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a b s t r a c t 

Fixation of atmospheric carbon-di-oxide (CO 2 ) by metal complexes continuously receives a great deal 

of attention from the viewpoint of environmental concerns. Herein, a novel tetranuclear copper (II) clus- 

ter [Cu 4 μ3 -(mph) 4 μ2 -(HCO 2 ) 2 ] (ClO 4 ) 2 .CH 2 Cl 2 ( 1 ), synthesized using Methyl(6-hydroxymethyl)picolinate 

ligand (Hmhp) and Cu(ClO 4 ) 2 ·6H 2 O in the presence of triethylamine base, is reported where atmospheric 

CO 2 is serendipitously trapped in the form of formato-bridging ligand. The single X-ray structural eluci- 

dation of the complex 1 reveals a Cu 4 O 4 cubane cluster stabilized by four peripheral mhp ligands, all of 

which display μ3 - η1: η1: η3 binding mode (each bridging ligand link three Cu (II) ions). Moreover, the 

cubane core was supported by two bridging formate groups, resulted from the reduction of atmospheric 

CO 2 . The two formate ions exhibit μ2 - η1: η1 binding mode, bridges two Cu(II) atoms. All the Cu(II) ions 

in the cubane core possess distorted octahedral coordination geometry (CuN1O5). Based on the observed 

Cu ···Cu interactions in the Cu 4 O 4 cubane core, 1 can be categorized under [2 + 2 + 2] type of classification. 

In addition to the synthesis and characterization of 1 , a mechanistic hypothesis for the reduction of at- 

mospheric CO 2 to formate is also proposed to highlight the future potential of similar complexes in CO 2 

fixation/conversion. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Anthropogenic carbon-dioxide (CO 2 ) is the largest contributor

f greenhouse gases, responsible for global warming and disas-

rous climatic change [1] . The present average global concentra-

ion of CO 2 reaches the highest recorded levels of ( > 400 ppm),

osing imminent and alarming threat to environment [1,2] . To

ackle this serious issue, “development of efficient methods to re-

uce the quantity of CO 2 produced, via storage and utilization

f CO 2 [3–5] ” are urgently required. However, the CO 2 activa-

ion/reduction/conversion process is not an easy task to accom-

lish since CO 2 is a thermodynamically stable and kinetically in-

rt molecule. Despite the challenges related to this, chemical [6–

1] , photochemical [12] , electrochemical [12–14] and enzymatic

ethods [15] methods for CO 2 fixation and/or conversion to other

nvironmentally-benign products have been reported as sustain-
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ble approaches for mitigating the present situation. In that con-

ext, over the past few decades, the investigations related to the

ctivation/incorporation of atmospheric CO 2 into several transi-

ion metal complexes have attracted significant interest [16–19] .

imilarly, spontaneous activation/fixation of atmospheric CO 2 in 4f

20,21] and 3d-4f [22,23] molecular clusters were also actively in-

estigated. Additionally, metal–organic frameworks with good CO 2 

ptake capabilities have also been reported in the literature [24] . 

Meanwhile the trapping of CO 2 by several copper(II) com-

lexes/clusters (dinuclear, trinuclear, and tetranuclear) [25] have

eceived significant attention because the study of model com-

lexes of these systems not only provide better understanding

f the biological molecules [25,26] but also assist in the devel-

pment of new types of materials [27,28] . Usually polydentate

-donor ligands bearing an array of suitably organized coordina-

ion pockets, are employed in conjunction with the appropriate

etal-precursors for the synthesis of these clusters as these lig-

nds offer specific geometric arrangements to the metal centres

hich allow to effectively capture the atmospheric CO 2 through

https://doi.org/10.1016/j.molstruc.2020.129064
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2020.129064&domain=pdf
mailto:kishore1pvvn@gmail.com
https://doi.org/10.1016/j.molstruc.2020.129064


