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Abstract: The reaction of 2-(1H-pyrrol-1-yl)ethanol with 3-hydroxyflavone in the presence of cop- 
per(II) bromide yielded a dimeric copper(II) complex, [µ-O-(κ2-O,O-flav)(κ2-N,O-2PEO)Cu]2 
(1) (flav = 3-hydroxyflavonolate; 2PEO = 2-(1H-pyrrol-1-yl)ethanolate) with both the flav and 2PEO 
ligands bound to the copper(II) atom in a κ2-bonding mode. The dimer is held electrostatically by 
bridging oxygen atoms between two copper atoms. Complex 1 was characterized by single-crystal 
X-ray diffraction, infrared, and UV-Vis spectroscopy, elemental analysis, and melting point deter- 
mination. The complex crystallizes in the monoclinic space group P21/n (14) with cell values of 
a = 11.85340(10) Å, b = 8.51480(10) Å, c = 23.8453(2) Å; β = 99.3920(10)◦. 
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1. Introduction 

Copper is an endogenous metal found in a plethora of enzymes [1]. One of the major 
functions of copper metalloenzymes is the binding and activation of molecular oxygen 
for biological functions such as oxidations of aryl groups, O2 transport, generation of 
hydrogen peroxide, methane oxidations, and others [2]. A specialized field of chemistry 
has been established with the aim of preparing copper coordination compounds that serve 
as functional enzyme models to better understand relevant biological reactions and to 
harness these properties for practical oxidations of organic compounds [3–5]. For exam- 
ple, much interest has been garnered in the preparation of model copper coordination 
compounds of flavanol and/or quercetin 2,3-dioxygenase to understand the flavonoid 
oxidation mechanism [4,6–9], wherein depside and carbon monoxide are produced. In an 
effort to create a new genre of potential photonically driven carbon monoxide-releasing 
molecules (PhotoCORMS) [10,11], our group prepared flavonolate–copper complexes 
supported by tridentate ligands to examine the influence of the ligand on carbon monox- 
ide release [4]. During this study, it was discovered that reactions of 3-hydroxyflavone 
with copper(II) bromide in the presence of alcohols (methanol, ethanol, and isopropanol) 
form chromane hemiacetals or geminal diols (hydrates) depending on reaction conditions 
(Figure 1A) [12]. The chromane hemiacetals were found to convert to chromane geminal di- 
ols with heating. To probe for a suspected 3,4-dione intermediate in this conversion [13,14], 
the hemiacetals were reacted with phenylenediamine derivatives to produce cyclic quinoxa- 
line motifs that have been generically termed chromenoquinoxalines [15]. These molecules 
can be best described as fused chromane and quinoxaline systems (Figure 1B) [15]. The 
similarity of these molecules to steroids made them interesting molecular platforms to 
investigate and develop a new class of selective estrogen receptor modulators (SERMs) 
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and downregulators (SERDs) [16–18]. It was envisioned that preparing chromenoquinox- 
aline species with flanking substituted alkoxy groups at the acetal carbon could serve as 
a synthetic handle for further modification. We were particularly interested in flanking 
amines as they have been commonly incorporated into the structures of effective SERMs 
and SERDs [19]. Our attempts to replace the alkoxy group of the chromenoquinoxaline 
with amino alcohols (2-(1H-pyrrol-1-yl)ethanol and 2-(dimethylamino)ethan-1-ol) failed 
with available methods. An alternative route was envisaged, wherein the amino alcohols 
were introduced at the chromane hydrates or hemiacetals followed by subsequent reaction 
with phenylenediamine derivatives to form the desired chromenoquinoxaline. However, 
the reaction of 2-(1H-pyrrol-1-yl)ethanol with 3-hydroxyflavone in the presence of cop- 
per(II) bromide led to the isolation of an unusual copper(II) dimeric complex with both 
flavonolate and 2-(pyrrolidin-1-yl)ethan-1-olate attached in a κ2 -bonding mode. To our 
knowledge, this is the first report of a dimeric amino alcoholate copper(II) complex bearing 
a flavonolate ligand [20,21]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. The reaction of 3-hydroxyflavone with alcohols in the presence of copper(II) bromide 
to produce chromane hydrates and hemiacetals (A). The reaction of chromane hemiacetals with 
o-phenylenediamine derivatives to produce chromenoquinoxalines (B). 

