostructural zinc cluster [NN-(ZnH),],
(12) demonstrated a significantly lower decomposition temp-
erature (90 °C) with the release of 1.8 equiv. of H,.*° This is in
accordance with the significantly higher decomposition temp-
erature for MgH, (300 °C) vs. that for ZnH, (100 °C), which is
likely attributable to the simpler reduction of Zn>* with respect
to Mg?".*® According to calculations, the decomposition temp-
erature of [NN-(MgH),], (11) is much lower than that of bulk
MgH, (175 vs. 300 °C).***° However, this correlation between
size and hydrogen-elimination temperatures is not immedi-
ately apparent in zinc hydride clusters. For instance, [NN-
(znH),], (12) and bulk ZnH, exhibit comparable stability with
decomposition temperatures of 90 °C vs. 100 °C, respectively.*®
This could potentially be attributed to the more covalent
nature of the Zn-H bond and/or the distinct solid-state struc-
tures of the bulk metal hydrides MgH, and ZnH, (the structure
of ZnH, is unknown at present but is likely to be polymeric in
nature).*” The DFT calculations anticipate that the H, release
from both clusters 11 and 12 propagates through the for-
mation of low valent M(1) (M = Mn or Zn) clusters.*®*’
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zation of the Mg’ species, attempts to isolate the corres-

ponding Zn' species have failed due to the decomposition to
7100 48,49

Comparison of magnesium and zinc in cationic n-arene and
halobenzene complexes

The similarities and differences in magnesium and zinc chem-
istry were further established by the synthesis of Lewis base-
free “naked” cationic magnesium and zinc complexes
[(**"BDI®PP)M™] [B(C4Fs),~] [M = Mg (13) or Zn (14)] supported
by the bulky ®*BDI”'PP ligand and stabilized using the weakly
coordinating anion B(Cg¢Fs),” and investigating their inter-
actions with arenes or halobenzenes (Scheme 6).°°72
Complexes 13 and 14 are synthesized by the reaction of the
trityl tetrakis(pentafluoro phenyl)borate [Ph3C'|[B(CeFs)s~]
with the metal alkyl complexes, viz., [("®*"BDI”"PP)MR] (when M
= Mg, R = nBu; when M = Zn, R = Et) (Scheme 6).>>>' The
B-hydride abstraction leads to the formation of the cationic
complex 13 or 14; Ph;CH and 1-butene or ethylene are by-pro-
ducts of the reaction.”®”" In both cases, complex 13 or 14
could not be isolated as the ion pair [(*'BDI"PP)M"] [B
(CeFs)a~] [M = Mg (13) or Zn (14)]. This may be due to the sig-
nificant steric bulk of the "®"BDI"PP ligand, which intercepts
an M---(C¢F5),B~ (M = Mg or Zn) interaction.’®>* However, the
solvent molecules are sufficiently small to interact with the
Lewis acidic M** (M = Mg or Zn) centre(s) within the ligand’s
pocket.’*> Thus, a series of complexes with (**"BDI"'PP)
M'...arene cations (arene = benzene, toluene, xylene) or
(B"BDI'PP)M*...XPh cations (X = F, Cl, Br, I) have been
accessed.”? All the crystal structures of the (*““BDI 'PP)
Mg'---arene complexes (arene = benzene, toluene, xylene;
15-17) showcase n>-coordination of the arene to the metal
centre (Scheme 6).>">?

The ("®"BDI'PP)Zn"...arene cations (arene = benzene (18),
toluene (19)) bear strong resemblances to the structures of the
analogous Mg cationic complexes 15-17, whereas xylene in the

Although there are ongoing attempts for isolation and crystalli- ("®"BDI”'PP)Zn"-..xylene cation (20) is bound to the metal in an
Dlpp D!pp Dlpp
120 C 150 °C
5 , i 1eq.H, vs Zn—H —n, 0.5 eq. H,
Dlpp Dlpp Dlpp
1a 3
Dipp Di Dipp Di
/ PR Vi pp\N
‘. AN w
i i / jz ﬁN’Z"/ Zn? jz
N
_175°C \H .
\ 2eq.H, vs | ‘ %C» 1.8 eq. H,
N, & HQ N i
Mg\ M Z <N,Zn\ /Zn\N>
H
\
Dlpp D|pp Dipp Dipp/

