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The work presented in this dissertation deals with the coordination chemistry of
the bis(benzyl)phosphinate ligand with vanadium, tungsten and cobalt. The long term
goal of this project was to produce and physically characterize high oxidation state

transition metal oxide phosphinate compounds with potential catalytic applications.

The reaction of bis(benzyl)phosphinic acid with VO(acac); in the presence of
water or pyridine leads to the synthesis of trimeric vanadium(IV) clusters (Vs(us-
0)02)(u2-O2P(CH2C6Hs)2)6(H20) and (V3(3-0)O02)(12-O2P(CH2CeHs)o)e(py). In
contrast, when diphenylphosphinic acid or 2-hydroxyisophosphindoline-2-oxide were
reacted with VO(acac),, insoluble polymeric compounds were produced. The trimeric
clusters were characterized using FTIR, elemental analysis, single crystal diffraction,
room temperature magnetic susceptibility, thermogravimetric analysis and differential
scanning calorimetry. The variable-temperature, solid-state magnetic susceptibility was
measured on (V3(u3-0)O0,)(u2-O,P(CH,C6Hs)2)s(py). The polymeric compounds were

characterized using FTIR, powder diffraction and elemental analysis.

Two different cubane clusters made of tungsten(V) and vanadium(V) were
stabilized using bis(benzyl)phosphinate. The oxidation of (V3(u3-O)O2)(u»-
0,P(CH,C¢Hs),)s(H2O) with 'BuOOH led to the formation of Va(u3-0)a(pz-
0,P(Bn),)4(04). Wa(3-0)a(12-O2P(Bn),)4(04) was produced by heating W(CO)gina 1:1
mixture of EtOH/THF at 120 °C. Both compounds were characterized using single
crystal diffraction, FTIR, *'P-NMR, 'H-NMR and elemental analysis. W4(ut3-O)4(pi2-

0,P(Bn);)4(04) was also characterized using UV-vis.

Xiv



Cobalt(II) reacted with bis(benzyl)phosphinate to produce three different
dinuclear complexes. [(py);Co(u-O,P(Bn),);Co(py)][ClO4], (py)3;Co(p,-
0,P(Bn););Co(Cl) and (py)(p2-NO3)Co(p2-O,P(Bn),);Co(py) were all characterized using
single crystal diffraction, elemental analysis and FTIR. Room temperature magnetic
susceptibility measurements were performed on [(py);Co(-O,P(Bn),);Co(py)][ClO4]
and (py)s;Co(p2-O,P(Bn),);Co(Cl). The variable-temperature, solid-state magnetic

susceptibility was also measured on [(py);Co(p2-O2P(Bn););Co(py)][ClO4].

XV



Chapter 1 Background



1.1 Introduction

Previous work in Dr. Luck’s laboratory focused on the synthesis of high oxidation
state transition metal oxide complexes and their applications as catalysts. Much of this
work was focused on alcohol isomerization and epoxidation catalysts.' Recently, we
have started to explore the coordination chemistry of phosphinates and the catalytic
applications of high oxidation state metal oxide phosphinate compounds as epoxidation
catalysts.”™ The work done in this dissertation is an extension of this research focusing
mainly on the structural characterization of high oxidation state metal oxide phosphinate

compounds.
1.2 Properties of Phosphinic Acids and Phosphinate Ligands

Phosphinic acids are of the general formula R,P(O)OH where R can be hydrogen,
an alkyl group, an aryl group or some combination of any two. They are related to other
phosphorus(V) compounds, which are shown in Figure 1, such as phosphine oxides,
phosphonic acids and phosphorus acid in that the hydroxyl group on the phosphinic acid
is replaced with another R group for a phosphine oxide , one of the R groups on the
phosphinic acid is replaced by a hydroxyl group for phosphonic acid or both of the R
groups on the phosphinic acid are replaced with hydroxyl groups for phosphorus acid.
Industrially, these types of phosphorus compounds and their esters are used for the
separation and purification of different metals. Mixtures of bis(2,4,4-

trimethylpentyl)phosphinic acid and tri(2,4,4-trimethyloctyl)phosphine oxide are sold by



Cytec Industries Inc. with the name Cyanex 272 and are used for the extraction and
purification of different metals. Notably, Cyanex 272 is most commonly used in the
separation of cobalt from nickel.® Despite their extensive use in the purification of

different metals, the coordination chemistry of phosphinic acids is relatively unexplored.

Although phosphinic acids and related compounds are generally drawn with a
phosphorus-oxygen double bond as in the case of Figure 1, this is in fact not correct. The

phosphorus-oxygen bond is best modeled as a short o-bond in which the oxygen

a. /o) b 0 ¢ 0 d. 0
| | | |
P. P P P

HO/ IX\OH R/ Yor R/ [\\OH R/ h\ R
OH OH R R

Figure 1.1. The structures of (a) phosphoric acid, (b) phosphonic acid, (c) phosphinic
acid and (d) a phosphine oxide are displayed.
carries a negative charge and the phosphorus contains a positive charge as displayed in
figure 2.” Hyperconjugation occurs between the three lone pairs on the oxygen and
empty o* orbitals on the phosphorus atom, further stabilizing the bond. The implication
of this excess electron density accumulated on the oxide of the phosphinic acid is an
increase in the electron donating capability to metal centers from the oxide. This makes

them ideal ligands for stabilizing high oxidation state transition metals.



()

a. :0: b. f
Lo ;
OH Q, ? QN

Figure 1.2. The lewis structure of a generic phosphinic acid (a) along with a figure
displaying the hyperconjugation that occurs between the lone pairs on the oxygen and the
empty o* orbitals on the phosphorus (b) is shown.

To a certain extent, phosphinic acids are structurally related to carboxylic acids
which is shown in Figure 3a. Both compounds are organic oxoacids in which the acidic
moiety consists of an oxide and hydroxide bonded to a central atom that is electron
deficient. Due to this deficiency, the hydroxyl group can ionize relatively easily to form
either a phosphinate or carboxylate anion and a proton. Where carboxylic and phosphinic
acids differ is in their geometry and natural of their bonding. Phosphinic acids are always
tetrahedral in shape with four different moieties bonding to the central phosphorus atom.
The identities of the two moieties that are not the oxide or hydroxide can have profound
effects on the steric nature of the phosphinic acids. If both groups were, for example,
tert-butyl alkyl groups, the steric crowding around the oxygen atoms would increase and
this could change how the phosphinic acid or phosphinate coordinates to metal atoms.®
Carboxylic acids on the other hand, are trigonal planar compounds with only three
moieties bonded to the central carbon atom. The identity of the one moiety that is not the

hydroxide or oxide can also have similar steric effects on the coordination of the



carboxylic acid or carboxylate to metal atoms. Unlike the O=P bond, the O=C double
bond in carboxylic acids is in fact a true double bond consisting of one 6-bond and one =-
bond. The carboxylate anion, when compared to the phosphinate anion, would have less
electron density spread over its two oxygens due to its resonance structures. This would
presumably decrease the amount of electron density that can be donated to a metal center

potentially lowering its effectiveness in stabilizing high oxidation state metals.

. © . .
a :0: @) b. ‘0 :O:e
l@ )L )'k /K
R/ B\GH OH R 9:° R Q
T

Figure 1.3. The lewis structure of a generic phosphinate and carboxylate (a) and
carboxylate with its resonance structure (b) are drawn here.

Due to their geometry, phosphinates can potentially have many different
coordination modes. Figure 4 lists some of the more obvious modes. One of the simplest
coordination modes is when only one of the oxygen atoms on the phosphinate is bonding
to a metal center and the second oxygen is left free dangling off the metal as shown in
Figure 4a. Another possibility would be when the phosphinate acts as a chelating ligand
with both oxygens bonded to the same metal center as displayed in Figure 4b. The third
possibility would be when the two oxygens of the phosphinate bridge between two metal
centers creating multi-nuclear clusters which is shown in figure 4c. The bridging
coordination mode is the most commonly observed mode in metal phosphinate
compounds as will be seen later in the discussion. Coordination compounds containing

5



multiply metals centers are of particular interest due to their prevalence in nature as the

active sites in many enzymes.9

a. b. c.
0 R R R R
N
TR
O/
!

P

Figure 1.4. The potential bonding modes of phosphinates to one or more metal
center is shown in this figure. (a) Shows only one of its oxygens coordinated to the metal
center, (b) shows the phosphinate behaving as a chelating ligand and (c) depicts a
phosphinate bridging two metal centers.

1.3 Coordination Chemistry of Phosphinates

Despite their favorable attributes, one of the main factors that prohibits the use of
phosphinates as ligands is their tendency to form polymers with most metals.'® These
inorganic polymers tend to be insoluble in water and most common organic solvents.
This insolubility greatly inhibits the study of possible catalytic applications of metal
phosphinate compounds as well as rendering the structural characterization of these
compounds somewhat difficult. Despite their insolubility, some of these polymers have
been characterized by single crystal X-ray diffraction. Their crystal structures verified
that these polymers were 1-dimensional infinite polymers with the polymeric backbone
made up of metal centers bridged by phosphinate ligands. For example, copper(Il) was

found to form a polymer with bis(hexyl)phosphinate in which each copper atom was in a



distorted square planar coordination environment and two phosphinates bridged between
each copper.'" A diagram of the polymer is displayed in Figure 5. Copper(Il) was also
found to form another polymer with dimethylformylamide and methylphenylphosphinate
or dimethylformylamide in which each copper atom was octahedrally coordinated and
was bridged by two phosphinates and one dimethylformylamide.'? Other metal
phosphinate polymers made with metals such as cobalt, manganese and other transition
metals have been characterized by single crystal diffraction with similar structures."
In all of the metal phosphinate polymers, the phosphinate ligand is always bridging

between two metal centers. This preference for bridging metal centers is also observed in

molecular phosphinate clusters.

Figure 1.5. A diagram of poly-bis(u-dihexylphosphinato)copper(Il) is drawn in which
the R group is a hexyl moiety.

