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An amine bisphenol ligand with an ammonium iodide group in the pendant arm (H,L) reacts with V,
Mo and U oxometal precursors to form oxovanadium(V), dioxomolybdenum(VI) and dioxouranium(VI)
species, respectively. In methanol solutions, vanadium(V) and molybdenum(VI) form 1:1 complexes
[VO(OMe)(L)]I-2MeOH and [MoO,(L)(H,0)]I-2MeOH, where the cationic charge in the pendant arm is
counterbalanced by an iodide anion. Uranium(VI) forms a complex in which the anionic charge of uranate
complex unit is compensated by the cationic pendant arm. The complex crystallises as a co-crystal con-
taining a neutral ligand precursor, namely [UO,(L)(OAc)]-[H,L]I-4MeOH. The oxovanadium(V) complex
combines a Lewis acid, i.e. a pentacoordinated metal centre with a Lewis basic iodide moiety, which
makes it a suitable catalyst for the coupling of CO, with styrene oxide. The role of the ammonium moi-
ety of the ligand is to carry the iodide nucleophile in the reaction.
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1. Introduction

The increase in atmospheric CO, level has created a foremost
environmental concern, as it is known to participate in the global
climate change [1]. Sustainable solutions for the decreasing of at-
mospheric CO, requires the use of fossil-free energy sources as
well the development of new chemical technologies that can con-
vert CO, to useful chemicals, preferably with economic value [2-8].
For example, the catalytic coupling of CO, with epoxides to form
cyclic carbonates (Scheme 1) has attracted considerable interest,
especially due to its 100% atom economy. As a result a wide range
of such catalytic systems have been developed [9].

The active homogeneous systems include various metal-organic
catalysts [10-19] as well as some organocatalysts [20-26]. The cat-
alytic coupling reaction with metal-based catalysts follows several
steps: (i) the activation of the epoxide by Lewis acidic metal upon
coordination through the oxygen atom, (ii) epoxide ring opening by
a nucleophile and concomitant formation of a M-OR bond, (iii) the
insertion of CO, into the metal-alkoxide bond and formation of the
organic carbonate by cyclization, which is finally followed by (iv)
the release of the cycloaddition products. In general, the catalytic
performance of coupling catalysts is based on the cooperation of a
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Lewis acid centre with a nucleophile, e.g. a halide ion. For example,
Miceli et al. have used vanadium(V) aminotriphenolate complexes
with an BuyNI co-catalyst as archetypal examples on highly active
catalyst system for the coupling of terminal and internal epoxides
with CO, [10]. Several two-component organocatalysts based on
phenols and BuyNX (X = Br, I) have also been shown to couple
CO, and epoxides efficiently [27-29]. Recently, Hong et al. synthe-
sized an amine bisphenol carrying a quaternary ammonium/iodide
ion pair in a pendant arm (Scheme 2), and used it as a single-
component organocatalyst for the coupling reaction of propylene
oxide with CO, [26].

We have previously used amine bisphenol ligands [30] to pre-
pare high oxidation state metal complexes as bio-inspired model
compounds and catalysts e.g. for epoxidation of alkenes [31-35].
Here we report the use of ammonium-functionalised amine
bisphenol to prepare oxovanadium(V), dioxomolybdenum(VI) and
dioxouranium(VI) complexes, which carry a cationic group in
the ligand pendant arm with the aim of preparing active single-
component catalysts that combine Lewis acidic metal centres
and a nucleophile part necessary for the coupling reaction. The
vanadium complex was studied as a catalyst for the coupling of
CO, with styrene oxide.

0022-2860/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Scheme 1. Coupling of CO, with epoxides.
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Scheme 2. An organocatalyst for the coupling of CO, with epoxides [26].