2. Results and Discussion 
To better understand the scope of 3-hydroxyflavone with substituted alcohols possessing 

electron-donating groups under oxidative conditions, 3-hydroxyflavone was reacted with 
2-(1H-pyrrol-1-yl)ethanol in the presence of an equivalent of copper(II) bromide under neat 
conditions (Figure 2). The reaction was stirred for 10 days at room temperature to yield a vis- 
cous pale-green slurry. It had been previously discovered that long reaction times are required 
to oxidize 3-hydroxyflavone to the hemiacetal or geminal diol chromanes [12]. Notably, the re- 
action appeared significantly different in color from those previously performed in methanol, 
ethanol, and isopropanol, which produced dark, brownish-colored solutions. After filtering 
the solution from suspected copper coordination compounds and salts, a viscous clear mass 
was isolated in low yield. 1H NMR analysis of the viscous residue revealed only starting 
materials. The insoluble solids trapped during the filtration process were extracted into chlo- 
roform. Slow evaporation of the solvent produced copious amounts of emerald-green plates 
and dark-bluish, block-like crystals with a metallic luster. The emerald-green crystals were 
ultimately determined to be a copper(II) dimeric complex with both 3-hydroxyflavonolate 
(flav) and 2-(pyrrolidin-1-yl)ethanoxide (2PEO = -O(CH2)2N(CH2CH2)2) ligands attached 
in a κ2-boding arrangement, [µ-O-(κ2-O,O-flav)(κ2-N,O-2PEO)Cu]2 (1) (Figure 2). The dark- 
bluish crystals were determined to be the previously reported bis(flavonolate) copper(II) 
complex, (flav)2Cu (2) [7,22]. 
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Figure 2. The reaction of 3-hydroxyflavone with 2-(1H-pyrrol-1-yl)ethanol in the presence of copper(II) 
bromide to produce compounds 1 and 2. 

2.1. X-ray Diffraction Studies of 1 
Compounds 1 and 2 were examined by single-crystal X-ray diffraction. Only the struc- 

tural details of 1 are presented as 2 has been previously reported [22]. The structure of 
1 is shown in Figure 3 along with structural data in Table 1. Of note, the 2POE ligand is 
highly disordered, caused by rocking of the pyrrole and ethyl groups of the 2POE ligand 
resulting in the exchange of spatial position. Only the major component of the disordered 
2POE ligand is shown for clarity. The complex crystallizes in the monoclinic space group. 
Crystal data for C44H44Cl6Cu2N2O8 (MW: 1068.59): monoclinic, space group P21/n (14) 
with cell values of a = 11.85340(10) Å, b = 8.51480(10), c = 23.8453(2) Å; β = 9.3920(10)◦, 
V = 2374.43(4) Å3, Z = 2, T = 297.1(3) K, µ(CuKα) = (λ = 1.54184 Å), Dcalc = 1.495 g/cm3, 
24710 reflections measured (7.516 ≤ 2Θ ≤ 136.498◦), to 4351 unique (Rint = 0.0233, 
Rsigma = 0.0154) which were used in all calculations. The final R1 was 0.0382 (I > 2σ(I)) and 
wR2 was 0.1128 (all data). The structure of 1 reveals a dimeric Cu(II) complex mediated 
by bridging oxygen atoms of the 2PEO ligand to form a diamond-shaped (Cu–O)2 four- 
membered core; a common feature observed with previously reported dimeric copper(II) 
amino alcoholate complexes [20], which are largely an electrostatic artifact [23]. To our knowl- 
edge, this is the first dimeric amino alcoholate copper complex bearing tandem flavonolate 
and 2PEO ligands. The environment around each copper atom in 1 is five-coordinate. Due to 
the highly distorted bonding geometry of the copper atoms in 1, their geometric description 
was determined by calculating their τ5 values using the method developed by Addison, 
which describes the “index of the degree of trigonality” [24]. A τ5 value of 0.59 was cal- 
culated for compound 1, placing its geometry slightly more relevant to highly distorted 
trigonal bipyramidal than square pyramidal. Five-coordinate copper dimeric complexes 
with distorted trigonal bipyramidal geometry supported by µ-oxo interactions are somewhat 
scarce, as they commonly lead to coordination polymers [20,25,26]. Previous reports of 
discrete dimeric copper(II) amino alcoholate complexes have been primarily four-coordinate 
square planar [23,27], five-coordinate square pyramidal [23], or six-coordinate octahedral 
geometries [23]. Notably, the geometry of the active site of quercetin 2,3-dioxygenase has 
been reported to have a distorted trigonal bipyramidal geometry [9]. The bridging oxygen 
atoms bring the copper atoms in 1 very close (2.971Å), but are well out of the range of a 
Cu–Cu bond distance since the interatomic distance of metallic copper atoms at 293 K is 
2.556 Å. For comparison, the well-known hydrated copper(II) acetate species with a sus- 
pected Cu–Cu bond has a distance of 2.617 Å [28,29]. The Cu  Cu separation distance in 
1 is a bit shorter than that of the oxo-bridged copper complex supported by a multidentate 
Schiff base (3.0291 Å) [30] but similar to the five-coordinate distorted bipyramidal complex, 
[Cu(deae)Cl2]2, deae = 2-(diethyl-amino)ethanolato (2.931 Å) [26]. Liu and Song reported 
a coordination polymer with copper supported by 5-nitro-benzene-1,2,3-tricarboxylic acid 
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(O2N-H3btb) with bridging oxo groups (O2N-H3btb)2Cu [31]. Unlike 1, the coordination 
environment around each copper atom in (O2N-H3btb)2Cu is closer to a distorted square 
pyramidal geometry instead of trigonal bipyramidal with a phenoxide group sitting at the 
apical position of the basal (Cu–O)2 diamond plane. This geometry is likely preferred due 
to the inflexibility of the benzene core. The four-membered (Cu–O)2 core of 1 has an O3– 
Cu1–O3 bond angle of 81.56(7)◦ and a Cu1–O3–Cu1 bond angle of 98.44(8)◦. The C1–O3 
bond distances of the (Cu-O)2 core are slightly different (1.918(2) Å and 2.004(2) Å), which 
highlights the differing nature of the Cu-O bonds (dative- and σ-bonding). The C–O bonds in 
the (C–O)2 ring in 1 compare well with complexes of similar structure [20,21,31]. The Cu–O 
bond distances of the flavonolate ligand are substantially different (Cu1–O1 = 1.918(2) Å and 
Cu1–O2 = 2.248(3) Å), relaying an aryloxide σ-bond and a dative carbonyl interaction. This is 
contrary to those for 2, wherein the carbonyl interaction with the copper atom is substantially 
shorter (1.939(1) Å, reported 1.944(3) Å) [22]. 