2 P.V.V.N. Kishore, A.K. Jami and A. Goswami et al. / Journal of Molecular Structure 1219 (2020) 129064 

Scheme 1. Synthetic route of ligand Hmhp and complex 1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

L  

fl  

1  

l  

t  

c  

c  

a  

(  

1  

1  

2  

1  

C  

5

2

 

a  

p  

a

 

H  

g  

h  

t  

d  

f  

d  

3  

1  

C  

C

2

 

f  

T  

5  

t  

w

2

 

(  

s  
various bridging CO 2 connections [29,30] . In developing such CO 2 

capturing system, the choice of copper as metal is prevalent in

literature and not completely arbitrary as this inexpensive earth-

abundant metal candidate provides better control the metal-ligand

interaction (including CO 2 ) through fine-tuning of it’s redox prop-

erty and geometrical constraints as compared to its other coun-

terparts. Interestingly, most of previous studies demonstrated that

by employing this particular type of ligands, fixation of atmo-

spheric CO 2 takes place either as in the form of carbonate (CO 3 
2 −)

or oxalate (C 2 O 4 
2 −) or carbonate monoester (O 2 COH/R) [29] . On

the other hand, electroreduction of CO 2 to formate carried out

by numerous metal-based electro-catalysts has previously been re-

ported in the literature [31] . However, to the best of our knowl-

edge, there are no reports on structurally characterized copper(II)

clusters that fixes atmospheric CO 2 as formate reported sofar re-

gardless of the (any) ligand systems used. Lately formate is proved

to be one of the valuable fuels and its applications in energy

storage is well documented [31] . In regard to the importance of

CO 2 activation/reduction/fixation by transition metal clusters along

with poorly explored mechanistic understanding, the synthesis of

molecular clusters capturing atmospheric CO 2 as formate especially

based on Cu(II) as metal ions with the use of new or less devel-

oped ligands, is still desirable. 

Herein, the use of methyl(6-hydroxy methyl) picolinate ligand

( Scheme 1 ) for the synthesis of cubane shaped tetranuclear cop-

per(II) cluster [Cu 4 μ3 -(mph) 4 μ2 -(HCO 2 ) 2 ] (ClO 4 ) 2 .CH 2 Cl 2 ( 1) is

reported. The atmospheric CO 2 was trapped as formate in the com-

plex 1 in the form of a rare formato-bridged Cu(II) cubane cluster.

To best of our knowledge 1 constitutes the first crystallographic

evidence of atmospheric CO 2 fixation as formate in a tertranuclear

Cu(II) cluster 

2. Experimental section 

All Materials chemicals and solvents used for the synthe-

sis were of analytical grade. Dimethyl pyridine-2,6-dicarboxylate,

NaBH 4 , Cu(ClO 4 ) 2 .6H 2 O, triethylamine, common solvents such as

methanol, dichloromethane etc. were purchased from Aldrich

Chemical Co. and used as received without further purification. 

2.1. Syntheses 

2.1.1. Synthesis of the ligand (Hmhp) 

To dimethyl pyridine-2,6-dicarboxylate (1.0 0 0 g, 5.1237 mmol)

was added methanol (50 ml). To this, NaBH 4 (0.193 g, 5.1237 mol)

was added slowly over 10 min at room temperature (0 ̊C). The

mixture was then stirred for 30 min at RT, followed by reflux for

10 h. The reaction mixture was allowed to come to RT, the sol-

vent was removed under reduced pressure. To the residue, ace-
one was added (20 ml) and the mixture was refluxed for 1 h.