Although phosphinates have a strong tendency to form insoluble polymers with
transition metals, molecular clusters can be synthesized in some cases if other ligands are

also present. These ligands can block the formation of polymeric compounds by
7



occupying coordination sites on the metal centers and thus preventing the formation of
the repeating bridging phosphinates which are the backbone of the polymer. The types of
ligands that can be used to inhibit the formation of polymeric compounds are not limited
to one type. Compounds containing organometallic ligands such as carbon monoxide in
the case of Ruy(O,PR;)2(CO)4(PPhs), (R = Me or Ph) or cyclopentadienyl as in the case
of [(n5 -CsHs)TiCly(u,-PhyPO3) ], have been characterized.'®!” Nitrogen bases, which are
strong sigma donors, have also been used to stop the polymerization of metal
phosphinates. For example, hydrotris(pyrazolyl)borate was used along with
bis(phenyl)phosphinate to synthesize a vanadium(IV) dimer [HB(pz); VO(u,-Ph,PO,) 5. "
Alkoxides and oxides have also been used to prepare molecular phosphinates such as in
the case of a tetrameric titanium cluster of the general formula [Ti(m-O)(OPri)(uz-
Ph,PO,)]4, which contains both oxides and alkoxides, or in the case of a tetrameric
manganese species, (Mn(u3-0))4(n2-PhaPO,)s, which only contains oxides along with
bis(phenyl)phosphinate.'”** Although more examples of molecular metal phosphinate
clusters exist, the total amount of characterized species is very small when compared to

more common ligands such as carboxylates or even phosphonic acids.

The applications of the previously mentioned molecular metal phosphinate
compounds are generally in the area of catalysis. One compound of note is the tetrameric
manganese oxide cluster, (Mn(p3-O))4(p12-PhPO,)e, stabilized by
bis(phenyl)phosphinate. This compound was synthesized as a model compound for the
active site of the enzyme referred to as the water oxidation complex(WOC) which is an
integral part of photosynthesis. As one could assume by its name, the WOC oxidizes

8



H,O to form stoichiometric amounts of electrons, oxygen gas and protons. Although the
tetramer does not perfectly mimic the active site of the enzyme, it was still found to be a
highly active catalyst and has been used in several water oxidation materials and
devices.”' > The catalyst itself must undergo multiply redox processes in order to
accomplish the oxidation. This required a ligand capable of stabilizing the manganese
metal centers in different oxidation states to maintain the integrity of the catalyst. It also
required a ligand that was resistant to oxidation by the manganese metal centers
themselves due to their high oxidation states. Bis(phenyl)phosphinate was found not
only be resistant to oxidation by the manganese, but it was also able to stabilize the metal
center as it went through several oxidation states during the catalytic process. This in
large demonstrated the usefulness of phosphinates as ligands to stabilize metal centers in

high oxidation states.

1.4 Purpose of Work

Previously in our lab, we discovered that the reaction of bis(benzyl)phosphinate
with MoO;(acac), in ethanol at different temperatures leads to two different
compounds.”* A mixed valence Mo(VI/V) flat tetramer was produced when the
temperature was kept around 70 °C and a different Mo(V) cubic tetramer was produced
when the reaction was conducted at 120 °C in a sealed tube. When we tried to reproduce
these results with other phosphinates such as bis(phenyl)phosphinate, 2-

hydroxyisophosphindoline-2-oxide or bis(chloromethyl)phosphinate only the cubic



tetramer was obtained no matter what the temperature was. To account for this difference
we rationalized that the steric flexibility of the benzyl groups was the key factor.
Although we are not exactly sure as to the precise effect the steric bulk of the benzyl
group, there was no clear reason as to why the other phosphinates did not work other than
the differences in their physical structure. Regardless of the exact reason, this lead us to
the conclusion that the coordination chemistry of bis(benzyl)phosphinate could be
fundamentally different than other phosphinates.

In this work we explore the coordination chemistry of bis(benzyl)phosphinate
with vanadium, tungsten and cobalt with an acute interest in high oxidation state
transition metal clusters. Given our assumption of the unique steric nature of
bis(benzyl)phosphinate and the ability of phosphinates to stabilize metal centers in high
oxidation states, we hypothesized that using bis(benzyl)phosphinate as a ligand would
allow us to synthesis new and unique clusters with potential applications in catalysis.

The compounds produced in this work were analyzed by a variety of techniques
including single crystal diffraction, x-ray powder diffraction, IR, NMR, UV-vis and

variable temperature magnetic susceptibility.
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2.1 Syntheses, x-ray structural characterizations and thermal stabilities of
two nonclassical ferromagnetic trinuclear vanadium (IV) complexes;
(V3(us-0)0)(u-0:P(CH,CsH5) 1) (H;0) and (Vi(us-0)0))(u;-
0,P(CH,C4Hj5),)s(py) and polymeric complexes of stoichiometry
(VO(O;PRy)) 20, R; = Ph; and 0-(CHy);(CsH,)"
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2.2 Abstract

The preparation and structural characterization of two trinuclear vanadium
complexes, (V3(u3-0)02)(12-0,P(CH2CsHs)2)s(H20), 1, and (V3(u3-O0)O2)(u2-
0,P(CH,C¢Hs))s(py), 2, are reported. In these nonclassical structures, the planar central
core consists of the three vanadium atoms arranged in the form of an acute quasi-
isosceles triangle with the central oxygen atom multiply-bonded to the vanadium atom at
the center of the vertex angle and weakly interacting with the two other vanadium atoms
on the base sites, each of which contain one external multiply-bonded oxygen atom.
Reacting VO(acac); in the presence of diphenylphosphinic acid affords (VO(O,PPh;),)s,
3, while 2-hydroxyisophosphindoline-2-oxide at room temperature in CH,Cl, affords
((H2O)VO(O2P0o-(CH3)2C6Ha)2)w, 4, and at 120 °C in EtOH yields (VO(O2P(o-
(CH,)2(C6Ha))w, 5 on the basis of elemental analyses. The thermal and chemical stability
of the complexes were assessed by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) measurements. The bond strengths of the vanadium atoms
to the OH; ligand in 1 and to the NCsH5 ligand in 2 were assessed at 10.7 and 42.0
kJ/mol respectively. Room temperature magnetic susceptibility measurements reveal
magnetic moments for trinuclear 1 and 2 at 3.02(1) and 3.05(1) #5/mole» and also close to
spin only values (1.73 ug) values for 3,4 and S at 1.77(2), 1.758(7) and 1.77(3) s,
respectively. Variable-temperature, solid-state magnetic susceptibility measurements
were conducted on complex 2 in the temperature range 2.0 to 298 K and at an applied

field of 0.5 T. Magnetization measurements at 2 and 4 K confirmed the ferromagnetism.

Key words: vanadium(IV) trimers, magnetic susceptibility, thermal stability,
dibenzylphosphinate, crystal structures

* Corresponding author. Tel.: 906 487 2309. E-mail address: rluck@mtu.edu
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2.3 Introduction
We have previously detailed the formation of tetrameric clusters of

molybdenum(V) stabilized by phosphinate ligands and described their capabilities as
catalysts for the epoxidation of olefins.'” More recently, we communicated the syntheses
and single crystal structures of vanadium(V) and tungsten(V) tetrameric clusters.*
Vanadium is worthy of exploration as it is a catalyst for the industrial production of
maleic anhydride,” it is the active metal central in some halogenating enzymes of marine
organisms,’ some vanadium compounds have been found to be effective in treating
diabetes,” and, more relevant, there is a very large quantity of oxovanadium compounds

9-12

stabilized by phosphonic acids® but not many containing phosphinate ligands.”'* In that

regard, the diphenylphosphinate ligand was previously utilized as a model for the

13, 14 . .
" and in reactions

interaction of phosphate ligands with oxo-bridged di-Fe proteins
with Co which resulted in polymers.'> We were most interested in studying how
oxidovanadium(IV), VO*', would coordinate with different phosphinate ligands.

To the best of our knowledge, the only compounds reported that contain
phosphinate ligands coordinated to oxidovanadium(IV) characterized by crystallography
are dimeric compounds of the general formula [(VO),(u-L)(HB(pz)3).] (L =
diphenylphosphinate or monophenylphosphinate)9 and [(VO)2(u-L1)3(Ly)2INOs (L =
diphenylphosphinate or bis(4-methoxyphenyl)phosphinate, L, = 2,2 bipyridine'® or 1,10-
phenanthroline)'' and the 2D-layered diphosphinate, [VO(O»(C¢Hs)PCH,P(C¢Hs)05)]."2
Interestingly, trinuclear vanadium clusters have been reported stabilized by carboxylate

groups. For example, five compounds of the trinuclear formulation [V3O(RCO,)eL3]"",

two with valencies II, III, III and three with II1, III, III, were reported as containing a
16



central oxo ligand in the center of an equilateral “V3” triangle of D3, symmetry referred
to as classical.'®!” A less symmetrical example (i.e., containing an almost centrally
located oxo ligand but one V-V distance at 3.068(2) A is shorter than the other two at
3.43(2) and 3.349(2) A) of this type of trinuclear cluster is [Et;NH][V"3(us-
O)(Salox),(HSalox)(Salmp)], where H,Salox = salicylaldoxime and Hs;Salmp = 2-
(bis(salicylideneamino)methyl)phenol.'® In contrast, the less symmetrical [V3(u3-0)0,]%
core, in which the central oxygen atom is doubly bonded to one vanadium atom, weakly
bonded to the other two vanadium atoms and all vanadium atoms exhibited valencies of
IV, was earlier reported for the compounds (V3(u3-0)0,)(u2-0,CCeHs)e(THF)," [(V3(u3-
0)0,)((C2H50),P0,)s"CH5CNT and [(V3(u3-0)0,)(BrC(CH;)CO0)s(HO'Pr).?* Here the
three vanadium atoms are in the form of quasi-isosceles triangles displaying C>,
symmetry or the nonclassical form. The [V3(u3-0)0,]°" cation was stabilized by the six
bridging benzoate or diethylphosphate molecules and either a THF or CH3CN ligand was
bonded trans to the V=0, enier bond. As stated,5 19 these compounds do not contain true
“M3(u3-O)” cores in which the central oxygen atom in the “(V3(u3-0)0,)” moiety is
located equidistant from the three metal atoms, but they are a cluster of three
oxidovanadium(IV) ions. This difference is due to the fact that the oxygen atoms are
more strongly bonded to the more positively charged vanadium (IV) atoms (i.e., as
(V=0)3).