2. Results and discussions
2.1. Syntheses

The ligand precursor [H,L]l was prepared by the reaction
between a tripodal amine bisphenol and iodomethane in ace-
tonitrile applying a known procedure for corresponding com-
pounds [26]. The reactions of [HyL]l and metal precursors VO(O-
i-Pr)3, MoO,(acac), and UO,(0Ac),-H,0 in methanol lead to the
precipitation of the oxometal species [VO(OMe)(L)]I.2MeOH (1),
[MoO,(L)(H,0)]-2MeOH (2) and [UO,(L)(OAc)]-[H,L]I-4MeOH (3),
respectively (Scheme 3). Vanadium complex 1 crystallized as dark
brown needles in a 63% yield. The solid compound is moderately
stable under dry air, however, the crystals slowly deteriorate if
kept in open atmosphere due to the loss of the solvate molecules.
1 is stable in dry organic solvents, but degrades gradually if wet
solvents are used. The 'H NMR spectrum in CDCl; indicates the
presence of few isomers or conformations, as typical for penta-
coordinated oxovanadium(V) aminophenolates in non-coordinating
solvents [32,36]. However, in MeOH-d4, one major component (>
99%) is present in the 'H and ®'V spectra. The 'H and 3C NMR
spectra show anticipated chemical shifts for the deprotonated tri-
dentate ligand. Interestingly, the methoxide ligand is not visible in
the spectrum, probably due to the rapid interchange by deuterated
solvent. Principally, phenols may act as redox-active, non-innocent
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ligands through the formation of phenyl radicals upon coordina-
tion. For 1, the 'V chemical shift, -470 ppm, is within the ex-
pected range for an oxidation state V(v), which indicates a redox-
inactive behaviour [37]. The V=0 stretch in the IR spectrum is seen
at 948 cm~!, as characteristic for oxovanadium(V) aminopheno-
lates [38].

Complex 2 precipitated from the reaction mixtures as yellow
plates, contaminated with some amount of solid impurities. The
crystals as well as the contamination were moderately soluble in
DMSO but practically insoluble in any other common solvents and
therefore 2 could not be purified by washing or recrystallization.
The IR spectrum show the v(MoO,)s and v(MoO,), for cis-MoO, as
strong peaks at 914 and 900 cm~! [39]. The 'H and 3C NMR spec-
tra of the crude product comprise typical chemical shifts for the
tridentate amine bisphenolate ligand, e.g. benzylic methylene pro-
tons are seen as two two-proton doublets at 4.33 and 3.43 ppm,
respectively. Similarly, 3 crystallised as brown crystals with some
solid impurities and could not be further purified. The NMR spec-
tra in DMSO-dg show for coordinated amine bisphenolate ligand
show chemical shifts ascribed for the coordinated ligand, e.g. dou-
blets for the benzylic methylene protons at 5.02 and 4.00 ppm, as
well as the for the free amine bisphenol molecule. In the IR spec-
trum, a strong peak was observed at 865 cm~! due to v(UO,), as
typical for the presence of a linear O=U=0 group [40]. In addi-
tion, compounds 2 and 3 were successfully characterized by single-
crystal XRD determination of selected crystals.

2.2. Molecular and crystal structures

In the solid state, 1 is formed of ion pairs, which crystallize
with two molecules of solvate methanol in the asymmetric unit.
In the complex part, the central V(V) ion is coordinated to the
tridentate dianionic amine bisphenolate, one oxide anion and one
methoxide to form a trigonal bipyramidal coordination sphere.
Two phenolate oxygen atoms and an oxo ligand occupy the
basal coordination sites while the nitrogen atom in the ligand
backbone and a monodentate methoxide group occupy apical
positions. The vanadium ion is located slightly above the plane
formed by the O atoms. The V-Oppenolate distances are 1.829(2)
and 1.825(2) A, respectively, whereas the V-Opemoxide distance,
1.788(2) A, is noticeably shorter. The V-N bond in a trans position
to the methoxide ligand is rather long, 2.303(3) A. The terminal
V=0 bond length is 1.585(2) A. In general, the structure and the
coordination sphere around the metal centre are typical for the
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Scheme 3. Preparation of complexes 1-3.
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pentacoordinated amine bisphenolate V complexes [36,38,41,42].
The positive charge of the complex unit is located in the pendant
ammonium cation, whereas the iodide anion and the solvent
molecules are positioned in the cavities of the crystal lattice.