Scheme 5 Thermal decomposition of magnesium and zinc hydride clusters.
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Scheme 6 Synthesis of the “naked” cationic magnesium and zinc complexes 13 and 14 and the [(B“BDIPPP)M*.(substrate)] [B(CgFs),~] (M = Mg or

Zn) complexes 15-26.

n' fashion (Scheme 6).>" This leads to the conclusion that
regardless of the coordination numbers and ionic radii of
Mg”* and Zn*" being similar, the structures of the cations of
(‘B“BDIPPP)zn*...arene and (“"BDI”PP)Mg"...arene are clearly
different.> Compared to the equivalent Mg cations, the Zn
cations exhibit metal---C(arene) bond lengths that are
0.1-0.2 A shorter consistently.”® This results
increased electronegativity of zinc and its propensity to bind
with ligands that significantly contribute covalently.”® The
longer Mg---arene interactions, on the other hand, have an
electrostatic origin.”"~*?

A similar inference is reached when the Mg---XPh (X =F, C],
Br; 21-23) and Zn---XPh (X = F, Cl, Br; 24-26) complexes are
compared (Scheme 6).>" For example, in comparison with the
Mg---X distances, the Zn---X distances are consistently
0.1-0.2 A shorter.”* There is a noticeable distinction between
Mg and Zn in terms of PhF complexation. Zn is reported to
have a Zn---(n)PhF interaction, but Mg has a strong preference
for Mg---FPh interactions (Scheme 6).>" The HSAB theory
explains that soft cations like Zn>* are more likely to interact
with soft Lewis bases like aromatic n-systems, while hard
cations like Mg>" prefer to interact with hard Lewis bases like
fluorine.”* According to DFT calculations, this trend is particu-
larly noticeable for PhF but not as much for the heavier halo-

from the

This journal is © The Royal Society of Chemistry 2025

benzenes with softer halogen substituents such as chlorine or
bromine.>

The hapticity of the arene ligands of compounds 15-20 and
24 can be compared based on the electron density on benzene
rings and polarising ability of the metals in all the cases. A
pattern emerges where arenes with higher electron density
tend to coordinate to the metal in an n' fashion. This is
observed, for example, when electron-donating groups such as
fluorine, through resonance, or methyl groups, through induc-
tive effects as seen in xylene, are present. On the other hand,
arenes with lower electron density, such as benzene and
toluene, are more likely to exhibit n> coordination in order to
meet the electron demands of the metal centers. However, in
compound 20, zinc being more electronegative can polarize
the m-electron cloud more in order to satisfy its electron
density, which is presumably the reason for xylene to show the
n' donation mode.

Synthesis of a magnesium-amidoborane complex and its role
in catalytic formation of a new bis(aminoborane) ligand

Early main group metal amidoborane compounds, viz.,
LiNH,BH;, NaNH,BH;, and Ca(NH,BHj;),, were considered
potential hydrogen storage materials a decade ago.’>™*
Compared to the standard ammonia-borane NH;BHj;, the

Dalton Trans., 2025, 54,13005-13019 | 13011
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removal of molecular hydrogen in these compounds offers
several benefits. These include near-thermoneutrality and a
much lower hydrogen release temperature. However, both
metal amidoborane and ammonia borane face challenges in
the development of a reversible hydrogen uptake process.>’

The studies on the mechanism of hydrogen release in alka-
line-earth metal amidoborane complexes directed interest in
studying plausibly related zinc amidoborane complexes. Instead
of the anticipated zinc amidoborane complex, the straight-
forward salt metathesis reaction between potassium amidobor-
ane, KNH(iPr)BH; and the BDI supported zinc chloride
[(MBDI”PP)ZnCl] produced the zinc hydride [(*BDI”'PP)ZnH] (3)
in a good yield (71%, Scheme 7).*® It is, however, speculated that
the desired zinc amidoborane complex [(**BDI”'PP)Zn{NH,(iPr)
BHa}] (27) is probably the intermediate, which upon p-hydride
elimination followed by the production of several derivatives of
ammonia borane as oligomeric species (many signals were
detected in the NMR spectra) leads to the clean formation of the
zinc hydride complex 3 (Scheme 7).>°
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Succeeding this, the synthesis of a magnesium amidobor-
ane complex [(M*BDI”PP)Mg{NH(Dipp)BH;}] (28) with a large
substituent on nitrogen was studied to gain insight into the
impact of the metal on the stability and breakdown of metal
amidoborane complexes in general.>® The reaction of the het-
eroleptic magnesium complex [(M*BDI”PP)Mg{N(SiMe;),}] with
the ammonia borane derivative NH,(Dipp)BH; resulted in a
catalytic decomposition of the latter to a new bis(amino)
borane compound HB[NH(Dipp)],, probably following the
route shown in Scheme 7.>° As this bis(amino)borane com-
pound can be doubly deprotonated to a potentially useful dia-
nionic boraaminate (bam) ligand, HB[N(Dipp)],>~, a con-
venient and atom-efficient route was developed.>® Therefore,
the synthesis of the magnesium-amidoborane complex (28)
and its possible role in the formation of the new bis(amino)
borane compound probably take place through the formation
of complexes 28, 28" or the highly reactive magnesium
hydride reagent [(M°BDI®PP)MgH] (28"), as illustrated in
Scheme 7.>

