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Abstract

Hydro(solvo)thermal in situ ligand synthesis has rapidly developed over the past several years due to its effectiveness, simplicity and
environmental friendliness. More than 10 types of in situ ligand reactions have been enumerated, which includeadrbofond forma-

Abbreviations:apddica, 2-(4-amino-phenyl)-1,3-dioxo-2,3-dihydro-1H-isoindole-5-carboxylatebfBen, 2,2biphenanthroline; bpdc, 2;bipyridine-
3,3-dicarboxylate; bpe, 1,%ans(4-pyridyl)ethane; 2,2bpy, 2,2-bipyridine; 4,4-bpy, 4,4-bipyridine; §)-3-CNPHA, ©)-3-cyanophenylalanine; dpdc,
diphenyl-4,4-dicarboxylate; dppm, bis(diphenylphosphino)-methane; fum, fumarafeblty benzene-1,2,4,5-bihydrazidesli¢bh, benzene-4-carboxylate-
1,2-bihydrazide; 1,4-bBDS, benzene-1,4-disulfonic acid;sbta, benzene-1,2,4,5-tetracarboxylic acigbtt, benzene-1,2,4-tricarboxylic acidaénap,
N,N-dimethyl-aspartic acid; Hmtz, 3,5-dimethyl-1,2,4-triazole; Hobpy, 6-hydroxyH2iridine; Hsodsc, 2,2oxydisuccinic acid; Hophen, 2-hydroxyl-
1,10-phenanthroline; Hoip, 2-hydroxyisophthalate; Hptz, 3,5-dipropyl-1,2,4-triazole;SBH4-sulfobenzoic acid; ip, isophthalate; ox, oxalate; pdon,
1,10-phenanthroline-5,6-dione; phen, 1,10-phenanthroline; 3-ptz, 5-(3-pyridyl)tetrazolate; 4-ptz, 5-(4-pyridyl)tetrazolate; 4pgimedgrpoxylate; pyz,
pyrazine; quaterpy, 2,26,2’ ;6”,2”-quaterpyridine; tp, terephthalat&§{TPA, (9-5-(3-tetrazoyl)phenylalaninato; tpbz, 1,2,4,5-tetra(4-pyridyl)benzene; tpct,
1,2,3,4-tetrakis(4-pyridyl)cyclobutane
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tion, hydroxylation, tetrazole formation, triazole formation, substitution, alkylation, ether bond formation, hydrolysis, oxidation-sig;droly
acylation, amination and decarboxylation. Hydrothermal in situ ligand synthesis has become a powerful approach in the crystal engineerin
of coordination complexes and in organic synthesis, and is becoming an alternative approach in the isolation of organic isomers. In the cryste
engineering of coordination complexes, in situ ligand synthesis is suitable to prepare novel coordination complexes from metal ions anc
organic precursors and most of these complexes are not accessible from a direct reaction of metal ions and ligands. In organic synthesi
hydrothermal in situ ligand syntheses have become very useful pathways to organic ligands, which are difficult to obtain by routine synthetic
methods. In isolating organic isomers, in situ ligand synthesis is becoming an alternative route because in some special cases, only one of t
several isomers of a ligand is found in crystalline complexes involving in situ ligand reactions.

© 2005 Elsevier B.V. All rights reserved.

Keywords: In situ ligand synthesis; Crystal engineering; Coordination complexes; Hydro(solvo)thermal; Organic synthesis

1. Introduction Hydro(solvo)thermal reactions, well established for the
synthesis of zeolites and typically carried out in sealed
Traditionally, coordination complexes are obtained by re- teflon bombs and in the temperature range 120=200n-
actions of pre-synthesized or commercially available ligands der autogenous pressure (generally 10-30 atm), exploit the
with metal ions. The single crystal growth of complexes in- self-assembly of the product from soluble precursors. The
volves evaporation of solvents and diffusion procedures. Re-reduced viscosity of solvents under these conditions en-
cently, in situ ligand synthesis has been developed as a newhances the diffusion processes so that crystal growth from
approach to the crystal engineering of complexes in which solution is favored. Under such non-equilibrium crystal-
ligand precursors are used in place of ligands to react with lization conditions, metastable kinetic phases, rather than
metal directly to produce single crystals of the desired com- the thermodynamic phase, are most likely to be isolated.
plexes. In the majority of cases, crystals form at the reaction
In situ ligand synthesis is of great interest in coordina- temperature and not upon cooling to room temperature.
tion chemistry and organic chemistry for preparation of crys- Small changes in one or more of the reaction variables of
talline coordination complexes, and for the discovery of new the hydrothermal parameter space such as time, tempera-
organic reactions and understanding their mechan[déins  ture, pH value, stoichiometry and duration can have a pro-
In situ ligand synthesis, as a new approach in crystal en-found influence on the reaction outcorf&l]. Recent re-
gineering of coordination complexes, was first proposed by search has revealed that the hydro(solvo)thermal reaction
Champness and Sdider in 1997, when they unexpectedly is also a promising technique in preparing complexes with
observed in situ cyclisation of 1 2ans-(4-pyridyl)ethene to novel structures and special properties, especially in grow-
yield ligand 1,2,3,4-tetrakis(4-pyridyl)cyclobutaf®. Fol- ing crystals of complexes involving in situ ligand synthesis
lowing Champness and Sélter’s success, a variety of novel [3-30]. Compared with traditional synthetic methods, hy-
coordination complexes involving in situ synthesized lig- dro(solvo)thermal reactions create more chance for in situ
ands were documented, most of which were prepared by hy-ligand synthesis due to the relatively critical reaction condi-
dro(solvo)thermal methods (occasionally also by traditional tions. Indeed, hydro(solvo)thermal method has demonstrated
solution reactions). The in situ ligand synthesis, as an ap-increasing success in providing alternative pathways to crys-
proach in the crystal engineering of complexes, has the fol- talline complexes with in situ synthesized ligands which
lowing benefits: (1) in situ synthesis of ligands from an or- are difficult to obtain by routine synthetic methods. For in-
ganic precursor removes the need to synthesize ligands thastance, the novel ligands 6-hydroxyl-2{#ipyridine (Hobpy)
simplify the synthesis steps; (2) in situ slow formation of and 2-hydroxyl-1,10-phenanthroline (Hophen), which are
ligands will ensure the growth of single crystals sufficiently quite difficult to obtain by routine synthetic methods, are
large to allow X-ray single-crystal structural determination; easily formed under hydrothermal conditiof]. Rigid
(3) itis an environmental friendly synthesis procedure. Until tetradentate ligands 2;Biphenanthroline (2,2biphen) and
now, more than 10 types of hydro(solvo)thermal in situ ligand 2,2;6,2";6”,2"-quaterpyridine (quaterpy), which are not
syntheses have been found, which include carlsarbon easy to obtain from 1,10-phenanthroline (phen) and-2,2
bond formation[2—7], hydroxylation[8-11], tetrazole for- bipyridine (2,2-bpy), are in situ formed via dehydrogena-

mation by formal cycloaddition of cyano and aZiti2), tri- tive coupling of bipyridine-like ligands under hydrothermal
azole formation by 2 +2 + 1] g/cloaddition of cyano and  conditions[3,4].
aming[13], replacement of carboxyl with sulfonic gro[ipt], In spite of the importance of in situ ligand synthesis in

alkylation [15], ether bond formation via dehydration cou- the crystal engineering of complexes and in organic syn-
pling [16], hydrolysig17—24] oxidation—hydrolysi§25,26], thetic chemistry, there has been no review devoted to the
amination [27], acylation [28,29] and decarboxylation  subject. The aim of the present review is to give the reader
[9a,30] an overview of all types of hydro(solvo)thermal in situ lig-
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Scheme 1.

and syntheses to form crystalline complexes; a few non-
hydro(solvo)thermal in situ ligand reactions are also covered.
Although the author has tried to enumerate all types of hy-
dro(solvo)thermal in situ ligand syntheses, it is impossible
to be absolutely comprehensive due to limited knowledge.
Apologies are offered in advance to those whose work may Fig. 1. View of two-dimensional framework @ Generated from CIF data

not be included. in Ref.[3].
2. A survey of the types of hydro(solvo)thermal in of bipyridine-like ligands under hydrothermal conditions
situ ligand synthesis (Scheme %3,4].