 

Figure 3. Single crystal X-ray structure of [µ-O-(κ2-O,O-flav)(κ2-N,O-2PEO)Cu]2 (1). Thermal ellip- 
soids are drawn at 30% probability. Hydrogen atoms on the carbon atoms have been deleted and 
only the major component of the disordered 2POE ligand is shown for clarity. 

Table 1. Geometrical parameters (Å, ◦) for 1 at the copper center for major conformer. 
 

Bonds Distances Atoms Angles 

Cu1··· Cu1 2.971 Cu–O3–Cu1 98.44(8) 

Cu1–O1 1.918(2) O1–Cu1–O2 79.91(7) 

Cu1–O2 2.247(2) O1–Cu1–O3 175.51(8) 

Cu1–O3 1.918(2) O1–Cu1–O3 98.73(7) 

Cu1–O3 2.004(2) O1–Cu1–N1 96.8(2) 

Cu1–N1 2.073(7) O2–Cu1–O3 98.00(7) 

O1–C2 1.313(3) O2–Cu1–N1 117.6(1) 

O2–C3 1.249(3) O3–Cu1–N1 85.5(2) 
  O3–Cu1–O3 81.56(7) 
  N1–Cu1–O3 143.1(2) 

 
2.2. Spectroscopy of 1 

The infrared spectrum of compound 1 shows strong stretches at 2841 and 2960 cm−1 

that represent sp3 hybridized C-H bonds of the 2PEO ligand and a strong ν(C=O) stretch for 
the carbonyl group (1556 cm−1) of the flav ligand that is shifted to lower energy as compared 
to the free ligand (1602 cm−1), suggesting the carbonyl in 1 has significantly reduced C=O 
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π-bonding due to both conjugation and electron-donation to the copper center [32]. The 
ν(C=O) stretch is quite similar to other metal-flavonolate complexes [32–34]. There are also 
weaker shoulder stretches at 1586 cm−1 and 1609 cm−1 that might suggest the carbonyl 
group is somewhat labile. For comparison purposes, ν(C=O) stretches for 2 are very weak, 
appearing as two weak, thin, sharp stretches at 1615 and 1571 cm−1 [22], further suggesting 
the flavonolate ligand in 1 is not bound as strongly as it is in 2. The carbonyls in 2 likely 
have significant delocalization with very little π-bonding. The C-N stretch in 1 appears at 
1409 cm−1, while the C-O stretch occurs at 1210 cm−1. 