iPr
/Dipp /Dipp / /Dipp
>>:N,, KNH(iPr)BH; N N~ -H elimination N,
<N,'Zn—0| <N,Zq N\ H —prh elimination  zn—H
\ _KCl \ N B2 _ipiN(H)BH, N\
Dipp o7 Dipp H 3 Dipp
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. / NH
NHx(Dipp)BH3 N.. /
<N/Mg—H + HB.  +BH;
—H, \ NH
Dipp \
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Di _ i i
/ PP /S|M63 /Dlpp N/ /Dlpp N/
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N~ AN
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Scheme 7 Top: Possible route for the synthesis of the monomeric zi

bis(amidoborane)

nc hydride complex 3 via p-hydride elimination of the zinc amidoborane

complex 27. Bottom: Synthesis of the magnesium amidoborane complex 28 and the possible cyclic routes for the formation of the new bis(amino-

borane) ligand in the presence of 28.
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3. N-heterocyclic carbenes as
ligands

Bulky anionic ligands such as the BDI ligand and its deriva-
tives (vide supra) or ligands based on neutral N-heterocyclic
carbenes (NHC) largely aid the steric protection of the metal-
hydrogen bonds in magnesium and zinc hydrides.””*® These
anionic or neutral co-ligands lower the aggregation and greatly
enhance the solubility, thus improving reactivity. NHCs can
also stabilize relatively large mixed magnesium/zinc hydride
clusters. These clusters are generated by treating the respective
metal precursors with hydride sources like dimethylamine
borane (DMAB) and phenylsilane (PhSiH3) in the presence of
NHCs such as IPr (IPr = 1,3-bis(2,6-di-isopropylphenyl)imida-
zol-2-ylidene).>® For example, by reacting the zinc bis(amide)
Zn(HMDS), (HMDS = hexamethylsilazide) with an equal stoi-
chiometry of DMAB in the presence of IPr, an NHC-stabilised
mixed amido-hydride zinc cluster Zn,(HMDS),HsIPr (29)
could be accessed (Scheme 8). A tetranuclear adamantyl-like
{Zn,He}** core was identified through synchrotron single-
crystal X-ray diffraction.>® The core is a tetrahedral Zn, cluster,
with the six hydride ligands slightly displaced from the six
boundaries of the tetrahedron.’® Each hydride acts as a bridge
between two zinc centres. The isostructural magnesium ana-
logue of cluster 29, Mg,(HMDS),H¢-IPr (30), was synthesized
by the reaction of Mg(HMDS),-IPr with PhSiH; (Scheme 8).°
The shorter metal-hydride, metal-amide, and metal-carbene
bond lengths in the zinc cluster 29 than those in its mag-
nesium analogue 30 can be rationalised as owing to the
reduced size of zinc (covalent radius of 1.22 A for Zn vs. 1.41 A