We report here on the use of dibenzylphosphinate ligands to synthesize the
compounds (V3(u3-0)O2)( 12-O2P(CH2CHs)2)6(H20), 1, and (V3(u3-O)O2)( ua2-

0,P(CH,C¢Hs)2)6(py), 2. These both contain asymmetrical centrally located oxo ligands,
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i.e., the nonclassical forms which display C», symmetry. Reactions between VO(acac),
and diphenylphosphinic acid resulted an intractable substance analyzing as
(VO(O,PPhy),)., 3, while reactions with 2-hydroxyisophosphindoline-2-oxide®' at room
temperature in CH,Cl, affords ((H,O)VO(O,P(0-(CH;)2(CsH4))-, 4, and at 120 °C in
EtOH yields (VO(O,P(0-(CH;)2(CgH4)), 5. The crystal structures of 1, a co-crystallized
mixture consisting of 21.7(6)% 1 and 78.3(6)5% 2 and pure 2, and the thermal
gravimetric analysis (TGA), differential scanning calorimetry (DSC), room temperature
magnetic susceptibility measurements on 1-5 and the variable temperature magnetic

susceptibility measurement for complex 2 are described.

2.4 Experimental
2.4.1. General Method

Chemicals were purchased from Aldrich Chemicals and solvents were used as
received. Elemental analyses were conducted by Galbraith Laboratories, Knoxville, TN.
IR spectra were recorded on a PerkinElmer Spectrum One spectrometer (neat). The TGA
and DSC analyses were conducted on Shimadzu TGA-50 and DSC-50 analyzers and
under a slow N, (not O, exclusive) stream. Magnetic measurements were conducted on a
Johnson Matthey Auto MSB instrument. The powder diffraction X-ray data were
obtained using a Scintag XDS-2000 0/0 diffractometer. Dibenzylphosphinic acid and
hydroxyisophosphindoline-2-oxide,”' diphenylphosphinic acid,”> VO(acac),” and
VO(acac),(py)™> ** were prepared according to the cited literature. Their FTIR spectra

are presented as Figs. S1 and S2 for VO(acac), and VO(acac),(py) respectively. The
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variable temperature magnetic susceptibility measurement was performed on a
polycrystalline sample of 2 in the temperature range 2.0 to 298 K and at an applied field
of 0.5 T using a Quantum Design MPMS SQUID magnetometer. The sample holder
diamagnetism was measured and subtracted from the raw data. Magnetization
measurements were performed at 2 and 4 K.

2.4.2 Synthesis

2.4.2.1 Synthesis of (V3(us3-0)O:)(u-O:P(CH,CsHs);)s(H>0) (1)

0.200 g (0.754 mmol) of VO(acac), and 0.392 g (1.585 mmol) of
dibenzylphosphinic acid were placed in a sealed tube with 5 mL of ethanol and heated at
120 °C for 16 hours. A light blue precipitate formed which was isolated by filtration and
recrystallized from methylene chloride and hexane resulting in 0.340 g (0.200 mmol,
79.6% yield based on VO (acac),) of (Vi(u3-0)O;)(u2-O,P(CH,C6Hs),)6(H20) (1). Anal.
Calc. for Cg4HssO16PsV3: C, 59.69; H, 5.13. Found: C, 59.52; H, 5.36 %. IR (Fig. S3,
neat, cm™) 3628 vw, 3537 vw, 3062 vw, 3029 vw, 2909 vw, 1602 w, 1496 m, 1453 m,
1400 w, 1234 w, 1189 m, 1164 m, 1103 m, 1024 vs, 995 sh, 942 m, 915 m, 840 s, 806 s,
732 m, 695 vs.
2.4.2.2 Synthesis of (Vi(u3-0)O,)(u2-O.P(CH>CsHs)2)s(py) (2)

(V3(u3-0)O2)(12-O,P(CH,C¢Hs),)6(py), 2, was produced by mixing 0.050 g
(0.186 mmol) of VO(acac),, 0.093 g (0.376 mmol) of dibenzylphosphinic acid, and 2
drops of pyridine in 5 mL of methylene chloride. The mixture was stirred overnight at
room temperature. It was then filtered, concentrated, and the subsequent addition of

hexanes resulted in 0.070 g (0.040 mmol, 63.25% based on VO(acac);) of 2. Anal. Calc.
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for Cg9Ho1015PsV3N: C, 60.75; H, 5.12. Found: C, 60.44; H, 5.40%. IR (Fig. S4, neat,
cm™) 3062 vw, 3028 vw, 2911 vw, 1602 w, 1496 m, 1454 m, 1400 w, 1234 m, 1189 s,
1169s, 1116 m, 1098 m, 1067 m, 1026 vs, 989 sh, 918 s, 840 s, 805 s, 732 s, 696 Vvs.
2.4.2.3 Synthesis of (VO(O,PPh;3)3) - (3)

0.035g (0.133 mmol) of VO(acac); and 0.058 g (0.266 mmol) of
diphenylphosphinic acid were dissolved in 10 mL of methylene chloride and stirred
overnight and resulted in 0.049 g of light blue 3. Alternately, 0.0510 g (0.1923 mmol) of
VO(acac); and 0.0837 g (0.3846 mmol) of diphenylphosphinic acid were added to 5 mL
of ethanol in a sealed tube and heated to 120 °C overnight. The light blue precipitate that
had formed was filtered, rinsed with ethanol and then dried under vacuum to give 0.0580
g of light blue 3. Both of these preparations resulted in species of identical IR spectra.
Anal. Calc. for Cy4H,0OsP,V: C, 57.50; H, 4.02. Found: C, 57.07; H, 3.94%. IR (Fig. S5,
neat, cm’'1): 3058 (vw), 1592 (vw), 1486 (vw), 1437 (m), 1124 (vs), 1057 (s), 1014 (s),
998 (m), 749 (m), 729 (s), 692 (s).
2.4.2.4 Synthesis of ((H,O)VO(O:P(0-(CH;),(CsHy)) », (4)

0.0402 g (0.1516 mmol) of VO(acac), and 0.0510 g (0.3033 mmol) of 2-
hydroxyisophosphindoline-2-oxide were dissolved in 10 mL of methylene chloride and
stirred overnight. The light blue precipitate that was produced was filtered off, rinsed
with methylene chloride and then dried in a vacuum to give 0.0330 g of compound 4.
Anal. Calc. for C;¢H;s06P,V: C, 45.84; H, 4.33. Found: C, 44.20; H, 3.87%. IR (Fig. S6,
neat, cm'1): 3636 (vw), 3024 (vw), 2911 (vw), 1621 (vw), 1576 (vw), 1483 (w), 1458

(w), 1393 (w), 1267 (w), 1215 (s), 1197 (m), 1173 (s), 1153 (s), 1133 (W), 1094 (s), 1079
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(s), 1062 (s), 1040 (vs), 1003 (s), 995 (vs), 950 (s), 854 (s), 818 (s), 796 (m), 760 (m),
735 (vs).
2.4.2.5 Synthesis of (VO(O,P(0o-(CH,):(CsHy)) « (5)

0.0420 g (0.1584 mmol) of VO(acac), and 0.0533 g (0.3168 mmol) of 2-
hydroxyisophosphin-doline-2-oxide acid were added to 5 mL of ethanol in a sealed tube
and heated to 120 °C overnight. The light blue precipitate that had formed was filtered,
rinsed with ethanol and then dried in a vacuum to give 0.0460 g of compound 5. Anal.
Calc. for C;4H605P,V: C, 47.90; H, 4.02. Found: C, 48.54; H, 4.36%. IR (Fig. S7, neat,
cm’l): 3061 (vw), 2903 (vw), 1574 (vw), 1526 (vw), 1481 (w), 1455 (w), 1391 (w), 1295
(vw), 1221 (w), 1184 (s), 1178 (s), 1136 (vs), 1094 (vs), 1064 (vs), 1005 (vs), 881 (vw),
856 (s), 818 (m), 795 (m), 762 (m), 749 (s), 734 (s).