The UV-Vis spectroscopy of compound 1 displays a strong intraligand π-π* transition 
band for the coordinated flav ligand at 428 nm (log ε = 4.62) along with a shoulder band 
at 403 nm (log ε = 4.57). The moderate absorption at 332 nm (log ε = 4.33) is likely 
attributed to ligand-to-metal charge transfer [35,36]. Intense absorptions also occur at 
260 nm (log ε = 4.62) with a shoulder at 274 nm (sh, log ε = 4.45). A very weak energy band 
occurs at 674 nm (log ε = 1.79), characteristic of a d-d transition band at the copper center. 
Performing variable temperature UV-Vis spectroscopy on the complex reveals very little 
difference in the majority of the absorptions in the spectrum; however, a peak at 240 nm 
intensifies with ramping of temperature (55 ◦C max) and weakens when chilled (5 ◦C 
lowest). This falls in the range of the cutoff of chloroform (245 nm) [37] and suggests the 
complex interacts with the solvent at different temperatures (see Supporting Information). 
Notably, the UV-Vis spectrum of 1 is nearly identical to 2, indicating the flav ligand is 
largely responsible for the observed absorptions. 

3. Materials and Methods 
3.1. General 

All chemicals were purchased from commercial sources and used as received unless 
otherwise noted. Single crystal X-ray diffraction measurements were performed on a 
Rigaku XtaLab Synergy-i diffractometer equipped with a Cu micro-focused source at 
1.5418 Å and a HyPix Bantam detector. Infrared spectra were recorded on a Perkin Elmer 
Spectrum-100 FTIR using ATR methods. Melting point determinations were recorded on 
a Reach Device RD-MP digital melting point apparatus. Thermal UV-Vis Analysis: All 
spectra were taken on a Cary 100 UV-Vis double-beam instrument with a multicell-changer. 
Stock solutions of the complexes were diluted in chloroform to give an absorbance of 
~0.2 at 450 nm at room temperature. During heating, the Teflon tops of the cuvettes were 
taped closed, and the temperature was monitored in a dedicated, specialty cuvette in the 
cell changer. At temperatures below 15 ◦C, the cell changer was flushed with a stream of 
nitrogen gas to prevent condensation on the cuvettes. Elemental analyses were performed 
at Atlantic Microlab, Inc., Norcross, GA, USA. 

 
3.2. Synthesis of 1 [µ-O-(κ2-O,O-flav)(κ2-N,O-2PEO)Cu]2 

3-Hydroxyflavone (2.00 g, 8.48 mmol) and copper(II) bromide (2.01 g, 9.33 mmol) were 
added to a 100 mL round bottom flask equipped with a magnetic stir bar. 2-(1H-pyrrol-1- 
yl)ethanol (10 mL, 84.93 mmol) was added to the flask. The reaction was stirred for 10 days 
at room temperature to yield a pale-green slurry. The slurry was filtered over Celite and 
washed with diethyl ether. The ether was collected and discarded. The green solid was then 
washed with THF and the filtrate was discarded. The green filter cake was washed with 
chloroform to elute a brownish-green filtrate. The filtrate was collected and extracted twice 
with a solution of 6M potassium carbonate. The chloroform solution was collected and 
dried with magnesium sulfate. The solution was filtered again to collect a green solution. 
The solution was left to evaporate in a fume hood overnight to reveal numerous crystals 
of different colors (green, bluish-yellow, and yellow). The crystals were then dissolved in 
chloroform and passed through a column of Celite. The green solution was collected. A 
dark material was trapped on the frit, which was washed through with dichloromethane to 
provide a brownish-yellow solution. Both the green and brownish-yellow solutions were 
allowed to evaporate at room temperature. The brownish-yellow solution produced the 
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previously published bis(flavonolate)copper(II) complex (2)(0.5684 g, 25%), while the green 
solution produced large emerald-green crystals of the title compound (1) (1.667 g, 47%). 
mp 162 ◦C dec. IR (ATR, cm−1) ῦ: 3350 (br, w, residual water), 2960 and 2841 (m, C-H 
aliphatic), (1556(s), 1586(m), and 1609 (w)) C=O, 1210 (C-O). UV-Vis (CH2Cl2), λmax, nm: 
(log ε): 260 (4.62), 274 (sh, 4.45), 332 (4.33), 403 (sh, 4.57), 428 (4.62), 674 (1.79). Anal. Calc’d 
for 1 (C42H46Cu2N2O8) Theo.(Found): C 60.49 (60.58); H 5.56 (5.10), N 3.36 (3.21). 