N(SiMes),
. .Zn i
Di = ~.y Di
J pp,_:| \ H pp\N
[ —Zn™" H""'/H""Z:n——KNI
NHMeBH;  \..  H-.. A
Gl Dipp Z|n Dipp
cyclogixane N(SiMe3),
c 29
N
n
s —_
PhSiH3 N N
. P \/ N
. Dipp DA Dipp
— exane,
N} M{N(SiMes)ola|  60°C in
Dipp” > Dipp (Me3Si)2N/31\H
(=2
s
n
PhSiH, HoH I
benzene, Dipp \M/g IVig El’iPP
60°C }1,/ “H’ \"FN
%N‘DippDi NI
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Scheme 8 Synthesis of NHC-coordinated zinc and magnesium hydride
clusters, 29 and 30, along with a mononuclear mixed hydridoamido zinc
complex, 31.
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for Mg).>>®° This is most apparent in the Zn-carbene bonds,
which have an ~8% shorter mean value of 2.038 A vs. 2.2063
(19) A in the magnesium cluster (30).°° It should be noted that
attempts to synthesize 29 using a similar approach to that of
30 led to the formation of a mononuclear mixed hydridoamido
zinc complex Zn(HMDS)H-IPr (31) (Scheme 8).%°

4. NNNN-type-macrocyclic ligands

The tripodal macrocyclic ligands of the NNNN-type such as tris
{2-(dimethylamino)ethyl}amine (MesTREN) can stabilise pre-
carious systems such as s-block metal complexes.®*” Isolation
of unique cationic complexes of magnesium and zinc [LMR][A]
(32-35; 32: M = Mg, L = MecTREN, R = n-Bu, A = [B(C4F5),;
33: M = Zn, L = Me¢TREN, R = Et, A = [B{CsH;(CF3),}4]; 34: M
= Mg, L = N,N,N ,N"N"-pentamethyldiethylenetriamine
(PMDTA), R = n-Bu, A = [B{C¢H; (CF;),}47]; 35: M = Zn, L =
PMDTA, R = Et, A = [B(CeFs),"]) is also achieved by the reac-
tions of the respective metal alkyls with the ligand MesTREN
or PMDTA in the presence of the Bronsted acid [PhNMe,H][B
(C6Fs5)4] or [Ph,NMeH] [B{CcH3(CF3),}4] (Scheme 9).7°° While
the molecular structures of 32 and 33 revealed k* coordination
of MesTREN to the metal centres resulting in a distorted trigo-
nal pyramidal arrangement of the donor atoms around them,
complexes 34 and 35 were revealed to have a x” coordination of
PMDTA and a consequent tetrahedral geometry at zinc. The
structural identities of all the complexes were corroborated by
NMR spectroscopy.®*¢*°

The ethylzinc cationic complexes 33 and 35 further led to
the formation of respective hydridozinc cationic species
[LZnH][A] (36 and 37; 36: L = MecTREN, A = [B{CcH;(CF3),}4];
37: L = PMDTA and A = [B(C¢F5)4]), respectively, on treatment
with triphenylsilanol (Ph;SiOH) followed by reacting the gener-
ated siloxide species with phenylsilane (PhSiHj)
(Scheme 9).°°® The corresponding hydridomagnesium cation
[(PMDTA)MgH], 2[B{CcH3(CFs),}4] (38) could be accessed by
the reaction between a diethyl ether solution of 34 and hydride
sources such as HBpin or excess PhSiH; (Scheme 9).°> SC-XRD
studies confirmed the structural analogies of the cationic
hydridozinc complexes 36 and 37 with their respective precur-
sors 33 and 35.°"°° '"H NMR studies revealed shielded hydride
and ¥* and ¥* coordination of Me,TREN and PMDTA to the
zinc centres in 36 and 37, respectively. In contrast, the mag-
nesium complex 38 was found to have a dimeric structure with
two hydrides bridged between two trigonal bipyramidal mag-
nesium centres.®*%¢

The reactivity of the alkyl-magnesium and zinc cations, 32
and 33, towards electrophiles is distinct from one another. For
example, the butylmagnesium cation 32 effectively alkylates
CO, akin to typical Grignard reagents, leading to the formation
of a cationic magnesium carboxylate [MesTREN-Mg-O-C(n-Bu)
0],2[B(CeF5)s ] (39) (Scheme 10; top).®* However, it quantitat-
ively reduces Ph,CO, revealing the hydridic nature of the §-CH
functionality in 32 (Scheme 10; bottom).®® This leads to the
conclusion that the abstraction of the f-CH of [Me,TREN-Mg-

zine
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Scheme 9 Synthesis of cationic complexes of magnesium and zinc, 32-38.