Two solid state vanadium oxide complexes [Co(2,2
2.1. Carbonr-carbon bond formation biphen)\40g 5] (2) and [Ni(quaterpy)(HO)}2V4012] (3)

were hydrothermally prepared via in situ ligand reactions

Carbon-carbon bond formation is one of the most impor- [3,4]. Compoun@® was prepared from a mixture of NMO3,
tant tools of modern organic synthesis. In situ carazarbon H3BO3, Co(NG;)2-6H20, phen and KO (molar ratio
bond formation in the crystal engineering of complexes was 1:1.5:1:2:1000) at 16%C for 120 h, while3 from a mixture
first recognized by Champness and $ctar in 1997, when  of NiCly, V20s, 2,2-bpy and HO (molar ratio 1:1:2:900)
they obtained crystals of the three-dimensional (3-D) coordi- at 200°C for 132 h. The structure d? consists of a two-
nation polymef{ Ag[tpct]BF4}n (1) (tpct=1,2,3,4-tetrakis(4-  dimensional neutral framework with a 4,8,10-net as shown
pyridyl)cyclobutane) from the reaction of Aggkand 1,2- in Fig. 1, where [Co(2,2biphen)f* units are covalently
trans-(4-pyridyl)ethene (bpe) in MeCN/CGI€I; solution in linked to VsO17*~ chains. Compoun8contains tetranuclear
the presence of ligh2]. The in situ cyclisation of bpe to  V4015*~ clusters decorated with [Ni(quaterpyy@&)]?*
yield the ligand tpct is responsible for the formation of the complex fragments as shownfiig. 2.
3-D framework ofl (Scheme }1[2]. Though there are lots of organic—inorganic hybrid mate-

This reaction is a photochemical reaction because it doesrials reported in which 2;2opy or phen coordinate to metal
not occur in the absence of a UV source. The Ag(l) ions centers, the dehydrogenative coupling of phen an@thg
played a key role in the light-induced process, but whether ligands under hydrothermal conditions has only been ob-
the ligand cyclisation occurs in the solid state or in solution served in the two polyoxovanadate compounds above. The
was not clear. Interestingly, UV photolytic cyclisation of bpe in situ dehydrogenative coupling of bipyridine-like ligands
in MeOH or GHg generally affords two isomers ofthe ligand, in the two polyoxovanadate compounds can be rationalized
but in situ cyclisation of bpe in the reaction produced only by the long-term argued Gillard mechani$g&2]. Accord-
single isomer of tpct ligand. ing to the Gillard mechanism, the coordination of metal ions

Another type of in situ ligand synthesis involv- to pyridine-like ligands has an effect similar to the quater-
ing C-C bond formation is dehydrogenative coupling nisation of the pyridine nitrogen. This will polarize the 2-

Scheme 2.
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Fig. 2. View of structure 08. Generated from CIF data in R¢4].

position of pyridine and make it easier to be oxidized. In ad-
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dition, high temperature and pressure and long-time reactions
have also proven to be effective for the dehydrogena’[ion of Fig. 4. View of the two-dimensional structure®iGenerated from CIF data

pyridine.
The third type of GC bond formation reaction is in

in Ref.[6].

situ synthesis of a tetradentate dye molecule 1,2,4,5-tetra(4-ers of [CdB(SPhE]4+ clusters stacked along theeaxis. In
pyridyl)benzene (tpbz) by dehydrogenative coupling of two the [Ca(SPh)2]™" cluster, 8 cadmium ions are arranged

4,4 -trimethylenedipyridine units under hydrothermal condi-
tions[5] as shown irScheme 3

Crystals of [Cd(SCsH5)12(tpbz)SO4](HSO4)2(H20)4
(4) were prepared from a mixture of @gB4(SPh)o,
4,4 -trimethylenedipyridine, Ng8O; and water at 190C
for 3 days. The dehydrogenative coupling between two
4,4 -trimethylenedipyridine units established the three-
dimensional frameworkHig. 3) of 4. High temperature and
pressure may be responsible for this in situ ligand syn-
thesis reaction. Compound can be considered as lay-

Fig. 3. View of three-dimensional framework4nGenerated from CIF data
in Ref.[5].

at corners of a cube, while 12 SPh groups are distributed
slightly off the center of each cubic edge. Within each layer,
[Cdg(SPh)2]** clusters are joined into a square pattern en-
circling large square pores formed by four g{8Ph),]**
clusters. The linkage between adjacent layers is provided by
the benzene rings of tpbz.

The fourth type of €C bond formation reaction is ox-
idative coupling of methanol to oxalic aci®]. Surpris-
ingly, when the reaction of Zn(N£),-6H,O and pyridine
was carried out in methanol at 140 for 5 days, colorless
crystals of two-dimensional [methylpyridiniugiZnz(0x)3]
(ox=oxalate) §) as shown irFig. 4, were isolated. The ox-
alate ligands irb presumably resulted from unprecedented
oxidative coupling of methanol moleculeSgheme %[6].
Evans and Lir{6] attempted to carry out the same reactions
with zinc perchlorate in place of zinc nitrate but failed. This
indicated the nitrate groups act as oxidants for oxidative cou-
pling of methanol to oxalic acid. The insolubility 8funder
hydro(solvo)thermal condition is at least in part responsible
for oxidative coupling of methanol molecules to oxalic acid.
In addition to oxidative coupling of methanol to oxalic acid,
in situ methylation of pyridine to methylpyridinium was also
observed.