In complex 2, the amine bisphenolate is coordinated to the
dioxomolybdenum(VI) ion as a tridentate ligand through two phe-
nolate oxygen atoms and the nitrogen donor in the ligand back-
bone. A water molecule is coordinated trans to the oxo group to
complete the distorted octahedral coordination sphere. Two ter-
minal oxides, two monoanionic phenolate groups and two neutral
donors form a typical cis-oxo,trans-X,cis-L configuration around the
metal centre [43]. The O=Mo=0 angle, 103.8(2)°, the Opnenolate~
Mo-Oppenolate @ngle, 152.8°, and the Mo=0 distances, 1.687(5) and
1.715(4) A, respectively, are typical for cis-dioxomolybdenum(VI)
complexes with tridentate amine bisphenolate ligands [44,45]. The
Mo-Ophenolate distances are 1.940(4) and 1.930(4) A, whereas the
Mo-N and Mo-Oy,¢er distances, i.e. the bond lengths to the neutral
donors, are 2.493(5) and 2.275(5) A, correspondingly. Again, the
positive charge of the complex is located in the pendant-arm am-
monium cation while the iodide anion and two solvent molecules
reside in the crystal lattice.

Compound 3 is a zwitterion where the anionic charge of
the complex unit, formally the uranate anion, is balanced with
the cationic charge in the pendant ammonium group. It crys-
tallizes together with one ion pair of [H,L]l and four methanol
molecules. The acetate anion is coordinated as the bidentate lig-
and and amine bisphenolate in a tridentate manner to the lin-
ear dioxouranium(VI) ion, which generates a distorted pentagonal
bipyramidal geometry around the metal centre. The O=U=0 an-
gle is 179.2° and the U=0 bonds are 1.792(3) and 1.790(3) A, re-
spectively. The U-Oppenglate distances are 2.208(4) and 2.196(4) A,
while the U-Ogcetate distances are noticeably longer, 2.464(4) and
2.483(4) A, respectively. The U-N distance is also rather long,
namely 2.642(4) A. The overall structure and the geometrical
parameters of the complex unit resemble those found previ-
ously for UO,(HL')(NO3)]-2CH3CN (H,L' = (N,N-bis(2-hydroxy-3,5-
dialkylbenzyl)-N’,N’-dimethylethylenediamine; alkyl = Me or tBu)
[46].

In all complexes, the tridentate ligand coordinates as an O,N,0
donor to form two six-membered chelate rings, though the ligand
conformation varies in different compounds. In pentacoordinated
1, the chelate rings have adopted half-chair conformations. The O1-
V1-N8 and 02-V1-N8 bite angles are 79.4 and 79.8°, respectively,
whereas the bite distances O1---N8 and 02---N8 are 2.665(4) and
2.673(4) A. In the six-membered rings, the dihedral angle between
the facing bonds O1-C1 and C7-N8 is 33.5°, whereas the dihedral
angle between 02-C15 and N8-C12 is -28.1°. The related bite an-
gles in hexacoordinated 2 are of same magnitude, 81.0 and 79.2° as
in 1, while the bite distances are longer, 2.910(6) and 2.853(7) A,
as a result of the longer metal-donor distances. The dihedral angles
01-C1.--C7-N8 and 02-C15---N8-C9 are remarkably larger than in 1,
i.e. 52.2 and -51.3°, showing more puckered rings. The structures of
the chelate rings bear resemblance to boat conformation. In hep-
tacoordinated 3, the bite angles, 70.4 and 75.1°, are remarkably
smaller than in 1 and 2 due to the larger central atom and longer
metal-donor bonds. The bite distances, 2.818(6) and 2.968(5) A, are
shorter compared to those in 2. Similarly to 1, the conformation of
the chelate rings can be described as a half-chair.