n-Bu]' is preferred over alkylation depending on the nature of
the incoming electrophile and solvent polarity.®® To illustrate,
Ph,CO gets partially reduced in THF, affording both the alkyl-
ated product 40 and the reduced product 41 (Scheme 10,
bottom), whereas it yields 41 as a single product in toluene.
This is due to the stabilisation of the cyclic six-membered tran-
sition state in the reduction pathway by a non-polar solvent.®®
Unlike 32, the ethylzinc cation 33 does not react with Ph,CO,
thus proving that the p-CH in 33 is inactive because the Mg-C
in 32 is more polar than the Zn-C in 33.%

In contrast to the reactivity of the disguised hydride in the
butylmagnesium cation 32, the thermally stable hydridozinc
cation 36 instantaneously reduces CO, and Ph,CO, resulting in
the formate complex (42) and the alkoxyzinc complex (43),
respectively (Scheme 10).°* In addition, as illustrated in
Scheme 11, 36 was found to act as a catalyst in the presence of
the mild Lewis acid triphenylborane (BPh;) for the rare selec-
tive hydrosilylation of CO, using PhSiH;.** It should be men-
tioned that 36 also shows moderate reactivity towards CO,
hydrosilylation independently.®® However, despite reduced
ligand denticity, the four coordinate [[PMDTA)ZnH]" (37) does
not do so since it forms a stable dimeric zinc formate (44)

13014 | Dalton Trans., 2025, 54,13005-13019

upon reaction with CO,, and hence, the presence of mild
Lewis acids like BPh; is essential to generate the monomeric
formate, thereby facilitating  hydrosilylation.®®
Interestingly, the instantaneous reduction of Ph,CO in Cg¢Dg
revealed the hydridic nature of the dimeric magnesium conge-
ner of 37, [[PMDTA)MgH]," (38). However, further reactivities
continue to be challenging due to the unstable nature of the
complex.®®

zine

5. Anionic nitrogen donor-type
ligands

Ligands with anionic nitrogen as donor atoms have a pre-
cedence as co-ligands for stabilising CO, hydrosilylation cata-
lysts based on Earth abundant non-precious metals. For
example, a tris(2-pyridylthio)methyl zinc hydride complex,
[x*>-Tptm]ZnH, was found to be an effective catalyst for the
hydrosilylation of CO, to the silyl formate, HCO,Si(OEt);.®”*°
Similarly, the  structurally related tris[(1-isopropyl-
benzimidazol-2-yl)dimethylsilyl jmethyl ligand [Tism(*"®e"#]
was utilized to support the terminal zinc and magnesium

This journal is © The Royal Society of Chemistry 2025
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Scheme 10 Reactivity of the n-butylmagnesium cation 32 and the hydridozinc cation 36 towards electrophiles like CO, (top) and Ph,CO (bottom).
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Scheme 11 Proposed catalytic cycle for the selective hydrosilylation of
CO, using PhSiHz in the presence of the hydridozinc cation 36 and
triphenylborane.

hydride complexes [k>-Tism (PPEn“]MH [M = Zn (45) and M =
Mg (46)].”° Both 45 and 46 reacted with tris(pentafluorophe-
nyl)borane [B(CcF5);] generating the ion pairs {[Tism(F)Ee"?]
M}{HB(C¢Fs)s] (47: M = Zn, 48: M = Mg) as rare examples of

This journal is © The Royal Society of Chemistry 2025

these metals in trigonal pyramidal coordination environments.
It is important to note that (i) zinc and magnesium hydrides
45 and 46 do not independently catalyse the hydrosilylation of
CO, by PhSiH3;, rather a catalytic system is achieved in the pres-
ence of B(CgFs)s; (ii) the magnesium hydride complex 46 pro-
vides a more efficient catalytic system in the presence of
B(CeFs5); and represents the first example of catalytic hydro-
silylation of CO, by a magnesium complex.”® Specifically, the
zinc and magnesium ion pairs [{Tism 7" \M][BH(CF5);], 47
and 48, are differ in their reactivity towards CO, despite their
analogous identities. As illustrated in Scheme 12, the mag-
nesium complex 48 reacts promptly with CO,, yielding the for-
matoborate derivative [Tism”5¢"*]MgOC(H)OB(C¢Fs); (49).”°
However, the zinc compound 47 does not form a detectable
product under identical conditions. However, the formato bis
(borate) species {[Tism " MI[HC{OB(C4F5)3}2] [M = Zn (50)
or Mg (51)] were detected for both metals upon further reac-
tion of the formatoborate derivative(s) with another molecule
of B(Ce¢Fs);. The release of the silylformate R;SiCO,H and
regeneration of the ion pairs 47 or 48 is the final sequence of
the catalytic cycle, followed by the reduction of R;SiCO,H to
CH, (Scheme 12). It is worth mentioning that although other
metal complexes are reported to serve as catalysts for CO,
hydrosilylation in combination with B(CgFs)s, the zinc and