The final in situ G-C formation reaction is cyclotr-
imerization of arylacetylidg7] as shown inScheme 5
Reaction of [Au(p-dppm)(MeCN)]%*[dppm = bis(diphe-
nylphosphino)-methane] with three equivalents of (A§=
CgH4R-4), in dichloromethane with exclusion of light yields
the heterometallic complexes [Afgs(-dppmy{1,2,3-

H Zn(NOg),, pyridi A /O .
\ n 3)2, Pyridine \
H~t—on LG
H 140°C ol o
Scheme 4.
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Hydrothermal reactions of Cu(ll) salt, phen and water

O 2.2.1. Dinuclear [Clp(ophen)] (7)
Q in the temperature range of 140-1&5 produced three

3 Q—_@ Ag' Au' dppm supramolecular isomers of dinuclear [g@phen] 7 with
a hydroxylated phen ligand as showrFig. 6. Compound/
o 5 crystallizes in three supramolecular isometsf andvy) in
© which the molecular structures are virtually identical. Each
Cu atom in7 features a trigonal geometry, being coordinated
by two nitrogen atoms from an ophen ligand and one oxygen
atom from a deprotonated hydroxy group of another ophen
C6(CsH4R-4)3}(C=CCsH4R-4)]3* [R=H, (6) CHs, But] ligand. The Cu—Cu distances in thep andvy forms are ca.
(Fig. 5). The unprecedented trianiqus-{1,2,3-G(CeHaR- 2.68A, which indicates weak Cu#Cu' bonding interactions
4)3}3 was derived in situ from the cyclotrimerization of ~[34]. The three supramolecular isomers show remarkable dif-
arylacetylide GCCsH4R-4. ferences in molecular packing arrays. There are three types of
It is worth noting that the cyclotrimerization of substi-  sypramolecular interactionsfanamely G-H- - -O hydrogen
tuted alkynes catalyzed by transition-metal complexes usu-ponding, aromatia—m stacking and intermolecular CuCu
ally gives 1,3,5- and/or 1,2,4-trisubstituted benzene deriva- jnteractions, which may be responsible for the existences of
tives with hlgh SeleCtiVity rather than 1,2,3'triSUbStitUted ben- the three Supramo|ecu|ar isomers7in, discrete molecules
zene derivatives. A reaction mechanism involved in the gen- gre extended by-cH- - -O hydrogen bonds and aromatie
eration of intermediates such as cyclobutadiene and Dewarstacking interactions into a 2-D supramolecular array;
benzene derivatives was proposed on the basis of both experthe G-H. . .O hydrogen bonds link the discrete moleculesinto

Scheme 5.

imental and theoretical evidence. 2-D layers, and off-set aromatie—m stacking interactions
and intermolecular Cu -Cuinteractions further extend the 2-
2.2. Hydroxylation D layers into a 3-D array; iii-y, two discrete molecules hav-

ing intermolecular aromatie—m interactions and Cu-Cu

Hydroxylation is any chemical process that introduces one interactions are paired, and the molecular pairs are further
or more hydroxyl groups into a compound, thereby oxidizing interconnected via €H-. - -O hydrogen bonds to generate a
it. In biochemistry, hydroxylation reactions are often facili- 3-D supramolecular array.
tated by enzymes.

Many complexes containing phen or 2ty have been ]
reported. However, the hydroxylation of phen and-byy, 2.2.2. Tetranuclear mixed-valence copper(l,Il)
until now, is only found in a few copper and molybdenum COmplexes _
compound$8—10]. The core of the Gillard mechanismisthe ~ Five tetranuclear mixed-valence copper(l,Il) com-
nucleophilic attack of the-carbon atom of pyridine by a  Plexes namely [Ca(obpy)(tp)] (8), [Cus(ophen)(tp)] (9),
hydroxide ion to form a covalent hydrat€Kl) [32]. These  [Cua(0bpyh(dpdc)}2H0O (10), [Cus(obpy)(fum)]-6H,0
complexes may provide more useful structural evidence for (1) and [Cu(ophen)(fum)] (12) (tp=terephthalate,
the Gillard mechanism and are not only important in organic dpdc = diphenyl-4,4dicarboxylate, fum=fumarate) “have
heterocyclic chemistry, but also in coordination chemistry béen documented and are structurally analogous since they
[1a,33] all consist of a pair of [Ce(ophen}]* or [Cux(obpy)]*
fragments bridged by a deprotonated dicarboxylate into
neutral tetranuclear dumbbell-shaped moleculgsg. (7).

The copper atoms in these complexes have a similar square-
pyramidal coordination environment being surrounded by
two nitrogen atoms from an ophen or obpy, a deprotonated
hydroxy group from another ophen or obpy, and the adjacent
copper atom (CuCu ca. 2.4&) at the equatorial positions,
and by a tp, dpdc or fum carboxylate oxygen atom at
the apical position. The bond valence sum analyses and
magnetic susceptibility measurements indicate that they are
average mixed-valence copper(l,Il) complexes which are
important in metalloprotein systems due to long-distance
electron transfej35].

Complexes/—12 were hydrothermally synthesized in the
temperature range of 140-185 under autogenous pressure
Fig. 5. View of structure 06. Phenyl rings of dppm are omitted. Generated With a filling volume of ca. 50%. Compound has three
from CIF data in Ref[7]. supramolecular isomers in the solid state, and the synthesiz-
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Fig. 6. View the molecular structure @f(a) and stacking array of its three isomaré), B (c) andy (d). Generated from CIF data in R¢8b].

ing temperature of the three isomers from low to highis in the requisite for a nucleophilic attack by hydroxide ions since
sequence of-y, 1.a and1-B. The molecular symmetry from  the a-carbon of pyridine can only be activated by coordi-
low to high is also in the sequencebf, 1.« and1-B. These nation of phen to a Cliion. Secondly, thex-carbon of
observations are consistent with variations in entropy. From pyridine is attacked by a nucleophilic hydroxide to form
the entropy point of view, reaction at a higher temperature a mononuclear covalent hydrat€H), which is the core
favors the formation of a structure of higher symmetry. In step of the Gillard mechanism. Thirdly, the deprotonation
addition, complex’ can convert into mixed-valence tetranu- of the mononuclear covalent hydrate results in a pseudo-
clear9 by addition of an extra Cu(ll) salt and tp and further base PB) species. Then, two mononucleB species are
hydrothermal treatment. Therefore, it may be regarded as thedimerized to form a dinucledB species. Next, intramolec-
intermediate in the formation & Maintaining a weakly ba-  ular electron transfer and dehydrogenation of the dinuclear

sic environment (pH 8-9) in the preparatiorvedl 2is impor- PB species result in a neutral dinuclear copper(l) species.
tant for the hydroxylation of phen or bpy ligands to generate In this step, the role of the Guions as oxidant is critical
ophen or obpy. in the fixation of the hydroxy group on the pyridyl ring. In-

Hydroxylation of 2,2-bpy and phen to produce Hobpy tramolecular electron transfer then again generates a dinu-
and Hophen observed i#+12is consistent with the covalent  clear Cu(l) complex?. Finally, one electron oxidization of
hydrates of the Gillard mechanism and thus provides struc- the neutral dinuclear copper(l) molecule and dimerization of
tural evidence for the Gillard mechanism. Using the Gillard two dinuclear species by coordination of a tp bridge furnish
mechanism, the principal steps proposed for the formation a molecule 0B, concomitant with contraction of the €CQu
of the dinuclear copper(l) complékand tetranuclear delo-  distance.
calized mixed-valence copper(l,Il) compl&xare shown in Recently, a molybdenum complex [M@s(ophen}] (13)
Scheme 6 [8h] involving in situ hydroxylation of phen was hydrothermally

First, phen ligands are coordinated to copper(ll) ions synthesized from a mixture of Se(dNH4)sM07024-4H,0,
to form the [Cu(phen)k]?* species. This step is the pre- phenand HO[10]. Compound 3consists of Mo,Os} units
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Fig. 7. View of the structures & (a), 9 (b), 11 (c) and12 (d). Generated from CIF data in Ref8,9].