2.3. Catalyst studies

As vanadium complex 1 carries a Lewis acid centre and a nu-
cleophilic iodide in a single, isolated compound, it presents as a
potential catalyst for the coupling of CO, with styrene oxide. In
our reaction setup, 0.01 mmol of catalyst sample was mixed with
7 mmol of styrene oxide in an open vial and the reaction mix-
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ture was kept in an autoclave at 80 °C for five hours under a CO,
pressure of 10 bar. The reaction mixtures were subsequently anal-
ysed by TH NMR (Table 4). Along with 1, the ammonium iodide
proligand [H,L]I as well as the known oxovanadium(V) complex
[VO(OMe)(L)] (H,L' is N,N’-bis(2-hydroxy-3,5-di-tert-butylbenzyl)-
N',N’'-dimethylethylene-1,2-diamine), a neutral analogue of 1 [47],
were tested as references. A stoichiometric mixture of precursors
[H,L]I and VO(OPr); was also tested as an in situ prepared ana-
logue for 1. Under applied reaction conditions, compound 1 gave
styrene carbonate in a 26% yield, the turn-over number (TON) be-
ing 182. Interestingly, the free proligand [H,L]l, isolated vanadium
compound 1 and the VO(OPr)s/[H,L]I mixture gave all styrene car-
bonate in practically similar yields of which the in situ prepared
catalyst displayed highest activity. On the contrary, [VO(OMe)(L")]
did not show any catalytic activity in the absence of an additional
nucleophile, but it could be activated by a BuyNI co-catalyst. On
the other hand, it is noteworthy that [VO(OMe)(L")] is hexacoordi-
nated in the solid state, so the activation may require the dissoci-
ation of the pendant side-arm donor.

We may suppose that the reactions catalysed by different cat-
alyst systems apply different reaction mechanisms, as well. Specif-
ically, the reaction involving [H,L]l as a catalyst most likely fol-
lows the organocatalytic mechanism proposed by Hong and co-
workers [26]. In this reaction mechanism, a phenolic hydrogen
bond donor activates the epoxide at the alpha carbon, then iodide
nucleophile attacks leading to the formation of the ring-opened
alkoxide intermediate. This intermediate subsequently reacts by a
CO, insertion leading finally to the formation of a cyclic product
[26]. Conversely, complex 1 as well as the two-component sys-
tems VO(OPr)3/[H,L]I and [VO(OMe)(L")]/BugNI follow apparently
the mechanism proposed by Licini and co-workers for the oxovana-
dium(v)aminotrisphenolate/ammoniumiodide system. In the sug-
gested mechanism, the coordination of the epoxide to the metal
through the oxygen donor is followed by either an internal (by
the alkoxide/phenoxide oxygen) or an external (by the halide) nu-
cleophilic attack, a CO, insertion and a final cyclisation [10]. As
[VO(OMe)(L")] did not show any activity without an external nu-
cleophile, the internal nucleophiles, i.e. phenolate oxygens or coor-
dinated nitrogen donor seem not to participate the reaction.

In conclusion, an ammonium iodide -functionalised amine
bisphenol reacts with V, Mo and U precursors as a tridentate
O,N,0 donor to form mononuclear oxovanadium(V), dioxomolyb-
denum(VI) and dioxouranium(VI) species, respectively. In the ox-
ovanadium(V) and dioxomolybdenum(VI) complexes, the cationic
charge in the pendant arm is balanced by iodide counter ion. By
contrast, uranyl cation forms a zwitterionic complex, in which the
anionic charge of uranate complex unit is compensated by the
cationic pendant arm of the ligand. The oxovanadium(V) complex
combines a Lewis acid metal centre and Lewis basic iodide moiety,
which makes it the catalyst for the coupling of CO, with styrene
oxide. Study of the catalytic activity of the vanadium complex pro-
vided evidence on the importance of the ammonium moiety of the
ligand since it serves the role of carrying the iodide nucleophile in
the reaction.