Dalton Trans., 2025, 54,13005-13019 | 13015
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Scheme 12 Possible catalytic cycle for the hydrosilylation of CO, in the presence of 45 or 46 together with tris(pentafluorophenyl)borane.

magnesium systems 47 and 48 supported by anionic nitrogen
donor-type ligands utilize Earth-abundant and non-toxic main
group metals and most importantly are active at ambient
temperatures. In particular, the magnesium system 48 is
highly resilient and can be recycled multiple times without an

N M/”\M M//“v '

appreciable decrease in activity.” A B (cis) B ()
M
//—l\ //“\ M/\/\ M i
. . M
6. Allyl anions as ligands L i ;
It is essential in organometallic chemistry to explore the entire
spectrum of interactions of delocalised r-electron systems with
metal centres, viz. from ionic to covalent bonds.*®”" The allyl N W7 xZ
group serves as the simplest example of a delocalised Zn]  [zn] Zn] _.[zn] Zn]  [zn]

n-electron system and is, therefore, a model ligand for such
studies.”” It is mostly distinguished by its versatile reactivity
and coordination modes in metal complexes (A-F; Scheme 13,
top).”*”* Magnesium complexes exhibit a broad range of struc-
tural variations of allyl-supported metal complexes.”” This is

~ _

*
*
<
Scheme 13 Top: some of the identified coordination modes of the allyl

ligand concerning metal—carbon interactions of c-type (A: n, B: po-ntm?*
(cis or trans)), n-type (C: n® D: p-n°n°) or o-type and probably r-type

most likely due to the fine balance between covalent and ionic
bonding and the accessibility of complexes ranging from cat-

13016 | Dalton Trans., 2025, 54, 13005-13019

(E: p-n*n? F: pa-ntin®). Bottom: intermolecular mechanism for allyl
exchange in zinc—allyl complexes.
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ionic, neutral, anionic or dianionic to cluster frameworks.”>”®
For instance, among the six structurally validated coordination
modes of the allyl ligand concerning metal-carbon inter-
actions (Scheme 13, top) of o-type (A: n', B: p,-n":n* (cis or
trans)), n-type (C: n°, D: py-n*n’) or o-type and probably n-type
(E: pn'm?, F: ppn:n®), magnesium-allyl complexes like the
parent compound bis(allyl)magnesium [Mg(CsHs),] (52) gener-
ally favour o-type interactions (A or B; Scheme 13, top).”>”>”°
These interactions can be noted as the n' coordination mode
of the allyl ligand, both in solution and solid states.”
However, as per DFT calculations for 52, n-type interactions (C
or D; Scheme 13, top) are also probable in the absence of a
donor solvent.”>”® Recent advances also highlight the formally
charged magnesium-allyl compounds with charges ranging
from +1 to —2 at the magnesium centre, showcasing a novel
coordination mode of the allyl ligand in the solid state, viz.,
the p;n":n*n?® bond in addition to interesting reactivities.”>”®
Zinc—allyl complexes, on the other hand, exhibit an even
broader scope of coordination modes, viz., o-type (A), n-type
(C), along with both o-type and/or n-type (D).”*’> While it was
perceived that the allyl ligands of the parent bis(allyl)zinc [Zn
(C3Hs),] (53) complex are in the n® bonding situation in the
solid state, SCXRD data for the complex reveal a p,-n'n’
coordination mode.”>”> This demonstrated that exclusively
n-type interactions are not favoured in zinc—allyl complexes.”?
Rather, the Lewis acidic divalent zinc centres in these com-
plexes exhibit two o-type bonding modes of allyl ligands, cis-
and trans-B (Scheme 13, top).”>”” Additionally, ab initio calcu-
lations have suggested o-type coordination modes in 53 in the
gas phase.”” At room temperature, the allyl ligand exhibits
fluxional behaviour in solution, but an n' coordination state
can be preserved at low temperatures.”” Monocationic and
monoanionic allylzinc complexes also exhibit o-type zinc—allyl
interactions in the solid state.””””° The dynamic behaviour of
zinc—allyl complexes in solution can be understood by looking
at various coordination modes.”> For instance, bis(allyl)zinc
(53) as well as its cationic or anionic counterparts undergo
rapid allyl exchange.®® The mechanism of allyl exchange for 53
has been studied in THF. It follows second-order kinetics
associated with an intermolecular allyl-exchange mechanism
involving a transition state with a p,-n":n* coordination mode
like the solid-state structure of 53 (Scheme 13, bottom).%° This
interpretation is supported by the aversion of allyl zinc com-
pounds to m-type metal-allyl interactions.”” The order of the
allyl-exchange rate in solution is cationic < neutral < anionic.””
One of the most distinctive and well-known characteristics
of metal—allyl complexes is their ability to interact with electro-
philes at both C termini.””> Among the allyl-specific reactivities,
the dearomatisation of pyridines to access pharmacologically
active N-metalated dihydropyridines (DHPs) have been
reported for both zinc— and magnesium—allyl complexes.””’*
Reactions between metal—allyl complexes and pyridine in
general involve an initial adduct formation by the coordination
of pyridine (Py) at the metal centre followed by subsequent 1,2-
or 1,4-carbometalation of pyridine leading to the desired
N-metalated DHP.””> The latter step being metal-dependent