coordinated with ophen ligandki@. 8. Each Mo(VI) atom Another type of hydroxylation is the in situ synthesis of
in 13 possesses octahedral geometry coordinated with two2-hydroxyisophthalate (Hoip) from isophthalagcbeme ¥
nitrogen donors of an ophen group, one oxygen atom from a[11]. The reaction of isophthalate (ip) and 4blpyridine
deprotonated pyridyl hydroxy group of another ophenligand, (4,4-bpy) with Cu(NG)2-3H20O (molar ratio 1:1:1) at
two terminal oxygen atoms and one bridging oxygen atom 180°C for 80 h under hydrothermal conditions generated
which is linked with another Mo atom. The preparatiorl8f a mixed-valence copper(l,Il) complex [&oip)(4,4-bpy)]
indicates that not only copper ions but also other transition (14) (Fig. 9. The CU' ions possibly acted as an oxida-
metal ions can catalyze the hydroxylation of pyridine-like tive agent to promote the formation of the phenoxo group.
ligands as predicted by the Gillard mechanism. Compoundl4 is a two-dimensional (6,3) layer constructed

~ 1 ]2+ 1 7+
N N
i -H* L.C n dimerize
“\H _— 2Lu AT —_—
= OHN = 2at
Ho
CH
e transfer \C/ !
= N\ 9
cu
[ =
Z

Scheme 6.
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MX,

R-CN + NaN;—* M-intermediate —l- R /
reflux or
sealed tube ——-

Scheme 8.

in situ synthesis of tetrazoles from various nitriles with azide
[12]. This type of in situ ligand synthesis reaction is very im-
portant because the precursor nitriles are very broad. General
reaction temperature is 110—18D and molar ratio of nitrile
toazideis 1:1 or 1:1.55cheme 9 [12$hows some precursors
for tetrazole-based ligands, which include various cyanopy-
ridines and enantiomerically purg){3-cyanophenylalanine
[(9-3-CNPHA].

Fig. 8. View of the structures df3. Generated from CIF data in R¢L0]. Investigations of this type of hydrothermal reaction with
zinc or cadmium salts were particularly fruitful and yielded
o Cu+ 4.4 Cu*'+ 4.4 bpy_ a variety of coordination polymers. Complexes [Zn(OH)(3-
SN O retox, 180%™ ptz)] (15), [CdNs(3-ptz)] (16), [Cas(OH)Cla(4-ptzp] (17),
0 0 [Cd(4-ptzh(H20)2] (18) [3-ptz = 5-(3-pyridyl)tetrazolate, 4-
) i in ptz = 5-(4-pyridyl)tetrazolate] were in situ synthesized from
the metal salt and corresponding cyanopyridines. Compound
Scheme 7. 15 has a two-dimensional structural constructed from 3-
ptz ligands and Zn—-OH chains as shownHFig. 10 Par-
from the connection of [Clb(0ip)s]n2™ ‘metalloligands’ ticularlly interestingly, three-dimensio_nal homochiral metal-
and [CU(4,4-bpy)],™ chains. organic polymers [Zn@-TPA)] (19) (Fig. 11 and [Cd(O)-

TPA)(H20)] (20) [(9-TPA = (9-5-(3-tetrazoyl) phenylalan-

inato] were formed when chiral and enantiomerically pure

(9-3-CNPHA was employed in the hydrothermal reaction.
Mechanistically, this type of formal [2 + 3] cycloaddition

2.3. Tetrazole formation

Tetrazoles have a wide range of applications. Besides be- - ) A ) )
ing precursors to a number bEheterocycle$36], they are reaction of azide and nitrile is quite complicated: several pos-
used in pharmaceuticals as lipophilic spacers and carboxylicSiPI€ reaction pathways can be envisioned. Recent calcula-
acid surrogates and in photography and information record- tions revealed that when a proton is available, the reaction
ing systems37]. Sharpless and co-workEg8] reported the ~ Proceeds via the imidoyl azide intermedig@da] The tran-
metal ion assisted synthesis of tetrazoles through the formalSition state involves the activation of the nitrile by a proton,
[2 + 3] cycloaddition reactions of nitriles with azide in aque- facilitating the attack of the azide on the carbon of the nitrile.
ous solution cheme & From the imidoyl azide intermediate, simple 1,5-cyclisation

Xiong and co-workers borrowed Sharpless’ idea and pre- occurs to give the H-tetrazole. However, when Lewis acid
pared a series of tetrazole-based coordination polymers by the

7\ 7\ 7\
N CN CN CN
- N= Q

Fig. 9. View the coordination enviroment (a) of copperlih Generated Fig. 10. Two-dimensional structure 6. Generated from CIF data in Ref.
from CIF data in Ref[11]. [12a]
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is key to the formation of 3,5-disubstituted 1,2,4-triazoles.
Based on these observations, Chen dtl&] suggested that
the triazolates were derived from coupling of the nitriles and
ammonia. The presence of Qans in the products indicates
that CU' ions may act as an oxidant to assist the elimination
of protons in the cycloaddition to give the final ligands. The in
situ copper-mediated reactions of nitriles and ammonia pro-
vided a non-hydrazine synthetic route to 3,5-disubstituted
1,2,4-triazoles.

Compound21 consists of 1-D helices in which the Cu
ions are bridged by the triazolates in the imidazolate mode
(Fig. 12a). Each helical chain is further connected to four ad-
Fig. 11. Homochiral metal-organic framework 8. Generated from CIF J.acem antlp_arallel chains through interchain-Glroordina-
data in Ref[12¢]. tion bonds into an unprecedented 4.8.163-D net. Compound
22 exhibits a three-connected topological £ ¥&t, which

cations such as zn(ll) and Al(Ill) ions are present, the reac- ¢@n also be simplified to an NbO nétg. 12).

tion energy barrier is loweref@9b]. Synthetically, this cor-

responds to a rate acceleration of several orders of magnitude?.5. Substitution

or the temperature required to achieve a comparable rate will

decrease by tens to a hundred degrees centigrade. Calcula- The reaction of Eu(Ng)s (1 mmol), 4-sulfobenzoic acid
tions and experimental rate studies revealed that coordination(4-H2SB) (3 mmol), ethanol (0.5 mL) andi30, (2 mL, 5N)
of the nitrile substrate to the Lewis acidic cations is the source at 130°C for 2 days yielded Ei(1,4-BDS)(4-SBj) (23) with
of the catalysis in the formation oHLttetrazoles. a pillar-like 3-D network in which benzene-1,4-disulfonate
(1,4-BDS) was in situ synthesized from 4%B by replace-
ment of carboxyl with sulfonic group as shownScheme 11
andFig. 13 [14]

Coordination complexes of 1,2,4-triazoles have been The exact mechanism is not clear but Xiong et al.
known for more than a century; however, the beginning [14] Suggested that Eti may play an important catalytic
of their systematic study dates from the late 1970s. 1,2,4-'0l€ in the formation of 1,4-BDS, similar to that found in
Triazole and its derivatives unite the coordination geometry the preparation of 1,44BDS from the sodium salt of-
of both pyrazoles and imidazoles which in combination with Cchlorobenzenesulfonate in the presence of CuSO
their strongo-donor properties makes them very appealing
for the design of polynuclear complexes and coordination 2.6. Alkylation
polymers with interesting properti¢40].