4. Conclusions 
We have prepared the first dimeric dicopper(II) complex supported by flavonolate 

and 2-(pyrrolidin-1-yl)ethanoxide ligands. In addition, this complex represents the first 
amino alcoholate bearing a pyrrole group. The initial aim of this study was to determine 
the influence of electron-donating groups on alcohols in the oxidation of 3-hydroxyflavone 
in the presence of CuBr2 with the ultimate goal of preparing chromane hemiacetals and/or 
geminal alcohols. In the case of amino alcohols, it appears that the formation of stable 
copper complexes is more favorable than oxidizing the flavone to the desired species. This 
is likely due to favorable interactions between the highly basic amine and Lewis acidic 
copper atoms. To form the desired oxidized chromanes using amino alcohols will likely 
require a non-metallic oxidative reagent. 

 
Supplementary Materials: The following supporting information can be downloaded, Figure S1: 
Variable UV-Vis spectrum of compound 1 as a function of temperature in CHCl3, Figure S2. Infrared 
spectrum of compound 1 (ATR), Figure S3. Variable temperature UV-Vis spectrum of compound 2 as a 
function of temperature in CHCl3. Figure S4. Infrared spectrum of compound 2 (ATR), Table S1. Crys- 
tal data and structure refinement for compound 1. Table S2. Fractional atomic coordinates (×104) and 
equivalent isotropic displacement parameters (Å2 × 103) for compound 1. Ueq is defined as 1/3 of 
the trace of the orthogonalized UIJ tensor. Table S3. Anisotropic displacement parameters (Å2 × 103) 
for compound 1. The anisotropic displacement factor exponent takes the form: 2π2[h2a*2U11 + 
2hka*b*U12 + . . .] for compound 1, Table S4. Bond lengths for compound 1. Table S5. Bond angles for 
compound 1. Table S6. Torsion angles for compound 1. Table S7. Hydrogen atom coordinates (Å × 
104) and isotropic displacement parameters (Å2 × 103) for compound 1. Table S8. Atomic occupancy 
for compound 1. 

Author Contributions: Conceptualization, B.Q., R.A.; methodology B.Q., R.A.; formal analysis, B.Q., 
K.M., C.W.P., N.S. and A.M.; investigation, B.Q.; data curation, B.Q., K.M., C.W.P., N.S. and A.M.; 
writing—original draft preparation, B.Q.; writing—review and editing, B.Q., R.A., A.M., N.S. and 
K.M.; visualization, B.Q.; supervision, B.Q.; project administration, B.Q.; funding acquisition, B.Q., 
R.A. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the National Science Foundation Major Research Instrumenta- 
tion fund, NSF-MRI 2215812 and 2018774. R.A. thanks the H. Gordon Mayfield Summer Research 
Scholarship, Georgia Southern University Council on Undergraduate Research Council, and Honors 
program for partial support of this work. 

Data Availability Statement: The original contributions presented in the study are included in the 
article/Supplementary Material; further inquiries can be directed to the corresponding author/s. Final 
atomic coordinates, geometrical parameters, and crystallographic data have been deposited to the 
Cambridge Crystallographic Data Centre, 11 Union Road, Cambridge, CB2 1EZ, UK (https://www.ccdc. 
cam.ac.uk/structures/) and are available on request quoting the deposition number CCDC 2355478. 

Acknowledgments: B.Q. acknowledges the National Science Foundation; Major Research Instru- 
mentation funds (NSF-MRI 2215812 and 2018774) for SCXRD and HRMS analyses. R.A. thanks the 
Georgia Southern University Council on Undergraduate Research (COUR) and the Fleming D. Roach, 
MD Scholarship. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design 
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or 
in the decision to publish the results. 

https://www.ccdc.cam.ac.uk/structures/
https://www.ccdc.cam.ac.uk/structures/


Molbank 2024, 2024, M1846 7 of 8 
 

 
References 
1. Messerschmidt, A. 8.14—Copper Metalloenzymes. In Comprehensive Natural Products II; Liu, H.-W., Mander, L., Eds.; Elsevier: 

Oxford, UK, 2010; pp. 489–545. [CrossRef] 
2. Lewis, E.A.; Tolman, W.B. Reactivity of Dioxygen−Copper Systems. Chem. Rev. 2004, 104, 1047–1076. [CrossRef] [PubMed] 
3. Elwell, C.E.; Gagnon, N.L.; Neisen, B.D.; Dhar, D.; Spaeth, A.D.; Yee, G.M.; Tolman, W.B. Copper–Oxygen Complexes Revisited: 