3. Experimental

All syntheses and manipulations were carried out under ambi-
ent atmosphere. The solvents and chemicals purchased from com-
mercial suppliers were used without further purifications. The IR
spectra were measured with Bruker Optics, Vertex 70 device with
a diamond ATR setup, whereas the NMR spectra were recorded
with Bruker Avance 500 NMR ('H: 500 MHz, 5'V: 132 MHz, 3C:
125 MHz) NMR spectrometer at 25 °C (298 K). The spectrome-
ter was equipped with a broad-band observe probe (Bruker BBO-
5 mm-Zgrad). The 0 ppm vanadium reference frequency was cal-
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culated from the TMS 'H frequency using the unified chemical
shift scale by IUPAC (E(°'V, VOCl3) = 26.302948) [48]. Complex
[VO(OMe)(L")] was prepared as previously reported [47]. The NMR
spectra are given in

3.1 [HoL]I

The ligand precursor was made applying a known procedure
for corresponding compounds [26] 2.1 g (4 mmol) of N,N'-
bis(2-hydroxy-3,5-di-tert-butylbenzyl)-N’,N’-dimethylethylene-1,2-
diamine [47] and 1.4 g of Mel (10 mmol) were mixed in 20 ml of
acetonitrile and heated to the reflux temperature for three hours.
The reaction mixture was allowed to cool to room temperature
and 2.1 g (78%) of [H,L]l was isolated by filtration, washed with
cold acetonitrile and dried in vacuum. 'H NMR (CDCl3): § 7.43 (s,
2H, ArOH), 7.26 (d, J = 2.2 Hz, 2H, ArH), 6.99 (d, ] = 2.1 Hz, 2H,
ArH.), 3.98 (t, ] = 6.3 Hz, 2H, CH,NMe3), 3.83 (s, 4H, ArCH,), 3.22
(s, 9H, NMej3), 3.00 (t, ] = 6.2 Hz, 2H, NCH,), 141 (s, 18H, t-Bu),
1.29 (s, 18H, t-Bu).

3.2. [VO(OMe)(L)]I-2 MeOH (1)

134 mg (0.20 mmol) of [H,L]l was dissolved in 4 ml of MeOH
and 50 pl (0.20 mmol) of VO(OPr); was added. The dark solu-
tion was kept at +4 °C for three days to obtain 105 mg (63%) of
1 as dark brown needles. A sample was kept in a vacuum des-
iccator for two days prior to the elemental and spectral analy-
ses to remove the possible non-stoichiometric amount of the sol-
vent of crystallisation. Found: C: 56.54; H: 7.81; N: 3.68. Calcd.
for C36HgoIN,04V: C: 56.69; H: 7.93; N: 3.67. IR (cm™!) 2954w,
1438w, 1236m, 1168w, 1054s, 989w, 948m (V=0), 914m, 852m,
806w, 757m, 595s, 549w, 476w, 368w. ESI(+)-MS: m/z 635.4062
([VO(OMe)(L)]* calcd. m/z 635.3993). UV-Vis: 285 nm (¢ = 25 500
M-1ecm~1), 360 nm (¢ = 10 500 M~!cm~1). 'H NMR (MeOH-d,): §
739 (d, ] = 2.2 Hz, 2H, ArH), 7.30 (d, ] = 2.2 Hz, 2H, ArH), 4.29 (d,
J = 12.7 Hz, 2H, ArCH,), 3.64 (m, 2H, NCH,), 3.54 (d, ] = 12.7 Hz,
2H, ArCH;), 3.12 (m, 2H, NCH,), 2.84 (s, 9H, NMe3), 1.55 (s, 18H,
t-Bu), 1.34 (s, 18H, t-Bu). >V NMR (MeOH-d,): -470 (major com-
ponent, > 90%), -532 (minor), -553 (minor). 3C NMR (MeOH-d,):
165.4, 1431, 137.2, 125.2, 125.1, 123.8, 60.4, 58.0, 54.2, 45.3, 36.3,
354, 32.3, 31.4.