ater aqueous K 2 CO 3 (20 ml) was added and the mixture was re-

uxed for 1 h. The mixture was then allowed to stand at RT for

5 minutes and extracted with EtOAc (10 × 10 ml). The organic

ayer was dried over anhydrous Na 2 SO 4 and evaporated in vacuo

o yield the crude product. The crude product was then purified by

olumn chromatography (50% EtOAc/n-hexane) to afford the title

ompound as a colourless solid. The compound is structurally char-

cterized by single crystal X-ray analysis ( vide infra ). Yield: 0.650 g

82.2%). 1 H NMR (400 MHz, CDCl 3 ): δ7.92 (d, 1H, pyr-H), 7.79 (t,

H, pyr-H), 7.53 (d, 1H, pyr-H), 4.83 (s, 2H, methylene-H), 4.31 (s,

H, -OH), 3.90 (s, 3H, methyl-H). FT-IR (cm 

−1 ): 3368(w), 3099(m),

955(m), 2898(m), 1730(s), 1677(m), 1601(s), 1521(s), 1471(w),

446(w), 1371(s), 1222(m), 1161(m), 988(s), 788(m), 675(m). Anal.

alc. for [C 8 H 9 NO 3 ]: C, 57.48; H, 5.43; N, 8.38%. Found: C, 57.64; H,

.72; N, 8.68%. 

.1.2. Synthesis of [Cu 4 μ3 -(mhp) 4 μ2 -(HCO 2 ) 2 ] (ClO 4 ) 2 .CH 2 Cl 2 ( 1 ) 

Caution! Perchlorate salts of metal complexes with organic lig-

nds are potentially explosive. Although we did not suffer any ex-

losion, only a small amount of compound should be prepared,

nd it should be handled with caution. 

To a solution of Cu(ClO 4 ) 2 .6H 2 O (0.110 g, 0.299 mmol) and

mhp (0.05 g, 0.299 mol) in 50 mL of methanol, Et 3 N (0.037

, 0.373 mmol) was added and the mixture was stirred for 1

 under refluxing condition. The solution was cooled and fil-

ered. The precipitate was separated, dried and recrystallized from

ichloromethane. Blue block-shaped single crystals of 1 suitable

or X-ray analysis was obtained from crude gummy mass after 15

ays. Yield: 0.040 g (41.7%, based on Cu), M.P. 154 ̊ C. FT-IR (cm 

−1 ):

400(w), 3214(m), 3060(s), 2852(m), 1723(m), 1620(w), 1562(s),

382(s), 1161(w), 986 (s), 796(m), 674(m), 482(w), 396(m). Anal.

alc. for [C 35 H 36 Cl 4 Cu 4 N 4 O 24 ]: C, 32.52.; H, 2.81; N, 4.33. Found:

, 32.70; H, 2.97; N, 4.76. 

.2. Physical measurements 

Elemental analyses (carbon, hydrogen and nitrogen) were per-

ormed on a Flash EA Series 1112 CHNS Analyzer. Fourier-

ransformed Infrared spectra (FT-IR) were recorded on a JASCO-

300 FT-IR spectrometer as KBr pellets. The 1 H solution NMR spec-

ra were recorded on a Bruker DRX 400 instrument. Melting points

ere measured by using a Fargo MP-2D melting point apparatus. 

.3. X-ray crystallography 

Single crystal X-ray data collection was carried out at 298 (2) K

 1 ) and 100 (2) K ( 2 ) on a Bruker Smart Apex CCD area detector

ystem ( λ (Mo K α) = 0.71073 Å), with a graphite monochromator.
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Table 1 

Crystal structure parameters corresponding to Hmhp and Cu(II)-complex 

( 1 ). 

Compound Hmhp (H-L) Cu(II)-complex (I) 

Chemical formula C 8 H 9 NO 3 C 35 H 36 Cl 4 Cu 4 N 4 O 24 

Formula weight 167.16 1292.64 

Temperature 298(2) K 100(2) K 

Crystal system Monoclinic Orthorhombic, 

Space group P2(1)/c P2(1)2(1)2(1) 

a ( ̊A) 7.0423(11) 13.3088(10) 

b ( ̊A) 13.215(2) 16.2797(13) 

c ( ̊A) 9.1440(14) 20.6098(16) 

α ( °) 90 90 

β( °) 112.062(2) 90 

γ ( °) 90 90 

V ( ̊A 3 ) 788.7(2) 4465.4(6) 