Structures, Spectroscopy, and Reactivity. Chem. Rev. 2017, 117, 2059–2107. [CrossRef] [PubMed] 
4. Lynch, W.E.; Nivens, D.; Quillian, B.; Padgett, C.W.; Petrillo, A.; Peek, N.; Stone, J. A Copper(II) tris-imidazolylphosphine complex 

as a functional model of flavonol 2,4-dioxygenase. J. Mol. Struct. 2019, 1185, 99–106. [CrossRef] 
5. Karlin, K.D.; Tyeklar, Z. Bioinorganic Chemistry of Copper; Springer: Amsterdam, The Netherlands, 2012. 
6. Balogh-Hergovich, E.; Kaizer, J.; Speier, G. Studies of functional quercetinase models with copper and zinc ions. J. Inorg. Biochem. 

1999, 74, 74. 
7. Balogh-Hergovich, E.; Kaizer, J.; Speier, G.; Argay, G.; Parkanyi, L. Kinetic studies on the copper(II)-mediated oxygenolysis of the 

flavonolate ligand. Crystal structures of [Cu(fla)(2)] (fla = flavonolate) and [Cu(O-bs)(2)(py)(3)] (O-bs = O-benzoylsalicylate). 
J. Chem. Soc. Dalton 1999, 3847–3854. [CrossRef] 

8. Balogh-Hergovich, E.; Kaizer, J.; Speier, G.; Fulop, V.; Parkanyi, L. Quercetin 2,3-dioxygenase mimicking ring cleavage of the 
flavonolate ligand assisted by copper. Synthesis and characterization of copper(I) complexes [Cu(PPh3)(2)(fla)] (fla = flavonolate) 
and [Cu(PPh3)(2)(O-bs)] (O-bs = O-benzoylsalicylate). Inorg. Chem. 1999, 38, 3787–3795. [CrossRef] 

9. Pap, J.S.; Kaizer, J.; Speier, G. Model systems for the CO-releasing flavonol 2,4-dioxygenase enzyme. Coord. Chem. Rev. 2010, 254, 
781–793. [CrossRef] 

10. Wright, M.A.; Wright, J.A. PhotoCORMs: CO release moves into the visible. Dalton Trans. 2016, 45, 6801–6811. [CrossRef] 
[PubMed] 

11. Popova, M.; Soboleva, T.; Arif, A.M.; Berreau, L.M. Properties of a flavonol-based photoCORM in aqueous buffered solutions: 
Influence of metal ions, surfactants and proteins on visible light-induced CO release. RSC Adv. 2017, 7, 21997–22007. [CrossRef] 

12. Beasley, E.M.; Bazemore, J.G.; Petrillo, A.; Padgett, C.W.; Lynch, W.E.; Quillian, B. Preparation of 3-hydroxy-2,3-dialkoxy-2- 
phenylchroman-4-ones and 3,3-dihydroxy-2-alkoxy-2-phenylchroman-4-ones by oxidation of 3-hydroxyflavone with copper(II) 
bromide: Structure, reactivity and characterization. Inorg. Chim. Acta 2020, 512, 119855. [CrossRef] 

13. Utaka, M.; Takeda, A. Copper(Ii)-Catalyzed Oxidation of Quercetin and 3-Hydroxyflavone. J. Chem. Soc. Chem. Commun. 1985, 
1824–1826. [CrossRef] 

14. Dey, S.P.; Chattopadhyay, F.; MaIlik, A.K. Hypervalent iodine oxidation of flavonols and 3-hydroxy-2-styrylchromones in different 
alcohols. J. Indian Chem. Soc. 2016, 93, 1321–1324. 

15. Watkins, H.; Lee, G.; Ouedraogo, P.H.B.; Padgett, C.W.; Nguyen, K.; Artis, R.; Quillian, B.P. Condensation reactions of dialkoxy- 
2-phenylchroman-4-ones with 1,2-diamines: A method for the preparation of chromenoquinoxalines. Tetrahedron Lett. 2023, 
132, 154820. [CrossRef] 

16. Shagufta; Ahmad, I.; Mathew, S.; Rahman, S. Recent progress in selective estrogen receptor downregulators (SERDs) for the 
treatment of breast cancer. RSC Med. Chem. 2020, 11, 438–454. [CrossRef] [PubMed] 

17. Lainé, M.; Fanning, S.W.; Chang, Y.-F.; Green, B.; Greene, M.E.; Komm, B.; Kurleto, J.D.; Phung, L.; Greene, G.L. Lasofoxifene as a 
potential treatment for therapy-resistant ER-positive metastatic breast cancer. Breast Cancer Res. 2021, 23, 54. [CrossRef] 