2.4.3 X-Ray Crystallography

Suitable crystals were grown by a slow diffusion of hexanes into a saturated
solution of either 1 or 2 in a 1:1 mixture of hexanes and methylene chloride in an H-tube.
Diffraction data for all compounds were collected using a Bruker AXS SMART APEX
CCD diffractometer using monochromatic Mo Ka radiation with the omega scan
technique. Single crystals of compounds containing 1 and 2 were mounted on Mitegen
micromesh supports using viscous oil flash-cooled to 100 K. Data were collected, unit
cells determined, and the data integrated and corrected for absorption and other
systematic errors using the Apex?2 suite of programs.”> The structures were solved by
direct methods and refined by full matrix least squares against F* with all reflections

using SHELXL.?® Complex 1 cocrystallized with 3.5 dichloromethane molecules in the
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asymmetric unit with the entire contents of the crystal labeled as A. The dichloromethane
molecules were not orderly arranged and the different disordered arrangements were
adequately accounted for using standard models, see CIF file. Complex 1 within crystal
A contained a three-fold disorder consisting of the unique V-(OH,) moiety occurring in
three positions in unequal ratios as is illustrated in Fig. 2.1. The disorder, readily

apparent from the difference

031

doin

60.6(6)% 31.3(5)% T.7(2¥%

]
A

Figure 2.1. POV-Ray rendered Platon27 constructed representations of the nature of the
disorder in 1. For clarity the dibenzylphosphinate ligands are represented by “PO,”
fragments.

electron density maps during structure refinement, constitutes the only obvious way to
rationalize the pattern obtained from the solution to the structure which looked like the

combination figure of the three disordered patterns in Fig. 1. Crystals for the study of
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complex 2, where the entire contents of the crystal are labeled as B, were obtained via a
different route to the one given above in the experimental details which affords
analytically pure samples of 2. This route, an exploratory reaction, consisted of reacting
VO(acac),(py) and dibenzylphosphinic acid (without any additional py) in a sealed tube
with 5 mL of ethanol and heating at 120 °C for 16 hours. In this case, the crystals B that
were grown from this reaction (as described directly above) refined to represent a co-
crystal of composition 2 and 1 in a 78.3(6):21.7(6) respective ratio. Evidence suggestive
of the presence of 1 (smaller absorption at 3628 cm™, compared to the equivalent in Fig.
S3 of pure 1) was observed in the FTIR spectrum of the crystals, Fig. S8. One benzyl
ligand also contained disorder. This was refined independently first to determine the
occupancy ratio over the two sites and as this was similar to the composition of crystal B,
it was then refined tied to the free variable that defined the occupancies of 2 and 1 in
crystal B. The N atom (78.3(6)%) in the py ligand was refined with anisotropic thermal
parameters and the O atom (21.7(6)%) in the ligated water molecule with isotropic
parameters. The final Flack x parameter was -0.00(1) and for the inverted structure
0.96(2). We believe that the source of the water ligated in both crystal structures was the
wet ethanol used in the synthesis. Pure crystals of 2 were grown by allowing slow
diffusion of hexane into a dichloromethane solution of 2. The final Flack x parameter
was -0.02(1) and for the inverted structure 1.00(1). In all cases the final models consisted
of non-H atoms represented by anisotropic displacement parameters and all H-atoms

(including those on the aqua ligands in crystals A and B) were refined through constraints
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to the atoms they were bonded to. Details of the data collection and refinement of the

compounds are given in Table 2.1.
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Table 2.1. Crystal data and refinement details of crystals A containing 1, B containing 2
and 1 in a 78.3(6):21.7(6) respective ratio and pure 2.

Identification code
Chemical Formula
Sum

Formula weight (g)
Temperature (K)
Wavelength (A)
Crystal system
Space group

Unit cell dimensions

(A,°)

Volume (A%)

VA

Dens1ty (calculated,
mg/m’)

Absorptlon coefficient
(mm)

F(000)

Crystal size (mm)
Hrange for data
collection (°)

Index ranges

A

Ci75H36Cl114032P 12 Vs
3974.72

100(2)

0.71069

Monoclinic

P 21/C

a=26.630(1), .= 90
b =20.903(8), B =
90.804(9)

¢ =16.779(7), y = 90
9339(6)
2

1.413

0.659
4096
0.50 x 0.31 x0.13 mm

0.76 t0 29.59 deg.
-32<h<36, -28<k<28, -
21<123

B

C87.91H88.34N0478015422P6V3

1737.88

100(2)

0.71069

Triclinic

Pl

a=13.1842(8), a =
108.063(1)
b=13.7341(9), B =
103.954(1)

¢ =13.9398(9),y =
110.953(1)
2057.4(2)

1

1.413

0.517
909
0.36 x 0.36 x 0.08 mm

1.67 to 31.44 deg.
-18<h<18, -20<k<20, -
19<1<19

2

1751.25

100(2)

0.71069

Triclinic

Pl

a=13.248(2), a=
108.30(1)
b=13.779(2), B =
103.97(1)

¢ =14.050(1),y=
110.889(2)
2086.7(5)

1

1.394

0.510
909
0.45 x0.26 x 0.15 mm

1.66 to 31.43 deg.
-18<h<19, -18<k<19,
-20<1<20

Reflections collected 66641 25292 25844

Independent 21017 [R(int) =

reflections 25531 [R(int) = 0.0640] 21357 [R(int) = 0.0255] 0.0242]

Absorption correction  multi-scan multi-scan multi-scan

Max. and min.

transmission 0.9192 and 0.7340 0.9598 and 0.8356 0.9274 and 0.8029

Data / restraints /

parameters 25531/46/1212 21357 /279/1085 21017 /3 /1027

Goodness-of-fit on F*  1.028 1.001 0.998

Final R indices [[>2 6 R;=0.0712," wR, = R;=0.0516, wR, = R, =0.0475, wR, =

(D] 0.1822"¢ 0.1112"¢ 0.0990"¢

R;=0.1268, wR, = R;=0.0773, wR, = R;=0.0617, wR, =

R indices (all data) 0.2125 0.1196 0.1085

Max diff. })eak and

hole (e.A”) 1.397 and -1.555 1.118 and -0.605 0.916 and -0.492
“RI=Y|[Fo| - |Fel[X|F,|. " wR2=[X[w(Fo - FY VX [wE)]] . © w=1/[(Fo)H(

0.0924P)° + 15.7040P] where P=(Fo™+2(Fc)*)/3.

w=1/[*(Fo®)+( 0.0496P)*+ 0.0000P].

w=1/[*(Fo
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2.5. Results and Discussion
2.5.1 Synthesis

Compounds 1 and a mixture of 1 and 2 were prepared by heating two equivalents
of dibenzylphosphinic acid with one equivalent of VO(acac), or VO(acac),(py)
respectively in ethanol. The ligated water molecule in compound 1 is attributable to
adventitious water in the ethanol which was not dried. The mixture of the pyridine and
water adducts that was produced in the reaction employed to prepare compound 2, as
determined in crystal B, is also attributable to water being present in the ethanol. Here it
is noteworthy that no peaks assignable to OH stretches were evident in the IR spectrum
of the starting material VO(acac),(py) and indeed VO(acac), is known to contain a five
coordinated vanadium atom.”* Analytically pure 2 was made by mixing VO(acac), with
dibenzylphosphinic acid and adding a slight excess of pyridine in methylene chloride.

The IR spectra of compounds 1 and 2 (see Figs. 2.S3 and 2.S4) contain peaks in
the same regions with some notable differences. First complex 1 exhibits absorptions due
to OH stretches at 3628 and 3537 cm™ which are not evident in the spectrum for pure 2.
Second, there are subtle differences in the vanadium to oxygen atom stretching region
where two bands at 1024 and 995 cm™ for 1 and 1026 and 989 cm™' for 2 are obtained.
Perhaps facilitating assignment of these peaks is the fact that the VO stretch in VO(acac),
and VO(acac),(py) comes at 993 and 964 cm™ respectively, see Figs. 2.S1 and 2.S2.
Therefore the absorptions at 1024 and 1027 cm™ can be assigned to the two “base”
vanadium atoms containing terminal oxo ligands and the absorptions at 995 and 989 cm™
in 1 and 2 respectively to the “vertex” VO bond located trans to the aqua and pyridine

ligands.
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The reactions with diphenylphosphinic acid or 2-hydroxyisophosphindoline-2-
oxide used in place of dibenzylphosphinic acid using the same procedure conducted to
produce 1, resulted in blue intractable precipitates that proved to be insoluble in most
common organic solvents as was detailed previously for diphenylphosphinate complexes
with zirconium, vanadium and molybdenum.?® Reactions consisted either of stirring at
room temperature in CH,Cl, or heating the reactants in EtOH at 120 °C. In the case of
diphenylphosphinic acid, seemingly identical products assigned on the basis of elemental
analysis as (VO(O,PPh;),)., 3, were obtained based on a comparison of the IR spectra,
Fig. 2.S5. It should be noted that this IR spectrum for 3 differs substantially from that
reported previously28 but similar thermal stabilities were found with an 8% weight lost
(Fig. S10) over the temperature range of 300-400 °C compared to the reported loss of
10.3%.*

In the case of 2-hydroxyisophosphindoline-2-oxide, the complex
((H20)VO(O,P0-(CH;),CsHa)2)-0, 4, was produced when the reactants were stirred at
room temperature in CH,Cl, (which was not dried), and, (VO(O,P(0-(CH;)2(CsH4))w, 5
was obtained when the reaction was conducted at 120 °C in EtOH. These assignments
are based on elemental analyses. The IR spectra for 4 (Fig. 2.S6) contained a stretch at
3636 cm™ which is indicative of a ligated water molecule whereas that for 5 (Fig. 2.S7)
did not contain absorptions in the 3600 cm™ region. Also noteworthy was the fact that
the finger print regions of these FTIR spectra for complexes 3-5 were considerable
different than those obtained for 1 and 2 in that strong absorptions around the 995 and

1025 cm™ region were not present. These would be indicative of a nonclassical [(V3(u3-
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0)0,)]°" moiety as described above. These insoluble products may be in the form of
large clusters and/or polymers® ' but this is somewhat speculative.'”” For additional
identification purposes the x-ray powder diffraction pattern for these compounds is
presented as Fig. 2.S9 and these revealed dramatically different patterns between
compounds ((H,O)VO(O,Po-(CH;),CsH4)2)w0, 4 and (VO(O,P(0-(CH3)2(CeHa))wo, 5. Tt is
somewhat difficult to account for this difference in the reaction products for the different
phosphinic acids, though the lower solubility and the larger steric effects of the

dibenzylphosphinate ligand may be contributing factors leading to the trimers.