This journal is © The Royal Society of Chemistry 2025
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Zan Zan(Py)zl

(adduct formation) 54

v gt A[BeeFo)) |Nt |

(1,2-carbometallation)

|
Mg (Py)[B(CeFs)dl

(possible product;
could not be isolated)

Scheme 14 De-aromatisation of pyridine in presence of the bis(allyl)
zinc [Zn(C3Hs),] (53) vs. cationic magnesium=—allyl complex [Mg(CzHs)
(THF)s][B(CeFs)al (55).

and specific. While the parent neutral bis(allyl)zinc [Zn
(CsHs),] (53) complex reportedly reacts with pyridine leading
to formation of the adduct [Zn(C3;Hs),]:(Py), (54) but without
subsequent carbometallation, the cationic magnesium-—allyl
complex [Mg(C;Hs)(THF)s][B(CeFs)4] (55) leads to the 1,2-car-
bometalation of pyridine (Scheme 14).”"®' However, product
isolation was unsuccessful due to rapid decomposition.®*

Furthermore, the cationic zinc—allyl complex [Zn(C;H;)
(THF);][B(CeFs)4] (56) by virtue of a more Lewis acidic zinc
centre participates in oxidatively induced allyl coupling.”®
Complex 56 undergoes reversible, solvent-dependent dimeriza-
tion processes. Nearly quantitative yields of the dimetalated
dimerization products were obtained. This reaction serves as a
model for the dimerization of propene to an industrially sig-
nificant (co)monomer 4-methylpent-1-ene, which is catalysed
by alkali metals.”® On the other hand, butadiene (BD) poly-
merisation was studied in the presence of magnesium-allyl
initiators to determine how the charge at the metal centre
affected the polymerisation.® Although anionic and dianionic
magnesium—allyl complexes produce polybutadiene (PDB)
with low polydispersity indices (PDIs) of 1.04-1.10 and high
1,2-PDB  contents of 69-77%, neutral and cationic
magnesium—allyl complexes like 52 and 55, on the other
hand, do not initiate polymerisation of BD. These reaction
rates have a strong counterion effect (Ca <« K) and follow the
order monoanionic < dianionic.®*

7. Conclusions

The (near)isostructural magnesium and zinc complexes
provide a means to compare several of these complementary
and/or contrasting chemical behaviours through their struc-
tural aspects and/or chemical reactivities. The hard and soft
nature of magnesium and zinc, respectively, leading to differ-
ences in Lewis acidity, is at the root of contrasting reactivity
patterns of these complexes in alkene isomerisation, hydro-
silylation of alkenes, nitriles or in their reactivities towards
electrophiles like CO, and Ph,CO, as well as interaction with
solvents like xylene and fluorobenzene. The steric and elec-
tronic features of the ligands play an important role in generat-
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ing and stabilizing these complexes. In this review, we have
attempted to look at the interesting and rich chemistry of
these complexes, which, in addition to their unique reactiv-
ities, have the potential to form diverse structural networks
and play a larger role in environmentally valuable catalytic
transformations, and thereby represent a fructuous area of
study for chemists.
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