Z 4 4 

ρ (calc.) mg m 

−3 1.408 1.923 

μ(Mo K α) mm 

−1 0.109 2.214 

2 θmax ( °) 24.95 25.05 

R(int) 0.0350 0.0817 

Completeness to θ 99.6 % 99.8 % 

Data / param. 1372 / 112 7879 / 644 

GOF 1.084 1.114 

R1 [F > 4 σ(F)] 0.0469 0.0482 

wR2 (all data) 0.1171 0.1030 

max. peak/hole (e. ̊A −3 ) 0.147 / -0.135 0.814/-0.519 
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Fig. 1. ORTEP plot of the Hmhp (30% probability thermal ellipsoids). For the sake 

of clarity, all hydrogen atoms have been omitted. 
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he data were reduced using SAINT PLUS [32] and the structures

ere solved using SHELXS-97 [33] and refined using SHELXL-97. All

on-hydrogen atoms were refined anisotropically. Selected crystal

arameters for 1–2 are given in Table 1 . 

. Results and discussions 

.1. Fourier transform infrared spectra (FT-IR) 

In the FT-IR spectra of complex 1 , the absorption bands found

n the region of 3060 cm 

−1 indicates the presence of C–H stretch-

ng frequencies of the mhp ligand. Further characteristic peaks ob-

erved in the range of 1382-1723 cm 

−1 which can be assigned to

(O-C = O) stretching frequencies of mhp ligand and formate group

resent in the Cu(II) cluster [34,35] . The bands corresponding to

u-N and Cu-O bonds are observed at 482 and 396 cm 

−1 respec-

ively. The FT-IR frequencies of the complex are consistent with the

arlier reports [36] . 

.2. Description of crystal structures 

The crystals of methyl 6-(hydroxymethyl) picolinate (Hmhp)

ere grown from slow evaporation of ethyl acetate. The crystals

ere solved in monoclinic, P2(1)/c space group. The X-ray crystal

tructure of the ligand (Hmhp, H-L) along with atom numbering is

hown in Fig. 1 . A strong O −H ···N interaction ( Fig. 2 ) with d H ···N ,
.095 Å, and < OHN 162.15 ° Å (symmetry operator x,1.5-y,-0.5 + z)

xists between the CH 2 OH group and pyridine nitrogen atom of

djacent ligand molecules along the crystallographic c-axis to form

D supramolecular chain. 

The single X-ray structural elucidation of the complex 1 re-

eals a Cu 4 O 4 distorted cubane like structural motif. The com-

lex 1 crystallizes in triclinic P-1 space group along with two per-

hlorate anions and one dichloromethane molecule in the crys-

al lattice, therefore confirming the molecular formula [Cu 4 ( μ3 -

hp) 4 ( μ2 -HCO 2 ) 2 ](ClO 4 ) 2 .CH 2 Cl 2 . The overall charge on the cluster

s neutralized and obeys the electric neutrality principle. Molecular

tructure together with the atom labelling around the metal cen-

res for the complex 1 are depicted in Fig. 3 . Crystal data and re-

nement parameters are given in Table 1 . The tetranuclear cluster
eaturing a cubane core ( Fig. 3 ) comprised of four copper atoms

nd four ( μ3 -O) alkoxide bridges occupying the alternating cor-

ers of a cube respectively. Alternatively, structure 1 can be vi-

ualized as two interpenetrated Cu 4 and O 4 tetrahedrons. Similar

tructures on tetranuclear oxo-bridged Cu(II) cubane clusters stabi-

ized by variety of bridging ligands have previously been reported

n the literature [37–40] . The periphery of the cubane core was

tabilized by four μ3 -mhp ligands and two μ2 -formate groups.