2.5.2 Crystallography

Crystals studied were obtained from saturated 1:1 solutions of hexanes and
methylene chloride layered with more hexanes. Crystals were shaped as flat plates and
colored light blue. Compound 1 crystallized as a solvate with four molecules of 1 and
fourteen molecules of CH,Cl; in the unit cell of crystal A. Complex 1 of formulation
(V3(u3-0)O2)(u2-O,P(CH,C6Hs)2)6(H20), has the three vanadium atoms in the “(VO)3”
moiety forming a triangle with one oxo bond roughly in the center of the quasi-isosceles
triangle (C», symmetry) and the other two oxo ligands outside with one on each
vanadium atom. The outer periphery of complex 1, namely the six bridging benzyl
phosphinate ligands did not contain disorder, but the inner “V3(u3-0)0O,)(H,O)” unit was
refined to occupy three non-equal sites with 60.6(6):31.3(5):7.7(2) occupancies as
illustrated in Fig. 2.1. In this formation, each vanadium atom is six coordinated (distorted
octahedral). Two of the three vanadium atoms are coordinated in a pseudo-octahedral

fashion to an outwards pointing oxo ligand, four O atoms from the four bridging
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phosphinate ligands and at long distances of 2.74(20 and 2.57(2) A to the central oxygen
atom; the third vanadium atom is coordinated to one outwards pointing aqua ligand and
double bonded to the central O atom (1.60(2) A) completing the octahedral coordination
spheres as illustrated in Fig. 2.2 which shows the major orientation. Our first attempt at

obtaining the crystal structure of complex 2 revealed a

Fig. 2.2 A POV-Ray rendered drawing of an ORTEP-332 illustration of the major
orientation of 1 within crystal A. Hydrogen atoms (except those on the aqua ligand,
represented by spheres of arbitrary radii) have been omitted for clarity and the thermal
ellipsoids are drawn at 30% probability. Dotted lines represent the long interactions
between the central oxygen and the two vanadium atoms on the base.

co-crystal consisting of 2 and 1 in a 78.3(6):21.7(6) respective ratio described here as

crystal B and 2 was then more deliberately crystallized in pure form. Drawings of the
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two complexes in crystal B are depicted in Fig. 2.3 and that for pure 2 is given in Fig. 2.4.
Table 2 and 3 list selected bond distances and angles for 1, 2 as defined in crystal B and
pure 2. Table 2.4 contains a comparison of the three different refined triangular
arrangements in complexes 1, pure 2 and that for the previously reported (Vi(us-
0)0,)(C¢HsCO,)s(THF), 6'° and related [(V3(u3-0)0,)((C2Hs0),P0,)s"CH3CN], 7.° In
all cases, significantly different distances for the two long interactions between the

interstitial oxygen atom to two vanadium atoms on the base were
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Figure 2.3. POV-Ray rendered drawings of ORTEP-332 representations of complex 2
(left, 78.3(6)%) and 1 (right, 21.7(6)%) which co-crystallized in the form of crystal B.
Hydrogen atoms (except those on the aqua ligand, represented by spheres of arbitrary

radii) have been omitted for clarity and the thermal ellipsoids are drawn at 30%
probability. Dotted lines represent the long interactions between the central oxygen and
the two vanadium atoms on the base.

present, see rows 3 and 4 in Table 2.2. This asymmetry was utilized in producing the
overlay diagrams since this allowed for the alignment of the “V3” triangles and all the

equivalent distances noted in Tables 2.2 and 2.3 were based on this alignment. The fact

that an examination of the equivalent bond distances and angles for the three
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arrangements of the inner core of complex 1 are not that significantly different suggests
that the model is accurate and that dibenzylphosphinate ligands have great flexibility in
stabilizing the inner core geometries. The flexibility is demonstrated in the fact that an
overlay of the two V3 triangular cores in 1 from crystal A and 2 from crystal B reveals
different arrangements of the benzyl groups as illustrated in Fig. 2.5. Interestingly these
differences in benzyl group arrangements are more pronounced in an overlay between
complex 2 from crystal B and pure 2 as illustrated in Fig. 2.5. This suggests that the co-
crystallization of 78.3(6)% of 2:21.7(6)% of 1 resulted in a packing arrangement which
differs substantially from that occurring in pure 2 which would imply that any differences
in bond lengths and angles noted in Tables 2.2 and 2.3 may partly be as a result of the co-
crystallization in crystal B but more likely the different internal ligand arrangements. As
can be seen in Fig. 2.6, the py ligand plane in crystal B in these two structures is oriented
almost parallel to the O4-V1-O15 plane in 2 from crystal B whereas the py plane is
rotated 90° and is almost parallel to the O6-V1-O13 plane in pure 2. While these
different orientations of the py ligand in these two molecules result in the interesting fact
that the overall geometries depicted in Fig. 2.6 appear as mirror images, it is the main
reason why some of the equivalent bond angles listed in Table 2.6 are significantly
different.

The nature of the disorder in crystal A reduced the accuracy with which some of
the distances in the different orientations of 1 could be refined and, in particular, the
nature of the interstitial oxygen atom was not determined accurately as reflected in the

number of decimal places (i.e., 2 and not 3) for data associated with the atoms labeled as
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O(1), O(2) and O(3) and only a listing of the two major orientations for 1 is given in

Table 2.4.

Figure 2.4. POV-Ray rendered drawings of ORTEP-332 representations of pure
complex 2. Hydrogen atoms have been omitted for clarity and the thermal ellipsoids are
drawn at 30% probability. Dotted lines represent the long interactions between the
central O and the two vanadium atoms on the base.
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Figure 2.5. POV-Ray rendered Mercury produced overlay of the “(V3)” cores of the
major orientation of 1 (light or yellow) in crystal A and the H,O adduct (dark or blue) in
crystal B on the left and an overlay of 2 from crystal B (light or yellow) and that of pure 2
(dark or blue).

Figure 2.6. POV-Ray rendered Mercury™ produced illustration of 2 from crystal B (left)
and pure 2 (right) with the V2 and V3 atoms located in similar positions depicting the
different orientation of the py ligands.
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Table 2.2. Selected bond distances for major components, i.e., major orientation for 1, 2

from crystal B and pure 2. Equivalent distances are on the same horizontal line.

Bond Distances (A)

Compound 1 2 from crystal B Pure 2
V(1)-0(1) 1.600(17) V(1)-0(1) 1.619(3) V(1)-0(1) 1.625(2)
V3D-0(1) | 2.57Q2) V(2)-0(1) 2.487(3) V(2)-0(1) 2.510(2)
VQ2D-0(1) | 2.74(Q2) V(3)-0(1) 2.837(2) V(3)-0(1) 2.830(3)
V(2)-0(2) 1.63(2) V(2)-0(2) 1.581(2) V(2)-0(2) 1.588(2)
V(3)-03) 1.58(9) V(3)-013) 1.587(2) V(3)-0(3) 1.584(2)
V(1)-0(7) 1.942(3) V(1)-0(15) 2.010(2) V(1)-0(13) 2.019(2)
V(D-0(11) | 1.962(3) V(1)-0(4) 1.997(3) V(1)-0(4) 1.988(2)
V(1)-0(6) 1.985(3) V(1)-0(6) 1.981(2) V(1)-0(6) 2.0102)
V(D)-0(15) | 2.024(3) V(1)-0(13) 1.974(2) V(1)-0(15) 1.984(2)
V(21)-0221) | 1.562(4) V(3)-0(3) 1.587(2) V(3)-0(3) 1.584(2)
V(21)-0(14) | 1.979(3) V(3)-0(14) 1.981(2) V(3)-0(14) 1.999(2)
V2D-0@8) | 1.979(3) V(3)-0(12) 1.986(2) V(3)-0(12) 1.984(2)
V(21)-009) | 1.997(3) V(3)-0(9) 1.967(2) V(3)-0(9) 2.003(2)
V(21)-0(16) | 1.999(3) V(3)-0(11) 1.988(2) V(3)-0(11) 1.971(2)
V(31)-031) | 1.572(3) V(2)-0(2) 1.581(3) V(2)-0(2) 1.588(2)
V(31)-0(10) | 1.986(3) V(2)-0(8) 2.010(2) V(2)-0(8) 1.989(2)
V(31)-0(13) | 1.992(3) V(2)-0(5) 1.986(3) V(2)-0(5) 2.024(2)
V3D-0(5) | 1.999(3) V(2)-0(7) 2.024(2) V(2)-0(7) 1.993(2)
V(31)-0(12) | 2.003(3) V(2)-0(10) 1.984(2) V(2)-0(10) 2.019(2)
0(5)-P(1) 1.511(3) P(1)-0(5) 1.505(3) P(1)-0(5) 1.513(2)
0(6)-P(1) 1.501(3) P(1)-0(4) 1.513(3) P(1)-0(4) 1.518(2)
0(7)-P(2) 1.517(3) P(2)-0(7) 1.495(3) P(2)-0(7) 1.516(2)
0(8)-P(2) 1.511(3) P(2)-0(6) 1.507(3) P(2)-0(6) 1.516(2)
0(9)-P(3) 1.508(3) P(3)-0(8) 1.502(2) P(3)-0(8) 1.523(2)
0(10)-P3) | 1.522(3) P(3)-0(9) 1.5142) P(3)-0(9) 1.516(2)
O(11)-P4) | 1.513(3) P(4)-0O(11) 1.5142) P(4)-0(11) 1.524(2)
0(12)-P(6) | 1.507(3) P(4)-0O(10) 1.517(3) P(4)-0(10) 1.506(2)
0(13)-P4) | 1.500(3) P(5)-0(12) 1.510(2) P(5)-0(12) 1.522(2)
0(14)-P(5) | 1.503(3) P(5)-0(13) 1.518(2) P(5)-0(13) 1.51502)
0(15)-P(5) | 1.518(3) P(6)-0O(15) 1.509(3) P(6)-0(15) 1.521(2)
0(16)-P(6) | 1.516(3) P(6)-0(14) 1.512(3) P(6)-0(14) 1.5142)

V(1)-N(2) 2.331(11) V(1)-N(1) 2.350(3)

N(2)-C(13) 1.232(10) N(1)-C(85) 1.339(4)

N(2)-C(17) 1.434(12) N(1)-C(89) 1.353(4)
V(D)-0(111) | 2.307(4) V(1)-0(21) 2.24(3)
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Table 2.3. Selected bond angles for 1 (major orientation), 2 from crystal B and pure 2.
Equivalent angles are on the same horizontal line.