In order to extend in situ hydroxylation reaction of  The reactions of copper salts with thio-pyridine ligands
phen, Chen et al. carried out an analogous reaction usingare liable to result in uncharacterizable precipitates, which
copper(ll) nitrate, phen, ammonia, and acetonitrile, which are insoluble in conventional solutions. But a solvothermal
yielded a small quantity of pale-yellow crystals of [Cu(mjz)] ~ reaction of CuC, Kl, HS-4-GsH4N and EtOH in a molar ra-
(21) (Hmtz = 3,5-dimethyl-1,2,4-triazole). Because phenwas tio of 1:1:1:500 at 160C for 60 h afforded a large amount of
not present in the product, a mixture of Cu(QHjor yellow crystals of [(Cyl4)(EtS-4-GH4NED)], (24) and mi-
Cp(OH)2C03) (1 mmol), aqueous ammonia (2-3mL), and nor red Cyg(4-SGH4NH)4Clg, as well as KSOy. In the re-
acetonitrile or butyronitrile (2-3mL) was reacted at 160  action course, EtS-44Ei4NEt was in situ synthesized by an
for 3 days. All these reactions generated 1,2 4-triazole- alkylation reactior{15].Compound24 is a luminescent lin-
based Clicoordination polymer£21 and [Cu(ptz)} (22) ear inorganic—organic hybrid coordination polymer formed
(Hptz = 3,5-dipropyl-1,2,4-triazole)Scheme 1p[13]. The by trinuclear Cygls units with EtS-4-GH4NEt attached via
agueous ammonia and acetonitrile/butyronitrile played a sol- S—Cu coordination interactioffrig. 14.

vent and reactantdual role inthe in situ ligand reaction, which ~ Based on the isolation of byproducts 44
SGH4NH)4Clg and KySO4, as well as the existence

of iodine in the filtrate, Cheng et a[l15] proposed a

2.4. Triazole formation

R

2R-CN + NH; + Cu—» TN o 7 O\s, % nso o8 "
o L G O S L
n o No o No

R

Scheme 11.
Scheme 10.
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Fig. 12. View the 3-D frameworks &1 (a) and22 (b). Generated from CIF data in R¢£3].

converse deduction of the synthesis 2 in which Cul
and (EtS-4-GH4NEt)l are two important intermediates
(Scheme 1@ According to the deduction, indirect and direct
alkylation reagents are ethanol and Etl, respectively.

Actually, a solvothermal in situ alkylation reaction was
first observed in the preparation by Evans and Lin (see
Fig. 4) [6]. It involved two in situ ligand reactions: methyla-
tion and oxidative coupling of methanol to oxalic acid. How-
ever, Evans and Lif6] focused on explaining the mechanism
of oxidative coupling of methanol to oxalic acid, and they did
not explain the alkylation reaction.

Fig. 13. Part of the structure @3 showing in situ synthesis of 1,4-BDS.
Generated from CIF data in R¢14].

Fig. 14. Thelinear structure 8#showing alkylated EtS-4-€H,NEtligand.
Generated from CIF data in R¢15].

2.7. Ether bond formation

The intermolecular dehydration coupling of alcohol and
diol can form ether and hexacyclic ether. However, this reac-
tion is a chemical equilibrium and the product ether should
be removed from the system in order to continue formation
of the ether.

We have recently obtained a layered coordination polymer
[Cd2(meseodsc)(B0O)] (25 (Hzodsc =2,2-oxydisuccinic
acid) by hydrothermal treatment of a mixture of CdSO
malic acid and NaOH (1:2:1) at pH 1 as shown irFig. 15
and Scheme 13 [16] The ligand meseodsc was in situ
formed viaintermolecular dehydrative coupling of malic acid
and coordinated to seven Cd(ll) ions in an unprecedented
fashion. Compoun@5 is insoluble in water and common
organic solvents. However, crystals 26 lost transparency
and became a yellow solid when treated withhS@aqueous
solution indicating the formation of CdS and release of free
meseodsc ligand. The 2;2oxydisuccinic acid haB R-, SS
and mese, three kinds of isomers, but onipeseisomer
was observed i25.

The odsc is one important builder in detergents and clean-
ers because it has high binding potential for calcium or tran-
sition metal ions. Its preparation generally involves reac-
tion of maleic anhydride (or maleic acid) with malic acid

[(CusL)ES-4-CHNED] > (Cugl)(ELS4-C5H NED)
— 3Cul + EtS-4-CsHNEU

redox

reaction

cu"

alkylation

reaction

2 Etl + HS-4-C5H4N
halogenation
reaction

EtOH + H——— 1, + H,O
redox
reaction

KI

Scheme 12.
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HO,C —C|H-—Cl‘]2 —CO,H

2 HO,C —CI]-[--CHE —CO,H CdSOy, hydrothernml> 0
|
OH — H,0 HO,C —CH—CH; —CO,H
D,L-malic

meso-2,2"-oxydisuccinic acid
Scheme 13.

in the presence of alkaline earth metal hydroxide under ba- situ hydrolysis of precursors containing cyano or ester func-
sic conditions, and the product is a mixture of three isomers tionalities in the presence of zinc/cadmium salt results in less
[41]. Treatment of in situ synthesize®b can result in the  soluble solids most of which are not accessible from their cor-
pure meseisomer, which provides a good method to iso- responding acids. The general synthesis procedure for these
late isomers. Although only themeseisomer as ligand in  solids is exemplified by the preparation of [Zn(4-pja}-
25 was isolated, th&® R- and SSisomers may exist in so-  pya=4-pyridinecarboxylate26). A hydro(solvo)thermal re-
lution because the reactants are a mixture-cdndir-malic action between Zn(Clg),-6H,0O and 4-cyanopyridine (1:1)
acid. in agueous ethanol solution at 13Dresulted ir26. Elevated

The actual odsc formation mechanism in the reaction is temperatures during hydro(solvo)thermal syntheses also al-
not clear, but it is possibly similar to intermolecular hydra- low in situ formation of pyridinecarboxylate ligands from a
tion coupling of alcohol to form ether under acidic conditions. wide variety of precursorsScheme 1%[17]. Specifically,
However, this reaction is a chemical equilibrium and the iso- the authors demonstrated that coordination networks based
lation of 25 is most probably a consequence of it being the on 3-D diamondoid and 2-D grid structures can be success-
most insoluble under the conditions employed, i.e. the kinetic fully engineered with a high degree of probability and pre-
product for this preparation. The mechanistic speculation is dictability to crystallize in noncentrosymmetric space groups
consistent with the experimental observations that no product[17].
25was produced when the reaction was performed atalower Besides Lin's excellent work in acentric solids, a three-

reaction temperature or at higher pH. dimensional coordination polymer with a mixed-valence cop-
per(l,Il) dimeric unit [Cy(4-pyak]n (27) was hydrother-
2.8. Hydrolysis mally synthesized via an in situ hydrolysis reaction of Cu(ll)

and 4-cyanopyridingqig. 16) [21]. 27is a two-fold interpen-
Compared with other in situ ligand reactions, the hy- etrated three-dimensional coordination network with a cubic
dro(solvo)thermal hydrolysis of cyano, ester and phosphonic [Cusg(4-pya) 2] building unit.
ester groups is a commonly observed, easily understood and Another precursor for crystalline complexes is 1,4-
predictable reaction. dicyanobenzene, which can become terephthalic acid via
Research on the in situ hydro(solvo)thermal hydrolysis hydrothermal in situ hydrolysis. A series of coordination
of cyano and ester groups was performed mainly in Lin's polymers including chain-like [M(tp)(phen)gd)]n
laboratory[17—20] In order to avoid overlap with Lin'sac- (M=Co, Cu, Zn) and 3-D network structure of
count[17], we only present these data briefly. Interestin this [Mn(tp)(phen)l, and [Cd(tpys(phen)Cl}, were synthe-
research lies mainly in searching for acentric solids basedsized by Hong and co-workers from various metal salts,
on infinite networks by combining unsymmetrical bridging
ligands and metal centers. The slow hydro(solvo)thermal in