18. Komm, B.S.; Mirkin, S. An overview of current and emerging SERMs. J. Steroid Biochem. Mol. Biol. 2014, 143, 207–222. [CrossRef] 
19. Patel, H.K.; Bihani, T. Selective estrogen receptor modulators (SERMs) and selective estrogen receptor degraders (SERDs) in 

cancer treatment. Pharmacol. Ther. 2018, 186, 1–24. [CrossRef] 
20. Seppälä, P.; Sillanpää, R.; Lehtonen, A. Structural diversity of copper(II) amino alcoholate complexes. Coord. Chem. Rev. 2017, 347, 

98–114. [CrossRef] 
21. Wang, S. Polynuclear copper (II) complexes with aminoalcohol ligands. J. Clust. Sci. 1995, 6, 463–484. [CrossRef] 
22. Balogh-Hergovich, É.; Speier, G.; Argay, G. The oxygenation of flavonol by copper(I) and copper(II) flavonolate complexes. The 

crystal and molecular structure of bis(flavonolato)copper(II). J. Chem. Soc. Chem. Commun. 1991, 551–552. [CrossRef] 
23. Farrugia, L.J.; Middlemiss, D.S.; Sillanpää, R.; Seppälä, P. A Combined Experimental and Theoretical Charge Density Study of the 

Chemical Bonding and Magnetism in 3-Amino-propanolato Cu(II) Complexes Containing Weakly Coordinated Anions. J. Phys. 
Chem. A 2008, 112, 9050–9067. [CrossRef] [PubMed] 

24. Addison, A.W.; Rao, T.N.; Reedijk, J.; van Rijn, J.; Verschoor, G.C. Synthesis, structure, and spectroscopic properties of 
copper(II) compounds containing nitrogen–sulphur donor ligands; the crystal and molecular structure of aqua[1,7-bis(N- 
methylbenzimidazol-2′-yl)-2,6-dithiaheptane]copper(II) perchlorate. J. Chem. Soc. Dalton Trans. 1984, 1349–1356. [CrossRef] 

25. Banci, L.; Bencini, A.; Dapporto, P.; Dei, A.; Gatteschi, D. Crystal and molecular structure and ESR spectra of a dimeric 
dialkoxo-bridged five-coordinate copper(II) complex. Inorg. Chem. 1980, 19, 3395–3399. [CrossRef] 

26. Zheng, J.C.; Rousseau, R.J.; Wang, S. Homonuclear copper complexes with multidentate amino alcohol ligands. Synthesis and 
characterization of a dicopper zwitterion, bis(1,3-bis(dimethylamino)-2-propanol)tetrachlorodicopper and a tricopper compound, 
bis(1,3-bis(dimethylamino)-2-propanolato)tetrachlorotricopper. Inorg. Chem. 1992, 31, 106–110. [CrossRef] 

27. Smolander, K. The Crystal Structure of Bis[iodo-mu-(2-diethylaminoethanolato-N,mu-O)copper(II)]. Acta Chem. Scand. 1981, 35, 
815–819. [CrossRef] 

https://doi.org/10.1016/B978-008045382-8.00180-5
https://doi.org/10.1021/cr020633r
https://www.ncbi.nlm.nih.gov/pubmed/14871149
https://doi.org/10.1021/acs.chemrev.6b00636
https://www.ncbi.nlm.nih.gov/pubmed/28103018
https://doi.org/10.1016/j.molstruc.2019.02.078
https://doi.org/10.1039/a905684j
https://doi.org/10.1021/ic990175d
https://doi.org/10.1016/j.ccr.2009.11.009
https://doi.org/10.1039/C5DT04849D
https://www.ncbi.nlm.nih.gov/pubmed/27008479
https://doi.org/10.1039/C7RA02653F
https://doi.org/10.1016/j.ica.2020.119855
https://doi.org/10.1039/c39850001824
https://doi.org/10.1016/j.tetlet.2023.154820
https://doi.org/10.1039/C9MD00570F
https://www.ncbi.nlm.nih.gov/pubmed/33479648
https://doi.org/10.1186/s13058-021-01431-w
https://doi.org/10.1016/j.jsbmb.2014.03.003
https://doi.org/10.1016/j.pharmthera.2017.12.012
https://doi.org/10.1016/j.ccr.2017.06.022
https://doi.org/10.1007/BF01165768
https://doi.org/10.1039/c39910000551
https://doi.org/10.1021/jp804865j
https://www.ncbi.nlm.nih.gov/pubmed/18759408
https://doi.org/10.1039/DT9840001349
https://doi.org/10.1021/ic50213a036
https://doi.org/10.1021/ic00027a020
https://doi.org/10.3891/acta.chem.scand.35a-0815