Compound 1 (°) 2 from crystal B (°) Pure 2 ()

O(1)-V(1)-0O(7) | 98.8(7) Oo(1)-V(1)- Oo()-V(1)-

O(15) 99.39(11) o(15) 98.40(10)
Oo()-v(1)- 97.1(7)
O(11) O(1)-V(1)-0(4) | 96.39(11) O(1)-V(1)-0(4) | 98.79(10)
O(7)-V(1)- 164.05(19) 0(4)-V(1)- 0(4)-V(1)-
o(11) 0o(15) 164.21(10) o(15) 162.81(9)
O(1)-V(1)-0(6) | 101.0(6) O(1)-V(1)-0(6) | 98.72(11) O(1)-V(1)-0(6) | 96.14(10)
O(7)-V(1)-0(6) | 89.10(12) 0(6)-V(1)- 0O(6)-V(1)-

0(15) 87.94(10) 0(15) 89.05(9)
o(11)-V(1)- 89.30(12)
0(6) 0(6)-V(1)-0(4) | 89.22(10) 0(6)-V(1)-0(4) | 89.39(9)
Oo()-V(1)- 101.4(6) O(1)-V(1)- Oo()-V(1)-
o(15) 0(13) 98.47(11) 0(13) 99.39(10)
o(7N)-V(1)- 88.27(11) O(13)-V(1)- O(13)-V(1)-
o(15) O(15) 88.95(10) o(15) 89.02(9)
o(11)-V(1)- 87.19(12) 0(13)-V(1)- 0(13)-V(1)-
O(15) 04) 89.19(10) 04) 87.92(9)
0(6)-V(1)- 157.65(18) O(13)-V(1)- O(13)-V(1)-
o(15) 0(6) 162.81(11) 0(6) 164.46(9)
Oo()-V(1)- 179.8(9) 176.95(1
O(111) O(1)-V(1)-N(2) | 179.4(3) O(1)-V(1)-N(1) | 0)
O(7)-V(1)- 81.33(13) 0(15)-V(1)- 0(15)-V(1)-
O(111) N(2) 81.2(3) N(1) 79.94(9)
o(11)-V(1)- 82.79(14)
O(111) 0(6)-V(1)-N(2) | 81.1(3) 0O(6)-V(1)-N(1) | 81.30(9)
0(6)-V(1)- 79.14(13)
O(111) 0(4)-V(1)-N(2) | 83.0(3) 0O(4)-V(1)-N(1) | 82.89(9)
0(15)-V(1)- 78.52(13) 0(13)-V(1)- 0(13)-V(1)-
o(111) NQ) 81.7(3) N(1) 83.18(9)
0Q21)-V(21)- | 104.77(15) 0(3)-V(3)- 0(3)-V(3)- 105.16(1
0(14) 0(12) 98.58(11) 0(12) 1)
OQ21)-V(21)- 100.53(15) 0(3)-V(3)- 0(3)-V(3)-
0(8) 0(14) 105.25(12) 0(14) 98.26(11)
O(14)-V(21)- | 89.59(11) 0(14)-V(3)- 0(14)-V(3)-
0(8) 0(12) 89.59(10) 0(12) 89.55(9)

0@21)-V(21)- | 98.29(15)
009

0(3)-V(3)-0(9) | 106.30(12)

0(3)-V(3)-0(9) | 99.03(11)

0(14)-V(21)- | 85.72(11) 0(9)-V(3)- 0(9)-V(3)-

0(9) 0(12) 86.69(10) 0(12) 86.66(9)
0(8)-V(21)- 161.17(15) 0(9)-V(3)- 0(9)-V(3)-

0(9) 0(14) 148.44(10) 0(14) 162.69(9)
OQ21)-V(21)- | 105.54(15) 03)-V(3)- 03)-V(3)- 106.26(1
0(16) o(11) 98.98(11) o(11) 1)
O(14)-V(21)- | 149.55(15) 0(12)-V(3)- 0(12)-V(3)-

0(16) o(11) 162.43(9) o(11) 148.57(9)
0(8)-V(21)- 87.73(11) 0(14)-V(3)- 0O(14)-V(3)-

0(16) o(11) 86.50(10) o(11) 86.87(9)
0(9)-V(21)- 87.14(11) 0(9)-V(3)- 0(9)-V(3)-

0(16) o(11) 87.71(10) o(11) 87.58(9)
0B1)-V(31)- | 104.09(14) 103.11(1
0(10) 0(2)-V(2)-0(8) | 95.89(11) 0(2)-V(2)-08) | 1)

0(1)-V31)- | 98.07(13)
0(13)

0(2)-V(2)-0(5) | 102.06(12)

0(2)-V(2)-0(5) | 97.10(10)
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0(10)-V(31)- | 86.98(11)
0(13) 0(5)-V(2)-0(8) | 86.82(10) 0(5)-V(2)-0(8) | 88.87(9)
OG1)-V(31)- | 103.55(13) 102.12(1
0(5) 0(2)-V(2)-0(7) | 97.03(11) 002)-V(2-0(7) | 1)
O(10)-V(31)- | 152.36(12)

0(5) 0(8)-V(2)-0(7) | 166.93(10) 0(8)-V(2)-0(7) | 154.77(9)
O(13)-V(31)- | 88.63(11)

0(5) 0(5)-V(2)-0(7) | 88.60(10) 0(5)-V(2)-0(7) | 88.459)
0B1)-V(31)- | 97.73(13) 02)-V(2)- 02)-V(2)-

0(12) 0(10) 103.42(12) 0(10) 95.83(10)
0(10)-V(31)- | 89.86(11) 0(10)-V(2)- 0(10)-V(2)-

0(12) 0(8) 90.13(10) 0(8) 90.47(9)
O(13)-V(31)- | 164.19(11) 0(10)-V(2)- 0(10)-V(2)-

0(12) 0(5) 154.52(10) 0(5) 166.86(9)
0(5)-V(31)- 87.00(11) 0(10)-V(2)- 0(10)-V(2)-

0(12) 0(7) 88.75(10) 0(7) 86.56(9)
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This suffices to demonstrate equivalency and merit in the refinement and we restrict a
comparison in distances to 60.6 % 1 and 2 as detailed in Tables 2.4 and 2.5. Some
conclusions can be drawn as follows.

1. There are no discernable significant differences in the vanadium to interstitial
oxygen atom and the other two vanadium to Oy, atom distances in 1, namely V(1)-
O(1)=1.60(2) A, V(21)-0(21) = 1.562(3) A and V(31)-O(31) = 1.572(3) A for 1.
The equivalent distances, i.€., V t0 Ocentral cOmpared to V to Oterminal in 2, 6 and 7
(situated on a crystallographic two-fold axis) are significantly different presumably
as a result of the ligand #rans to the central O atom. It is likely that the disorder in 1,
1.e., this one oxygen atom (O(1) + O(2) + O(3) = 100 % O in 1) was refined over
three different positions, prevented accurate resolution.

2. The vanadium to oxygen atom distance in the aqua ligand in 1 (2.307(4) A) is
comparable with the equivalent distance for 1 in crystal B at 2.24(3) A and the
vanadium to nitrogen atom in pyridine in 2 from crystal B (2.331(11) A) is
equivalent to that in pure 2 at 2.350(2) A. However, the vanadium to oxygen atom
distances in 1 are significantly longer than the vanadium to Oryr atom distance in 6
at 2.186(6) A whereas the vanadium to N(py) distances in 2 are equivalent to the
vanadium to N atom in acetonitrile in 7 at 2.352(6) A.

3. The lengths of the sides of the “V3” quasi-isosceles triangle in 1 (3.830(3), 3.742(2),
4.422(2) A) and pure 2 (3.917(1), 3.738(1), 4.409(1) A) are significantly larger than
those in 6 (3.520(2), 3.572(2), 4.050(2) A), and shorter than those in 7 (3.926(2) and

4.540(2) A), see Table 2.4. This can be attributed to the larger chelating capabilities
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of the phosphinate ligand as compared with that of the carboxylate moieties in 6 as
noted previously.”

4. The interstitial O atom, O(1), is displaced more from the center of the quasi-

isosceles triangle formed by the three vanadium atoms in 2 compared to 1 judging by

the V(2)-O(1) and V(3)-O(1) labeled distances in 2. The fact that the equivalent

distances are shorter in 6 may be attributed to the shorter triangle. The three

interstitial angles add up to exactly 360° for 1 and 2 thus proving the planarity of the

core.

5. The bond distances between the vanadium and the O atom on the aqua ligand in both

1 from crystals A and B at 2.307(4) and 2.24(3) A is suggestive of a long single
bond and it is noteworthy that there are no hydrogen bonds associated with this
coordinated water molecule, presumably due to steric shielding from the bulky
benzyl groups. Apart from the coordination by the O atom, the environment of the
two H atoms being surrounded by phenyl groups is similar to that in the recently
reported H,O@Cgy where a single water molecule was encapsulated by C60.3 5
In light of this analysis and that previously reported for 6," the structures of related
trinuclear vanadium complexes both which contained disorder and were assigned by
crystallography as co-crystals consisting of [(CoHs),NHz o[ {V ¥ O(t-HoL)  3(1s-
O)os7[ {V(OH)( -HL)} 3(113-0)]0.33-2H20, where HyL = CH;C(OH)PO3H,),.*® and,
{[V303(OH)(Hshedp)(Hhedp),]® }*” where Hshedp = etidronic acid, may be in need of

reassignment.

2.5.3 Magnetic susceptibility measurements
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The magnetic moments of compounds 1-5 were measured at 296K in triplicate
and are listed in Table 2.6 with raw data as Table 2.S1. Compounds 1 and 2 display

magnetic moments for

Table 2.6. Magnetic moments of oxovanadium phosphinate compounds.

Compound  pe'/up

1 3.02(1)
2 3.045(6)
3 1.76(2)
4 1.758(7)
5 1.77(3)

?All measurements conducted in triplicate at 296K.

three oxovanadium d' centers contained in one molecule and the variable temperature
measurement on complex 2, Fig. 2.7, suggest that this is ferromagnetically coupled.