NN ¢ Neen W N CN
_ b _

N 72\

N

_/ N\ T \ -
-
72\ 2~ CN

Fig. 15. View of coordination environment of Cd25. Generated from CIF
data in Ref[16]. Scheme 14.
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Fig. 16. Coordination environment of Cu (a) and part of 3-D structure (ByiGenerated from CIF data in R¢21].

phen and 1,4-dicyanobenzene via the in situ hydrolysis
reaction[22].

Metal phosphonates are organic—inorganic hybrid micro-
porous solids in which the nature of the organic phosphonic
acid can be designed to confer specific properties to this class
of solids[42]. One problem in metal phosphonate chemistry
is that many metal phosphonates from traditional methods
(direct reaction of phosphonic acid with metal source by the
hydrothermal method, or by refluxing appropriate solutions,
or by making metal salts contact molten phosphonic acid)
are formed too rapidly to allow for the growth of crystals
sufficiently large for single crystal structural determination.

In order to obtain large crystals for X-ray structural analy-
sis, a new route for metal phosphonates via the in situ hydrol-
ysis of phosphonic ester has recently been developed by udig. 17. View of the porous structure #8. Generated from CIF data in Ref.
and others$cheme 1p[23,24] Hix et al. prepared porous
zinc phosphonate Zn@PCHOH) (28) by the hydrothermal  phosphonates or trialkyl phosphonocarboxylates appears
treatment of zinc acetate and diethyl hydroxymethylphospho- to be an extremely productive adaptation of the traditional
nate[23]. In the reaction, the weak acidity of the metal salt hydrothermal methods employed in the syntheses of these
hydrolyzed diethyl hydroxymethylphosphonate ester to pro- materials. The synthesis method has two benefits: (1) the
duce the corresponding phosphonic acid. Comp@&idhs a use of the trialkyl phosphonocarboxylate rather than the
channel structure and contains only octahedrally coordinatedphosphonocarboxylic acid removes the need to synthesize
Zn atoms as shown iRig. 17. the acid because trialkyl phosphonocarboxylates are often far

We chose trimethyl 3-phosphonopropionate as 3- easier to purify than the corresponding phosphonocarboxylic
phosphonopropionic acid source and hydrothermally acids; (2) the in situ slow formation of phosphonic acid
synthesized a microporous zinc phosphonocarboxylate
Na[Zn(OsPGH4CO)]-H20 (29), which has a zeolite
ABW open framework with channel enclosed by 22 atoms
(Fig. 18 [24a] Different from Hix’s synthesis procedure,
the pH in the synthesis d19 is strongly basic to result in
the hydrolysis of trialkyl phosphonocarboxylate becoming
phosphonocarboxylic acid. The synthesis of metal phos-
phonocarboxylates via the in situ hydrolysis of dialkyl

RO HO
. 2H0
RO—/F’—R o i HO—//P—R‘+ 2ROH R =Me, Et
or

Fig. 18. View of the 3-D structure df9. Generated from CIF data in Ref.
Scheme 15. [24a]
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Fig. 19. View of the chain-like structure 8D. Generated from CIF data in
Ref.[25].

by hydrolysis of the corresponding phosphonic ester will
ensure the growth of single crystals.

2.9. Oxidation and oxidation—hydrolysis

In order to avoid overlap, some in situ ligand reactions

1213
AN =
| N| P OH | o
N A 0 g0 N 0
TZO._ OH 0] om
P # =z
Scheme 16.

thesis of bpdc is metal-assisted oxidization—hydrolysis. The
ligation of the metal ion will cause some decrease of elec-
tron density on the aromatic ring of the organic ligand, hence
promoting nucleophilic attack by water molecules. As a re-
sult, the hydration of the carbonyl groups of pdon furnishes
an intermediate diol or even double diol. When the carbonyl
carbons from shbecome sphybridized, the carboercarbon
bond is then oxidized and cleaved probably because of the
crowdedness, resulting in the formation of bpdc.

The different coordination modes of pdon and different
dihedral angles between the two pyridine rings results in sim-

tically involve an oxidation reaction or electron transfer, are fig. 2q respectively.

not repeated. These reactions include oxidative-coupling of
methanol to oxalic acid, dehydrogenative coupling of phen,

2,2-bpy and 4,4trimethylenedipyridine, and hydroxylation
of phen and 2,2bpy.

Similar to the preparation of [methylpyridinium]
2[Zns(0x)3] except using ethanol in place of methanol, a
solvothermal reaction of Zn(N£), and pyridine in ethanol
at 140°C over 14 days resulted in the chain-like complex
[Zn(ox)(Py)] (30) as shown irFig. 19 [6] The high temper-
ature and long time is responsible for in situ oxidation of the
ethanol to oxalate ligands.

Some hydrothermal in situ ligand reactions involve not
only oxidation but also a hydrolysis reaction. In our ex-
tension of the in situ synthesis of hydroxylated bipyridine-
like ligands, the hydrothermal treatment of a mixture of

cobalt (or nickel) acetate and 1,10-phenanthroline-5,6-dione

(pdon) resulted in two chain-like coordination polymers
[Co(bpdc)(O)2] (31) and [Ni(bpdc)(H0)s]-H20 (32)
[bpdc = 2,2-bipyridine-3,3-dicarboxylate]25].

Although pdon was used as the original organic reagent

in the preparation 081 and 32, bpdc ligand was found in
the final products, which indicates an in situ transforma-
tion of pdon into bpdc during the hydrothermal treatment
(Scheme 1p[25]. A possible mechanism for the in situ syn-

SNy S Uy
8));/‘{3)» ;

(a)

Another oxidation—hydrolysis reaction is the in situ
oxidation—hydrolysis of orotic acid to form oxalic acid
as shown inScheme 17and Fig. 21 [26] A 3-D
3d-4f heterometallic coordination polyméSmCo(ox)-
(Hdtpcp(H20)s} (33) was prepared by the hydrothermal
reaction of orotic acid, Sm(N£)s and 2CoCQ-3Co(OH).

The oxalate ligand was in situ synthesized from orotic acid.
Further experiments showed that samarium ion may act as
a catalyst for the formation of oxalate. The reaction mech-
anism remains unclear, the oxalate may be formed through
an in situ metal-mediated oxidation—hydrolysis reaction of
orotic acid. The hydrolysis reaction may occur at theNC
bond, whereas the oxidation reaction may happen atti@@ C
double bond.

j\
HN NH Q OH
_"|_" ___|___ [O]
/\;‘/ 0
O OH- HO 0
OH
Scheme 17.