3.3. [MoOy(L)]I-2 MeOH (2)

134 mg (0.20 mmol) of [H,L]l was dissolved in 4 ml of MeOH
and 65 mg (0.20 mmol) of MoO,(acac), was added. The solu-
tion was kept at room temperature for three days to obtain 120
mg of 2 as yellow crystals together with a small amount colour-
less precipitate. The crystalline material is poorly soluble in com-
mon solvents and was not further purified. IR: 3421w(br), 3280w,
2958m, 2904m, 2869w, 1475vs, 1443m, 1413s, 1388m, 1360m,
1303m, 1254s, 1236s, 1203s, 1169s, 1128s, 1099w, 1022m, 1016s,
991w, 970w, 940s, 914s, 900vs, 843vs, 808w, 783w, 754s, 653w,
600w, 569s, 555s, 499m, 478m cm~!. 'TH NMR (DMSO-dg,): § 7.46
(d, J] = 2.2, 2H, ArH), 724 (d, ] = 2.2 Hz, 2H, ArH), 4.33 (d, 2H,
J = 11.5 Hz, ArCH,), 4.09 (q, J = 5.5 Hz, 2H, CH30H), 3.64 (m, 2H,
CH,NMejy), 3.43 (d, 2H, J] = 11.5 Hz, ArCH,), 3.18 (d, ] = 5Hz, 6H,
CH30H), 2.91 (m, 2H, NCH,), 2.78, (s, 9H, NMej3), 1.39 (s, 18H, t-Bu),
1.29 (s, 18H, t-Bu). 13C NMR (DMSO-dg): 159.7, 141.7, 135.8, 125.3,
123.4, 123.1, 55.0, 52.8, 48.6, 34.65, 34.2, 31.6, 30.1.

3.4. [UO4(L)(OAC)]-[H,L]I-4MeOH (3)

67 mg (0.10 mmol) of [H,L]I was dissolved in 3 ml of MeOH
and 42 mg (0.10 mmol) of UO,(CH3C00),-2H,0 was added. The
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solution was kept at room temperature for three days to ob-
tain 60 mg of 3 as brown crystals. The product contained a
small amount of slightly coloured microcrystals, whereas attempts
to purify the sample by washing or recrystallization failed. IR:
3344w(br), 2953m, 2906m, 2862m, 1543m, 1477vs, 1445vs, 1414s,
1387m, 1360m, 1308s, 1284m, 1271s, 1238s, 1205s, 1167m, 1130m,
1109m, 1049w, 989w, 969w, 914m, 865vs, 837s, 806m, 785m,
770m, 744m, 673m, 648m, 619s, 602s, 5265 cm~!. 'TH NMR (DMSO-
dg): 8 9.00 (s, 2H, ArOH), 7.36 (s, 2H, ArH), 7.34 (s, 2H, ArH), 7.15
(s, 2H, ArH), 7.04 (2H, ArH), 5.01 (d, 2H, J] = 12.3 Hz, ArCH,), 4.00
(d, 2H, J = 12.3 Hz, ArCH,), 3.75 (s, 4H, ArCH,), 3.53 (t, ] = 6.3 Hz,
2H, CH;NMes), 3.44 (m, 2H, CH,NMes), 3.25 (m, 2H, NCH,), 2.92
(s, 9H, NMes), 2.85 (t, ] = 6.3 Hz, 2H, NCH,), 2.53 (s, 9H, NMes),
2.33 (s, 3H, OAc), 1.68 (s, 18H, t-Bu), 1.36 (s, 18H, t-Bu), 1.32 (s,
18H, t-Bu), 1.24 (s, 18H, t-Bu). 13C NMR (DMSO-dg): 184.3, 166.2,
152.4, 141.0, 1374, 136.8, 136.2, 125.0, 124.9, 124.8, 123.0, 122.6,
122.5, 61.2, 61.0, 60.4, 54.5, 52.4, 52.3, 45.0, 42.6, 34.8, 34.6, 33.9,
33.6, 32.0, 314, 30.3, 29.6.