Molbank 2024, 2024, M1846 8 of 8 
 

 
28. van Niekerk, J.N.; Schoening, F.R.L. A new type of copper complex as found in the crystal structure of cupric acetate, 

Cu2(CH3COO)4.2H2O. Acta Crystallogr. 1953, 6, 227–232. [CrossRef] 
29. Bertolotti, F.; Forni, A.; Gervasio, G.; Marabello, D.; Diana, E. Experimental and theoretical charge density of hydrated cupric 

acetate. Polyhedron 2012, 42, 118–127. [CrossRef] 
30. Parvarinezhad, S.; Salehi, M.; Kubicki, M.; Khaleghian, A. Unprecedented formation of a µ-oxobridged dimeric copper (II) 

complex: Evaluation of structural, spectroscopic, and electronic properties by using theoretical studies and investigations 
biological activity studies of new Schiff bases derived from pyrazolone. Appl. Organomet. Chem. 2021, 35, e6443. [CrossRef] 

31. Li, S.-J.; Liu, J.-S.; Guo, J.; Ji, L.-L.; Song, W.-D.; Ma, D.-Y. Construction of two Novel 2D Coordination Frameworks with the 
Ligand H3nbtc: Synthesis, Crystal Structures, and Luminescence. Z. Für Anorg. Und Allg. Chem. 2012, 638, 832–837. [CrossRef] 

32. Sun, Y.-J.; Huang, Q.-Q.; Zhang, J.-J. Set of Fe(II)-3-Hydroxyflavonolate Enzyme–Substrate Model Complexes of Atypically 
Coordinated Mononuclear Non-Heme Fe(II)-Dependent Quercetin 2,4-Dioxygenase. ACS Omega 2017, 2, 5850–5860. [CrossRef] 

33. Kaizer, J.; Balogh-Hergovich, É.; Czaun, M.; Csay, T.; Speier, G. Redox and nonredox metal assisted model systems with relevance 
to flavonol and 3-hydroxyquinolin-4(1H)-one 2,4-dioxygenase. Coord. Chem. Rev. 2006, 250, 2222–2233. [CrossRef] 

34. Solomon, E.I.; Heppner, D.E.; Johnston, E.M.; Ginsbach, J.W.; Cirera, J.; Qayyum, M.; Kieber-Emmons, M.T.; Kjaergaard, C.H.; 
Hadt, R.G.; Tian, L. Copper Active Sites in Biology. Chem. Rev. 2014, 114, 3659–3853. [CrossRef] [PubMed] 

35. Sharma, M.; Ganeshpandian, M.; Sanjeev, A.; Tamilarasan, A.; Mattaparthi, V.S.K.; Islam, N.S.; Palaniandavar, M. Bis- and 
mixed-ligand copper(II) complexes of nalidixic acid the antibacterial drug: Mode of nalidixate coordination determines DNA 
binding and cleavage and cytotoxicity. Inorg. Chim. Acta 2020, 504, 119450. [CrossRef] 

36. Ajaykamal, T.; Köckerling, M.; Palaniandavar, M. Copper(II)-flavonolate complexes of 2N ligands as functional models for 
quercetin 2,4-dioxygenase enzymes: The role of axially coordinated water and ligand substitution on dioxygenase activity. Inorg. 
Chim. Acta 2023, 556, 121673. [CrossRef] 

37. CRC Handbook of Chemistry and Physics, 65th ed.; CRC Press: Boca Raton, FL, USA, 1984. 
 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.1107/S0365110X53000715
https://doi.org/10.1016/j.poly.2012.05.005
https://doi.org/10.1002/aoc.6443
https://doi.org/10.1002/zaac.201100403
https://doi.org/10.1021/acsomega.7b00927
https://doi.org/10.1016/j.ccr.2006.01.018
https://doi.org/10.1021/cr400327t
https://www.ncbi.nlm.nih.gov/pubmed/24588098
https://doi.org/10.1016/j.ica.2020.119450
https://doi.org/10.1016/j.ica.2023.121673

	Rylan Artis , Clifford W. Padgett , Kennedy Musso, Nathaniel Shank, Allison Marks and Brandon Quillian *
	1. Introduction
	2. Results and Discussion
	3. Materials and Methods
	4. Conclusions
	References