The data (susceptibility versus temperature and magnetization versus field) were
simultaneously simulated with MAGPACK,® using the same set of parameters: g =
1.98,J=+0.64 cm-1 and J’ =-0.61 cm-1 for the Hamiltonian: H = -2J(S5,5,+5,53)-
2J°8185. The very weak exchange interactions are consistent with the crystal structure
and the long V-V distances. This is in contrast to the data reported for the
antiferromagnetically coupled vanadium(IV) dimer [V,0,(1~OH)( #-SO4)([9]aneNs3),]Br;
of 1.2 ug®® at 293K and for the anionic cluster [(VO),BP20;0]s'* of 1.59 5™ at 298K

which both contain shorter V...V distances. The magnetic moments for polymeric
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Figure 2.7. Measured and calculated yM and yMT against T for compound X. Inset: M
vs H for compound X at 2 and 4 K. The lines are the best fit of the data using the
parameters described in the text.

species 3-5 were similar to the spin-only moment for an unpaired d' electron as was
noted for molecular vanadium(IV) species.*"*** Previous measurements with
oxovanadium dimers in which two or three diphenylphosphinate ligands bridged two
vanadium centers resulted in magnetic moments at room temperature close to the spin-
only moment for one unpaired electron.” '"** Additionally, a 2-dimensional

oxovanadium phosphinate polymer was also reported to have a magnetic moment near

the spin-only moment for one unpaired electron.'? In each case, the vanadium centers are
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connected to each other by bridging phosphinate ligands but show no meaningful
magnetic interaction.
2.5.4 TGA and DSC Analysis

The TGA for VO(acac),, Fig. 2.S11, and TGA and DSC for VO(acac),(py), Figs.

d*">* and we re-measured these as a check

2.S12 and 2.S13, have been previously reporte
of instrumental accuracy. The results suggest (based solely upon color and weight loss)
that both VO(acac), and VO(acac),(py) decompose to V,03 by 270 °C and the pathway
with VO(acac),(py) includes the loss of pyridine (calc. 23.0%; obs. 21.6%), Fig. 2.S12.
DSC suggests that the absorption of 58.0 kJ/mol is required to break the vanadium to N,
bond in VO(acac),(py), Fig. 2.S13, which is comparable to the 69.4 kJ/mol previously
reported.** VO(acac), and VO(acac)x(py) presented 74.1% and 80.2% weight losses,
which are higher than the expected values of 71.7% and 78.1% for a V,03 residue
possibly because of sublimation of VO(acac),, Figs 2.S11-2.S12. Sublimation of
VO(acac), was thought not to occur under these conditions* but more recent work
suggests otherwise.*

In order to understand the TGA data of the complexes produced we measured that
for the ligand dibenzylphosphinic acid which is reproduced as Fig. 2.S14. This revealed
a loss in weight of 82.0 % from 250-400 °C corresponding to the decomposition of the
ligand and possib %). A bulk study where we obtained an IR spectrum of the dissociated
material revealed that this was dissociated ligand. At 500 °C the complex decomposed

further and, in this run, the sample was heated to 600 °C and kept at this temperature for

30 minutes, Fig. 2.S15a. The TGA of 2, Fig. 2.S516, conducted in a similar manner to that
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for 1, revealed a weight loss corresponding to pyridine (calc. 5.2%; obs. 4.5%) and then
presumably some ligand dissociation (obs. 11.7%) followed by decomposition with
heating up to 600 °C for 30 minutes, Fig. 2.S16a. The FTIR spectra of the final products
obtained after heating 1 and 2 up to 600 °C were identical and that for complex 1, Fig.
2.S17, and is comparable to that reported after heating V,05-P,Os ( in the P/V ratio = 2)
which was mostly VO(POs),.*” While the thermolysis of (VO)3((C,Hs0),P0,)s"CH;CN
was reported to produce VO(PO3),,” in our studies on 1 and 2 loss of dissociated ligand
would prevent this compound from being produced in a pure state. An X-ray powder
diffraction measurement on this residue product was not conclusive as the spectrum was
amorphous.

The DSC of 1 contained two small absorptions at 120 and 140 °C corresponding
to 3.9 and 6.8 kJ/mol and a melting transition at 240 °C of 60.7 kJ/mol, Fig. 2.S18. The
DSC of 2 revealed a crystallization process at 120 °C corresponding to the release of 6.8
kJ/mol and two absorptions at 170 and 200 °C (also contains a shoulder blip) of 13.3 and
28.7 kJ/mol respectively followed by a melting transition at 240 °C of 65.2 kJ/mol, Fig.
2.S19. These two plots (without the melting transitions) are illustrated in Fig. 2.8. We
believe that some sort of reorganization is taking place in these complexes that prevents
the sharp rupture and dissociation of the H,O and pyridine ligands in 1 and 2
respectively. Evidence for this is present in the crystallization of 2 in the DSC plot and
the fact that the TGA only indicated weight loss for the H,O and pyridine ligands in 1
and 2 up to 280 °C. Therefore it is reasonable to consider the absorptions of the sum of

the two peaks for 1 at 120 and 140 °C of 10.7 kJ/mol and that for 2 at 170 and 200 °C
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equal to 42.0 kJ/mol as corresponding to the energies required to liberate the vanadium to
Owater bond in 1 and the vanadium to Ny, bond in 2. It did require 58.0 kJ/mol for the

dissociation of py from VO(acac),(py).

T

3.9 kJ/mol 6.8 kJ/mol

€X0—

-6.8 k/mol

—b

) )

13.3 ki/mol 27.7 ki/mol

50 100 150 200
Temperature (°C)

Figure 2.8. DSC thermograms (5 °C min ', N, atmosphere) for 1 (a, top curve) and 2 (b,
bottom curve).

2.6. Conclusions

The nonclassical trimers (V3(u3-0)0;)(12-O2P(CH,CsHs),)6(H20), 1, and (V3(us3-
0)0,)(12-O,P(CH,C¢Hs),)s(py), 2, can be obtained either under solvothermal reaction
conditions or an easier substitution route conducted at room temperature. The presence
of absorptions in the IR spectra in the 995 and 1025 cm™ region of intensity 1:2 may

signify the nonclassical arrangement. Reactions using diphenylphosphinic acid and 2-
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hydroxyisophosphindoline-2-oxide resulted in polymeric species. The structural
characterization of compounds 1 and 2 was based upon the collection and refinement of
data collected from material labeled as crystals A and B. Crystal A consisted entirely of
1 but contained disorder whereby the outer periphery of the ligand structure was
maintained but the inner core “(V3(u3-0)0,)(H,0)” was oriented in three different
arrangements for 1. Crystal B consisted of a co-crystallization of 1 and 2 in a
21.7(6):78.3(6)% ratio. The structure of pure 2 was also detailed. Different
arrangements of the coordinated py ligand were observed. Magnetic susceptibility
measurements revealed values close to the spin only value for one unpaired electron for
1-5 and this was confirmed by variable temperature magnetic susceptibility and
magnetization measurements on complex 2 suggesting that this complex was
ferromagnetically coupled. Thermal analysis assessed the bond strengths of the ligated
water in 1 and the pyridine molecule in 2 at 10.7 and 42.0 kJ/mol respectively, and upon
heating to 600 °C the complexes decomposed. Experiments are currently being
conducted to see if the aforementioned polymers can be broken into smaller complexes
with suitable binding ligands.*®
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Table 2.S1 featuring the magnetic data, FTIR spectra of complexes VO(acac),,
VO(acac),(py), complexes 1-5, and, crystal B Figs. 2.S1-2.S8. X-ray powder pattern for
complexes 3-5, Fig. 2.59. TGA plots on (VO(O,PPh;),)- (3), VO(acac), and
VO(acac),(py), Figs. 2.510, 2.S11 and 2.S12, and DSC thermogram of VO(acac),(py),
Fig. 2.S13. TGA on diphenylphosphinic acid, complexes 1 and 2, Figs. 2.S14-2.516;
FTIR spectrum of the residue from 1, Fig 2.S17; DSC thermograms of 1 and 2, Figs. S18-
S19. CCDC’s 827865, 827866 and 842909 contain the supplementary crystallographic
data for complexes A, B and 2 respectively. These data can be obtained free of charge
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the Internet at http://pubs.acs.org.
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Supplementary material:

Table 2.S1. Raw Data for the Magnetic Susceptibilities for 1-5 and VO(acac),.

Figure 2.S1. FTIR spectrum (neat) of VO(acac)s.

Figure 2.52. FTIR spectrum (neat) of VO(acac),(py).

Figure 2.S3. FTIR spectrum (neat) of (V3(u3-O)O;)(u2-O,P(CH,CsHs),)s(H20) (1).

Figure 2.S4. FTIR spectrum (neat) of (V3(u3-O)O;)(u2-O,P(CH,C6Hs)2)s(py) (2).

Figure 2.S5. FTIR spectrum (neat) of (VO(O,PPh;),). (3).

Figure 2.S6. FTIR spectrum (neat) of ((H,O)VO(O,Po-(CH;),CsHa)2)w (4).

Figure 2.S7. FTIR spectrum (neat) of (VO(O,P(0-(CH;)2(CeHa))w (5).

Figure 2.S8. FTIR spectrum (neat) of crystal B.

Figure 2.S9. X-ray powder diffraction patterns for complexes 3 — 5 at 295 °C.

Figure 2.S10. TGA curve of (VO(O,PPh;),). (3) at a heating rate of 10°C/min

Figure 2.S11. TGA curve of VO(acac), at a heating rate of 5 °C min .

Figure 2.S12. TGA curve of VO(acac)2(py) at a heating rate of 5 °C min .

Figure 2.S13. DSC thermogram of VO(acac),(py) at a heating rate of 5 °C min .

Figure 2.514. TGA curve of diphenylphosphinic acid at a heating rate of 10 °C min "

Figure 2.S15. TGA curve of (V3(u3-0)O;)(u2-O,P(CH,C¢Hs),)6(H20), 1, at a heating
rate of 10 °C min .