Table 1

Selected distances (A) and angles (°) in 1.
V1-01 1.829(2) 01-V1-02 127.46(11)
V1-02 1.825(2) 01-V1-03 113.34(11)
V1-03 1.585(2) 02-V1-03 113.03(11)
V1-04 1.788(2) 03-V1-04 100.92(12)
V1-N8 2.303(3) 01-V1-N8 79.41(10)
N18--11 4.357(3) 02-V1-N8 79.80(10)
01.-N8 2.665(4) 03-V1-N8 86.90(13)
02.-N8 2.673(4) 04-V1-N8 172.22(11)

Table 2

Selected bond lengths (A) and angles (°) in 2.
Mo1-01 1.940(4) 01-Mo1-02 152.80(19)
Mo1-02 1.930(5) 03-Mo1-04 103.8(2)
Mo1-03 1.687(5) 03-Mo1-05 164.9(2)
Mo1-04 1.715(4) 04-Mo1-05 91.28(19)
Mo1-05 2.275(5) 01-Mo1-N8 81.04(18)
Mo1-N8 2.493(5) 02-Mo1-N8 79.24(18)
N18--11 4.496(5) 03-Mo1-N8 86.76(19)
01.-N8 2.910(6) 04-Mo1-N8 169.44(19)
02.-N8 2.853(7) 05-Mo1-N8 78.25(16)

Table 3

Selected bond lengths (A) and angles (°) in 3.
U1-01 2.208(4) 01-U1-02 145.13(12
U1-02 2.196(4) 03-U1-04 179.15(18)
U1-03 1.792(3) 05-U1-06 52.86(13)
U1-04 1.790(3) 01-U1-N8 70.41(13)
U1-05 2.464(4) 02-U1-N8 75.06(12)
U1-06 2.483(4) 03-U1- N8 94.45(14)
U1-N8 2.642(4) 04-U1-N8 85.49(13)
01.-N8 2.818(6) 05-U1-N8 156.88(14)
02.-N8 2.968(5) 06-U1-N8 149.00(13)

Table 4

Catalytic coupling of CO, and styrene oxide.
Catalyst Yield-% of styrene carbonate? TON
1 26 182
[H, L]l 24 168
[HyL]I + VO(OPr); 30 210
[VO(OMe)(L")] - -
[VO(OMe)(L')] + BuyNI 19 133

no catalyst - -

2 The yields are mean values of two parallel reactions.
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Fig. 1. The molecular structure of [VO(OMe)(L)]I.2 MeOH (1). The H-atoms and the
solvent molecules are omitted for the clarity. Displacement ellipsoids shown at the
50% probability level.

3.5. Catalyst studies

In each experiment, the 0.01 mmol sample of the catalyst (1,
[H,L]I, [HoL]I + VO(OPr)3, [VO(OMe)(L')] or [VO(OMe)(L')] + Bu,NI)
was mixed in 0.8 ml (7 mmol) of styrene oxide and the reaction
mixture was put in a stainless steel autoclave. The blank reaction
was run without any catalyst. The reactor was then pressurized
with CO, to 10 bar at 80°C for five hours, whereas the reaction
mixtures were subsequently analysed by 'H NMR by comparing
the integrated intensities of aliphatic hydrogens in styrene oxide
at 5.70, 4.83 and 4.37 ppm, respectively, to those chemical shifts
of styrene carbonate at 3.88, 3.17 and 2.84 ppm.