(b)

Fig. 20. View of linear chain ir81 and helical chain ir832. Generated from CIF data in R¢25].
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Fig. 21. View of three-dimensional structure3¥ Generated from CIF data
in Ref.[26].

2.10. Amination
0 atio Fig. 22. View of octadecanuclear structure3df Generated from CIF data

. . . inRef.[27].
The only example of hydro(solvo)thermal in situ ami-

nation reaction was observed very recently. A very spec- 2,3-dihydro-1H-isoindole-5-carboxylic acidS¢heme 1P
tacular octadecanuclear neutral clusteri40n(dmap)a [28,29]

(34) (H2dmap =N,N-dimethyl-aspartic acid) was prepared The hydrothermal reaction of Cog£IHsbta, NoH4-H20

by a solvothermal reaction of Co(ll) salt and maleic generated a three-dimensional coordination polyr88r
acid in dimethylformamide (DMF) solution in which the (Fig. 23) while in the presence of phen, the above reac-
H>dmap was in situ synthesized via amination of maleic
acid (Scheme 1B [27]. The reaction is a formal ad-
dition reaction of maleic acid and dimethylamine. The
possible reaction mechanism is the slow hydrolysis of
DMF at high temperature giving rise to formic acid and
dimethylamine and the latter then reacts with maleic acid
to generate the $fimap ligand. More interestingly, the
Coig cluster is chiral with § symmetry as shown in
Fig. 22

2.11. Acylation

Recently, in situ acylation reactions of benzene-1,2,4,5-
tetracarboxylic acid (kbta) and benzene-1,2,4-tricarboxylic
acid (Hgbtc) have been found in the formation of the
crystalline coordination polymers [Gog-H2bbh)(HO)2]n
(39) [Co(ps-Hzbbh)(phen)] 86) [Co(u.3-Hbebh)(2,2-bpy)]

(37) and [Nips(apddica)(HO)] (38) (Hsbbh=benzene-
1,2,4,5-bihydrazide, kbcbh=benzene-4-carboxylate-1,2-
bihydrazide, Hapddica = 2-(4-amino-phenyl)-1,3-dioxo-

(|)| /Me il /Me . i
B—=—N, T ™2 sy H—C—OH
Me Me
0 (0]
. U
HO” ==/ OH
0 0
HOMOH
N
~
Me/ Me

Fig. 23. View of the structures &5 (a), 36 (b), and37 (c). Generated from
Scheme 18. CIF data in Ref[28].
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Scheme 19.

tion resulted in 1-C86 (Fig. 23). Similar reaction of CoGl
Hsbtc, NoHs-H2O and 2,2-bpy formed a 2-087 (Fig. 2%).
The doubly deprotoned ligandgbta and Hbtc were formed
via an in situ acylation reaction of 4dta and Hbtc with
N2H4-H20O. Interestingly, the kbbh ligand has eight poten-

Hsbtc andp-phenylenediaming29]. In 38, each apddica
ligand uses one carboxylate-O and one amino-N coordinate
to two Ni(ll) centers which reaction results in a novel 2-D
double-layer network.

tial donor atoms and it can lose one to four protons when it 2.12. Decarboxylation

coordinates to metal ions, which will result in various coor-
dination modes.
The acylation reactions of fta and Hbtc depend on the

The first example of hydrothermal decarboxylation was
observed by Lu and co-workers in the preparation of the

choice of proper synthesis conditions, in which the pH value mixed-valence copper(l,Il) complex [G{obpyu(tp)]n [9a].
is vital, and the required reaction temperature is commonly Although the starting material is a mixture of copper(ll) ac-

170-200°C. The steric effectin the acylation reactions is also
important because analogues3&-37 using other aromatic
multicarboxylic acids or substituting phenyl hydrazine could
not be prepared.

The 2-D double-layers network @8 (Fig. 24 was pre-
pared by Wang et al. from a hydrothermal reaction elbtd,
p-phenylenediamine, Ni(C¥#CO»)2 and NaSiOs in which
ligand Hapddica was in situ synthesized via acylation of

Fig. 24. View of the double-layered structure 38. Generated from CIF
data in Ref[29].

etate, Hbtc, 2,2-bpy-2HCI, NHz-H»O and water, X-ray sin-
gle crystal structural analysis clearly revealed that not only
2,2-bpy was hydroxylated into Hobpy, but also theltt lig-

and was in situ converted into tp by loss of a carboxyl group
(Scheme 2p[9a].

Another decarboxylation reaction has been found in
our hydrothermal preparation of coordination polymers of
[CuX(py2)]h 39 (pyz = pyrazine; X =ClI, Br). Compoung9
was hydrothermally prepared from a mixture of CpRnd
2-pyrazinecarboxylic acifB0].

Surprisingly, the carboxyl group of 2-pyazinecarboxlate
was in situ eliminated to yield the pyrazine ligand as shown
in Scheme 21 [30]The aromatic carboxyl group is diffi-
cult to eliminate even under hydrothermal conditions and
relatively high reaction temperatures without catalysis. In
the two reactions, in the presence of Cu(ll) ions, both btc

0 Q
HO OH Cu(MeCO,),. 2.2 bpy Q ot
OH - co,H HO
Scheme 20.
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[N\ 0 CuBr, @
NJ_<OH - CoH N=

Scheme 21.

and 2-pyrazinecarboxylate ligands lost their carboxyl group,
while they did not lose a carboxyl group in the presence of
other tran.SItlon metal. 1onS. Thls indicates that (,:u(”) lons Fig. 25. View of the stacking array @. Generated from CIF data in Ref.
play a unique catalytic role in the decarboxylation proce- [43a]
dure. In addition, our further experiments have shown that
a higher reaction temperature favors decarboxylation of 2- ment of25with aqueous NgS solution. Another example is
pyrazinecarboxylate. the in situ cyclisation of bpe producing only a single isomer
of tetrapyridyl ligand inl [2].
A series of interesting complexes [A@phen)]
3. Isolation of in situ synthesized uncommon ligands (40), [Hg(ophen)] (41), [CdsCl(opheny] (42),
and their applications [Zn4O(ophen)(OAc),] (43) has been prepared by us-
ing the isolated Hophen ligangt3]. Crystalline 40 was