he four mhp ligands exhibit both chelating as well as bridg-

ng mode connectivity ( μ3 - η1: η1: η3) towards the metal cen-

ers, each bridging three three Cu (II) ions of the cubane. The

wo formate ion (HCOO 

−) is produced in situ from CO 2 ( vide in-

ra ), behaves as a deprotonated bidentate ligand. Each formate

ons displays μ2 - η1: η1 binding mode and bridges a pair of Cu(II)

toms (Cu1,Cu4 and Cu2,Cu3) that resides on faces of the cube.

his kind of bridging mode by formate ions was previously es-

ablished in some copper formato paddle-wheel compounds and

ormato supported homometallic and heterometallic molecular as-

emblies [41–44] . All the Cu(II) ions in the cubane core possess

ame coordination environments (CuN1O5) with distorted octa-

edral shape, Cu1 is subjected for discussion here. The octahe-

ral geometry around the Cu1 is achieved by one nitrogen atom

N1), four oxygen atoms (O1, O2, O3 and O9) all of which be-

ong to mhp ligand and sixth coordination centre is occupied

y the oxygen atom (O6) of the formate ligand. The Cu-O bond

engths and Cu-O-Cu bond angles in Cu 4 O 4 cubane core are shown

n Fig. 4 . Similarly, Cu-N and Cu-O (other than core) bond dis-

ances are in the order of 1.991-2.003 A ̊ and 1.931-2.380 Å,

ll the bond metric values are in good agreement with a relevant

eport that was published earlier [45] . 

Further, molecular self-assembly in the presence of bridging lig-

nds resulted in the formation of two fused five-membered chelate

ings at each copper centre. The dihedral angles between these

arious five membered ring mean planes ranges from 2.85 to 8.90
˚
 ( Fig. 5 ). Similarly, the torsion angles between these chelate rings

ere in the range ±173.7-179.8 ° confirming that these two five

embered rings were slightly deviated from planarity. 

Based on the available literature, Cu 4 O 4 cubane clusters can be

lassified into type I (2 + 4 class), type II (4 + 2 class) and type III

6 + 0 class) depending on Cu ····Cu inter-atomic distances (by Ruiz)

46,47] in the Cu 4 O 4 cubane core ( Fig. 6 ). According to Ruiz et al.

47,48] , compounds of type I (2 + 4 class) exhibit 2 short and 4 long

u ····Cu distances while the complexes of type II (4 + 2 class) dis-

lay 4 short and 2 long Cu ····Cu distances and the compounds of

ype III (6 + 0 class) contain six equivalent Cu ····Cu distances. How-

ver type III (6 + 0 class) compounds are scarce and are very lim-

ted when compared with the others [48] . However, in the present

ase, close inspection of the Cu ···Cu interactions of Cu 4 O 4 cubane

ore in our case reveals that there are two short (Cu1 ···Cu4 and

u2 ···Cu3), two medium (Cu1 ···Cu3 and Cu2 ···Cu4), and two long
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Fig. 2. Inter molecular hydrogen bonding interactions in Hmhp . 

Fig. 3. Molecular structure of 1 (left) and the perspective view of cubane core with bridging formate ligands (right). 

Fig. 4. Schematic Cu-O bond lengths and Cu-O-Cu bond angles of the cubane Cu 4 O 4 core for 1 . 

Fig. 5. Dihedral angles between two five membered ring mean planes. Fig. 6. Classification of cubane core based on Ruiz’s model of classification. 
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Fig. 7. Proposed mechanism for CO 2 reduction by 1 . 

Table 2 

Non-bonding Cu ···Cu interactions ( ̊A) in the Cu 4 O4 

cubane core. 