3.6. Single crystal X-ray diffraction

Data were collected on a Bruker-Nonius KappaCCD diffractome-
ter with Apex Il detector using Mo K, radiation and the crystals
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Fig. 2. The molecular structure of [MoO,(L)]I-2 MeOH (2). The C-H hydrogen atoms
and solvent molecules are removed for clarity. Displacement ellipsoids shown at the
50% probability level.

kept at 170 K during data collection. For data collection, process-
ing, and absorption correction the software packages COLLECT [49],
DENZO-SMN [50] and SADABS [51] were, respectively used. The
structure solving (direct methods) and refinement on F? by full-
matrix least-squares techniques were done within Olex2 [52] en-
vironment using SHELXS [53] and SHELXL [54] software packages,
respectively. All non-hydrogen atoms were refined anisotropically
whereas hydrogen atoms were refined using isotropic displace-
ment parameters. O-H hydrogen atoms were located from the dif-
ference density map when possible (all phenol groups and wa-
ter molecules as well as some of the methanol solvent molecules)
and refined using O-H distance restraints. The remaining MeOH
O-H and all C-H hydrogen atoms were refined with a riding atom
model. The final refinement of structure of 2 was carried out using
a HKLF5 file consisting of two domains in a ca. 6:4 ratio, which
resulted in significant improvement of the refinement (Figs. 1-3,
Tables 1-3, Table 5).

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole | e A3

4.404 to 51.998

13<h=<22 -12<k<12 27 <1<26
22885

8317 [Rine = 0.0375, Rejgma = 0.0507]
8317/0/453

1.061

R; = 0.0518, WR, = 0.0916

R; = 0.0731, wR, = 0.1008

0.60/-0.77

3.564 to 51.994
-13<h<13,-17<k<17,-12 <1< 18
8230

8230 [Rgigma = 0.0584]

8230/2/464

1.067

R; = 0.0702, wR, = 0.1481

R; = 0.0797, wR; = 0.1530

1.26/-1.74

Table 5
Crystallographic data for complexes 1-3.
1 2 3
Empirical formula C3gHegIN, OV C37Hg7IMoON, 0, C75H131IN4O11U
CCDC reference 2132345 2132343 2132344
Formula weight 826.78 874.76 1629.76
Temperature/K 170 170 170
Crystal system Monoclinic Triclinic Monoclinic
Space group P2/n P1 P24 /c
alA 18.5210(6) 10.8785(2) 20.7466(4)
b/A 10.4999(2) 14.2937(3) 14.5567(2)
c/A 22.1057(6) 15.1734(3) 28.3301(6)
af° 90 71.5570(10) 90
Bl° 92.7354(10) 77.6973(12) 102.2860(10)
yl° 90 75.4295(12) 90
Volume/A3 4294.0(2) 2143.19(7) 8359.8(3)
VA 4 2 4
Pearcg/cm® 1.279 1.356 1.295
u/mm-! 0.991 1.07 2.364
F(000) 1736 908 3368
Crystal size/mm? 0.3 x 0.25 x 0.22 0.40 x 0.36 x 0.20 0.50 x 0.35 x 0.30
Radiation MoKo (A = 0.71073) MoKa (A = 0.71073) MoKa (A = 0.71073)

3.574 to 52
25<h<21,-17<k<14,-33 <1 <34
41637

16034 [Rip = 0.0394, Rygma = 0.0572]
16034/5/885

1.094

R; = 0.0495, wR, = 0.0872

R; = 0.0744, wR, = 0.0969

0.90/-0.58
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Fig. 3. The molecular structure of the complex unit in [UO,(L)(OAc)]-[H,L]l-4MeOH
(3). The C-H hydrogen atoms and solvent molecules are removed for clarity
whereas the [H,L]I ion pair is presented in light grey colour. Displacement ellip-
soids shown at the 50% probability level.
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