Hydrothermalin situ ligand synthesis isimportantnotonly synthesized by the reaction of AgN@® MeCN with Hophen
in the crystal engineering of coordination complexes but also in CH,Cl; via the liquid diffusion method. Compourd is
in synthetic organic chemistry. Thus, hydrothermal in situ isostructural with7-a (seeFig. 7a andFig. 25 [43a] The
ligand synthesis has become a powerful means to preparentramolecular Ag(l)-Ag(l) distance is 2.801(,§)ndicating
organic ligands that are difficult to obtain by routine syn- a very strong Ag—Ag interaction. The offset face-to-face
thetic methods. The ligand Hophen which is quite difficultto distance between adjacent molecules is ca. &,18nd
obtain by routine synthetic methods, can quantitatively form the closest Ag—C contact between adjacent molecules is
via simple treatment of [Cifophen}] 7 with (NH4)>S[43a]. 3.082A. Compound40 is a highly electrical conducting
Compound7 can easily be obtained in high yield via a hy- single component molecule material. High conductivity can
drothermal in situ reaction as described ab[8lg. Besides be attributed to strong—m stacking interactions and Ag—
the Hophen ligand, derivatives of triazoles and tetrazole are interactions.
also quantitatively accessible via simple treatment of cor-  The solids o##1-<43were obtained by reactions of sodium
responding complexes with HCI ac[d2]. In addition, in methoxide, Hophen and metal salts in methanol solution
some special cases, only one of the several isomers of thd43b]. Complex41 is mononuclear in which the Hg(ll) ion
ligand is found in the crystalline complexes formed during shows a distorted tetrahedral geometry coordinated by four
the in situ ligand synthesis reaction; this provides an alter- nitrogen atoms from two ophen ligands. CompkXis a
native route for isolation of organic isomers. For example, trinuclear molecule in which each Cd(ll) exhibits a distorted
the 2,2-oxydisuccinic acid ha® R-, SS-andmese, three octahedral geometry and the ophen ligands exhibit two dif-
kinds of isomers, but only themeseisomer was observed in  ferent bridging modesHig. 26a). Complex43 is a tetranu-
25[16]. The freemesaligand is accessible via simple treat- clear molecule in which each Zn(ll) has a distorted square-

Fig. 26. View of the structures @2 (a) and43 (b). Generated from CIF data in R¢43b].
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pyramidal geometry coordinated by opg-oxo, two ophen 7 /A 7\ N A\
nitrogen atoms, one ophen oxygen atom from another ophen, NQCN (}CN OCN <¥ CN
and one acetate oxygen atoFfid. 2eb). All the complexes N= —N —N
display photoluminescent properties in the blue/green region. N

Molecular orbital calculations showed that the photolumi-

nescent properties are ligand-based and can be tuned upon —@CN @[

ligation to different metal ions.

4. Rationalization of some in situ ligand synthesis /_/ @
reactions
Scheme 22.

Considering a variety of hydrothermal parameters such
as time, temperature, pH value, stoichiometry and duration,
there is difficulty in rationalizing all hydro(solvo)thermal [2+ 3] cycloaddition of CN-containing reagents and azide in
in situ ligand synthesis reactiorf81]. However, at least the 110-160C temperature range with molar ratio of nitrile
a few types of in situ ligand reaction can be rationalized; toazide 1:1-1.55cheme 28hows some CN-containing pre-
these include hydrolysis of ester, cyano and phosphonate eseursors for tetrazoles or bi-tetrazgle?].
ter groups, [2+ 3] cycloaddition of CN groups and azide, Reaction of acetonitrile or butyronitrile with ammonia
[2 +2 + 1] ¢ycloaddition of nitrile and ammonia, and ami- in the presence of Cu(ll) can result in an in SiH2 + 1]
nation reactions. The ligands can be in situ synthesized bycycloaddition reaction to form 3,5-dimethyl-1,2,4-triazole
judicious selection of starting materials via corresponding and 3,5-dipropyl-1,2,4-triazol€l3]. This type of in situ
in situ ligand reactions. For example, the hydrothermal in [2+ 2 + 1] of nitrile and ammonia cycloaddition to form 3,5-
situ hydrolyses of ester, cyano and phosphonate ester groupsubstituted 1,2,4-triazoles can also be used to synthesize new
to become the corresponding carboxylic acids and phospho-ligands in the presence of Cu(ll) ions, aBdheme 23hows
nic acids are not particular about hydrothermal parameterstwo possible in situ 2+ 2+ 1] g¢/cloaddition reactions of
such metal ions, pH value, stoichiometry and temperature cyanopyridines and azide to form the corresponding 1,2,4-
universal, and almost all reagents containing ester, cyano ortriazole derivatives.
phosphonate ester groups can be used as precursors for the The [2 + 3] cycloaddition of CN and azide to form tetra-
corresponding carboxylic acid or phosphonic gdid—24] zoles and 2 + 2 + 1] g/cloaddition of CN and ammonia to
However, in order to get single crystals, it is preferable to form triazoles are examples of two types of very useful in situ
react at a lower temperature and for a longer time. Tetra- ligand reactions because so many CN-containing reagents
zole derivatives can also be rationally synthesized via in situ can be chosen as precursors. On the basis of the Gillard mech-

(0] 0
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Scheme 24.
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anism coordination of thid-heterocycle pyridine to the metal
ion will activate the carbon adjacent to nitrogen and make it
easy to occur hydroxylation or dehydrogenation. Thus, ac-
cording tothe Gillard mechanis®2], we predict that various
derivatives of pyridine, 2/2opy and phen are good starting
materials for hydroxylation and dehydrogenative coupling
reactions.

Another type of predictable in situ ligand reaction is ami-
nation, which is also very important due to the availability of
many precursors. Considering the in situ reaction of maleic
acid in DMF solution to formN,N-dimethyl-aspartic acid
which derives from amination of maleic acid and dimethy-

X.-M. Zhang / Coordination Chemistry Reviews 249 (2005) 1201-1219

[2 + 2] cyclisation of bpe inl produced only single isomer
[2].

To sum up, great success has been made in the crystal en-
gineering of complexes involving in situ synthesized ligands
overthe pastseveral years. More than 10 types of in situ ligand
reaction have been found and fifty crystalline complexes in-
volving in situ ligand synthesis have been prepared. Attempts
to isolate some uncommon organic ligands from in situ syn-
thesized complexes, for example 2t@phen, quaterpy, tpct
and Hdmap, have not yet been performi@ds,27] There-
fore, in the future, while we focus on discovering new types
of hydro(solvo)thermal in situ ligand syntheses, we should

lamine, other alkene-carboxylates can react with secondaryextend research in discovered in situ ligand reaction types

amine/diamine in similar in situ reactiorScheme 24hows
some possible in situ amination reactions to form amino acid
ligands[27].

Other in situ ligand synthesis reactions such as substitu-

tion of sulfonate for carboxylate, decarboxylation of aryl-
carboxylate, intermolecular dehydration coupling and alky-

lation cannot be rationalized at present. Thus, systematic in-
vestigation of the reaction variables should be undertaken to

provide mechanistic information.

5. Conclusions

The synthesis of crystalline complexes via in situ ligand

reactions has been a rapidly developing area of crystal engi-

neering due to its simplicity, effectiveness, environmentally
friendliness and the ease of growing large single crystals
[2-30]. The hydro(solvo)thermal method has been demon-

strated to be a very promising technique to prepare complexes

involving in situ synthesized ligands. Such in situ ligand syn-
theses are important not only in coordination chemistry but
also in organic chemistry. The in situ ligand syntheses are
useful to prepare complexes, which are not available from
a direct reaction of metal salt and liganf®s-30]. For ex-
ample, most metal pyridinecarboxylate complexes synthe-
sized via in situ hydrolysis of cyano and ester are not directly
accessible from the reaction of metal salt and pyridinecar-
boxylic acid[17]. In organic synthesis, hydrothermal in situ
ligand synthesis has provided powerful pathways to organic
ligands that are difficult to obtain by routine synthetic meth-
0ds[3-5,43] For example, the novel ligand Hophen which is
quite difficult to obtain by routine synthetic methods, can be

including syntheses of more complex, mechanistic studies,
the isolation of uncommon ligands and searching for new
applications.
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