Non-bonding Cu—Cu interactions Bond-length ( ̊A) 

Cu1 ···Cu2 3.419 

Cu1 ···Cu3 3.029 

Cu1 ···Cu4 2.897 

Cu2 ···Cu3 2.918 

Cu2 ···Cu4 3.039 

Cu3 ···Cu4 3.464 

(  

t  

i  

i  

l

3

 

t  

u  

(  

a  

e  

i  

C  

a  

t  

(  

t  

T  

b  

a  

b  

t  

fi  

m  

t  

s  

[  

[  

a  

p  

c

4

 

p  

(  

m  

s  

f  

W  

s  

e  

s  

c  

c  

m  

(

t  

t  

m  

d  

i  

l

C

 

a  

A  

m  

r

S

 

t  

d  

d

c  

R

D

 

c  

i

A

 

d

S

 

f  

R

 

 

 

 

 

 

 

 

 

Cu1 ···Cu2 and Cu3 ···Cu4) intermetallic distances ( Table 2 ) which,

herefore, can be attributed as [2 + 2 + 2] Cu 4 O 4 cubane. Though this

s not unprecedented [49,50] , this shows of the possibility of var-

ous cubane structures beyond Ruiz’s classification via judicial se-

ection of ligands and their interplay with the metal ions. 

.3. Proposed mechanism 

During the synthesis of complex, the incorporation of CO 2 into

he complex in the form of formate ion has made the complex

nique when compared to other CO 2 fixation complexes/clusters

29). While in most of the cases, CO 2 was trapped as carbonate

nd oxalate into the metal complex, the metal-complex catalyzed

lectroreduction of CO 2 to formate [51] offers some idea regard-

ng the underlying mechanism. We hypothesized that initially the

u(II) metal centre is reduced to Cu(I) in the presence of redox-

ctive ligand [52] . The reduced metal centre activates CO 2 via elec-

ron transfer and forms Cu-CO 2 adduct. In the next step, the base

in this case excess triethylamine used in reaction to synthesize

he complex) assists to generate metal carboxylate intermediate.

he intermediate is then converted to the formate ion ( Fig. 7 )

y accepting the proton from the solvent and releases triethyl-

mine bound Cu(II). Under the reaction condition, triethyl-amine

ound Cu(II) may liberate the triethyl amine to form Cu(II) to con-

inue the catalytic cycle. The released formate ions spontaneously

xes on to the copper centers of the cube to yield [Cu 4 ( μ3 -

ph) 4 ( μ2 -HCO 2 ) 2 ](ClO 4 ) 2 . Though details mechanistic investiga-

ion is still due, the present hypothesis is strongly supported by

ome recent reports on CO 2 activation/reduction by Fe(porphyrin)

51] , Pd(triphosphine) [53] , Ni(cyclam) [54] and Co(tertrapyridine)

55] complexes, where in the experimental finding suggests that an

ppropriate combination of Lewis acid and Lewis base plays an im-

ortant role in promoting electron transfer from the reduced metal

enter to CO 2 . 

. Conclusion 

In this paper a serendipitous discovery of a self-assembly com-

rising of tetranuclear formato-bridged copper(II) cluster [Cu 4 μ3 -

mph) 4 μ2 -(HCO 2 ) 2 ] (ClO 4 ) 2 supported by mph ligands and for-

ate anions is reported. Single crystal X-ray diffraction analy-

is reveals that the complex 1 contains Cu 4 O 4 cubane-like scaf-

old and belongs to ‘‘cubane [2 + 2 + 2] class” of Cu 4 O 4 structure.

e anticipated that the formate anion is generated from atmo-

pheric CO 2 during the synthesis of the complex in the pres-

nce of triethylamine base. To best of our knowledge this re-

ult represents the first example where atmospheric CO is suc-
2 
essfully trapped as formate in tetranuclear Cu(II) cluster. Our

urrent research is focussed on developing methods for the re-

oval of formate groups and experimenting with modified 6-

hydroxymethyl)picolinate) (Hmph) ligands to investigate whether 

he complexes can be made more reactive with CO 2 . We expect

hat the present as well as the ongoing research activities will help

aking 1 (or it’s modified derivatives) suitable as catalytic candi-

ates for conversion of CO 2 to other valuable products, thus mak-

ng a significant contribution towards addressing the present chal-

enges related to CO 2 fixation/conversion. 
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