Figure 2.S15a. TGA curve of (V3(u3-0)0,)(u2-O,P(CH,C¢Hs),)s(H20), 1, at a heating

rate of 10 °C min"".
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Figure 2.516. TGA curve of (V3(u3-0)0,)(u2-O,P(CH,C¢Hs),)s(py), 2, at a heating rate
of 10 °C min".

Figure 2.S16a. TGA curve of (Vi(u3-0)0,)(u2-O2P(CH,CsHs),)s(py), 2, at a heating rate
of 10 °C min .

Figure 2.S17. FTIR spectrum of the residue obtained after heating 1 at 600 °C.

Figure 2.S18. DSC thermogram of (V3(u3-0)0;)(u2-O,P(CH,CgHs),)6(H20), 1, at a
heating rate of 5°C min

Figure 2.519. DSC thermogram of (V3(u3-0)0O;)(u2-O2P(CH2CsHs),)s(py), 2, at a

heating rate of 5 °C min ",

Table 2.S1. Raw Data for the Magnetic Susceptibilities for 1-5 and VO(acac),.

The magnetic susceptibility measurements for compounds 1-5 and VO(acac),
were conducted at 296 °K. The diamagnetic correction calculated for
bis(benzyl)phosphinic acid was -163.4 x 10 emu mol™, diphenylphosphinic acid was -
139.6 x 10 emu mol™, and 2-hydroxyisophosphindoline-2-oxide was -108.3 x10°® emu
mol’.! The magnetic moment of VO(acac), was also measured to ensure that the
machine was operating properly and was found to be 1.71 + 0.012 ps.

X Compound 1 | Compound 2 | Compound 3 | Compound 4 Compound 5 | VO(acac),
emu
mol
Run | 0.002701 0.002798 0.0009778 0.001042 0.001073
1 0.001052
Run | 0.002757 0.002784 0.001031 0.001115 0.001080
2 0.001060
Run | 0.002743 0.002826 0.0009858 0.001039 0.001049 0.001108
3
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Chapter 3 Tungsten and Vanadium Cubanes
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3.1 Expanding molecular transition metal cubane clusters of the form

[M (u3-0),J"**: Syntheses, spectroscopic and structural characterizations
of molecules M,(13-0) (O,P(Bn);) (0, , M = V" and W'™?

John S. Maass,” Zhichao Chen,” Matthias Zeller,bRudy L. Luck*
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3.2 Abstract
Oxidizing the trimer V3(u3-0)(02)(12-O2P(Bn),)s(H,0) in the presence of excess

‘BuOOH results in V4(u3-0)4(p2-O2P(Bn),)4(04) and heating W(CO)g and
bis(benzyl)phosphinic acid in 1:1 EtOH/THF at 120 °C produces W4(p3-O)a(Lo-

O2P(Bn)2)4(O4).

3.3 Results and Disscusion
In contrast to the large number of sulfur-containing clusters known for a wide

range of transition metals of the form [M4(u3-S)4]r’+,l which also extends to
heterometallic formulations,? there has not been an equivalent number of reports of
molecular oxygen-containing clusters of the type [M4(u3-O)4]"". Noteable exceptions are
tin® (i.e., [Sns04]%"), titanium? [Ti404]*" and manganese [MnsO4]°" clusters® due to their
relevance to the oxygen-evolving complex in photosystem I1.° There are several reports
of vanadium(IV)-sulfite polyoxometalates,” and, extended arrays of vanadium(V) in
[V4016]" in the mineral phosphovanadylite® and in two other related layered
phosphovanadate structures.” For tungsten, reports of planar aggregates, e.g.,
[WOQCIQ(THF)]A;,m and of cubane-like clusters with tetrameric tungstate(VI) units have
been detailed. The [W4016]8' cores were stabilized by metal-containing units such as
[(1,5-COD)Ir]+,L1 [Cp*Rh]er,Q [Ru( 776-C6Me6)]2+,ﬁ and [Cr(cyclam)]“.M So far, dimeric
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complexes featuring a [W,04]*" core have been produced only with tungsten(V)™
exhibiting WY-W" single bond distances in the range 2.537(1)**2 - 2.568(1)A.* Our
report'® of a readily available route to the previously reported Moa(pt3-O)a(p2-
0,P(C¢Hs),)4(04)* followed by the syntheses of this molybdenum tetrameric core
stabilized by other phosphinate ligands, including dibenzylphosphinate,® raised the
obvious question as to whether phosphinate ligands (also utilized in many of the
complexes referred to above) would be capable of extending the number of transition
metals that can exhibit this type of bonding in molecular form. This paper details our
success at producing vanadium and the first reported tungsten(V) tetrameric cubane

clusters of the form My(p3-0)4(O2P(Bn);)4(O4).

The synthesis of these compounds turned out to be much more difficult than one
would have predicted given the various ways in which the analogous molybdenum
tetramers were produced.® Essentially, the only reliable way we have discovered to
produce the vanadium tetramer, V4(u3-0)4(O2P(Bn),)4(O4), 1, consists of the oxidation of
the trimer V3(u3-0)(0,)(12-O,P(Bn),)s(H,0)™ in the presence of excess ‘BuOOH

followed by self assembly of the desired compound, possibly as outlined in Scheme 1.*

4 V3(u3-0)02)(12-O2P(Bn),)s(H,O) + 6 ‘BuOOH + 2 H,0 —

3 V4(u3-0)4(0O,P(Bn),)4(04) + 12 HOOP(Bn), + 6 ‘BuOH (1)

The production of HOOP(Bn), was verified by IR spectroscopy and the reaction
requires water to be successful. The synthesis of complex 1 via this procedure is based
on elemental analysis, IR, 'H and *'P NMR spectra (see supp. Mat.) and the fact that the
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spectra are similar to those for tungsten (see below) and the molybdenum'® analogs.
Routes involving the reaction of starting vanadium complexes such as V,0s or
[BugN]5[H3V10025] and HOOP(Bn), in CH3CN with or without [BuyN][OH] either
resulted in intractable products or the trimer V3(u3-O)(O;)(12-O,P(Bn),)s(H20).
Reactions with VO(acac), in EtOH under solvothermal conditions or in THF at room
temperature in the presence of HOOP(Bn), and either 'BuOOH or H,0, were not
successful as the EtOH reduces V(V) to V(IV); these reactions also resulted in the
aforementioned trimer. However, oxidizing a solution of VO(acac), in EtOH with
‘BuOOH and then adding HOOP(Bn), in CH,Cl, (followed by stirring for 5 hrs at room
temperature) leads to mixtures (38.5% yield) of the desired tetramer, the aforementioned
trimer and/or some other complex. The desired orange tetramer may be obtained pure by
selective crystallization consisting of the diffusion of hexane into CH,Cl; solutions of the

crude mixture.

The tungsten tetramer, W4(u3-O)4(p2-O2P(Bn),)4(04), 2, was obtained using
W(CO)s but was not obtained using a high oxidation state compound, e.g., Na;WO,.} As

shown in Scheme 2, this reaction was conducted under solvothermal conditions

W(CO)6 + 4HOOP(BH)2 — W4(p3-0)4(p2-OzP(Bn)2)4(O4)

EtOH:THF, 120 °C 2)

in a solvent mixture consisting of equal amounts EtOH and THF. W(CO)s is known to
oxidize in solution under 02.& In pure EtOH, 2 was obtained on occasion but this is not
as reproducible compared to using the mixture of solvents. Complexes 1 and 2 have very
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characteristic IR patterns in the range 1012 — 978 cm™. This takes the form of two sharp
outer peaks with a shoulder peak in the middle (1012, 1000 and 990 cm™ for 1; 1012,
1000 and 979 cm™" for 2) and this pattern was also observed for the molybdenum

analogue

Fig. 3.1 Mercury”' drawing of 1 with 50% probability ellipsoids.

(1011, 998 and 980 cm™).2® The complexes yielded distinctive peaks in their 'H NMR
spectra consisting of AB patterns for the diasterotopic CH, protons of the benzylic ligand

at §2.86 and 2.90 for 1 and & 2.93 and 3.06 for 2. The *'P{'H} NMR spectra consist of

single resonances at 8 60.6 and 68.4 for 1 and 2 respectively.

We initially observed crystals of 1 growing in a tube consisting of a mixture of
the trimers V3(13-0)(02)(12-02P(Bn)2)6(H20) and V3(p3-0)(02)(12-0:P(Bn))e(py)™ in

wet CH,Cl, and hexane.” The observation of orange crystals prompted a single crystal
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X-ray study which revealed that 1 was produced and crystallized as a tetrahydrate with
one crystallographically independent water molecule of solvation per asymmetric unit
disordered over three positions; this was refined with the sum of the occupancies
constrained to one. Crystals of 2:3(THF) were obtained by layering a solution of 2 in
THF with hexane. For both 1 and 2, single crystal X-ray diffraction studies  reveal
cubane core structures consisting of four diagonally arranged metal atoms and four triply
bridging oxygen atoms at the vertices with terminal oxygen atoms on each metal atom
(arranged so that the four metal to oxygen atom bonds are all parallel) and
dibenzylphosphinate ligands bridging the four faces of the cube; see Figs. 1 and 2. We
have previously described these structures as consisting of “two [M04]* halves held

1% With these electron deficient materials,

together by the bridging phosphinate ligands.
we have distortions from perfect cubane core geometries resulting in elongations along

the axes formed by the bridging phosphinate groups in contrast to the almost perfect

geometries exhibited by more electron rich clusters.?

Table 1 lists selected distances and bond angles for 1 and 2 and for the complex
Mou(p3-0)4(p2-O2P(Bn),)4(04), 3.2 Complex 3 did crystallize in the form of two
different solvates, namely 3-2.75C;Hg and 3-2CH,Cl, and the latter solvate crystallized in
a monoclinic /4,/a setting equivalent to that of 1'4(H,O) and 2-:3(THF) and thus the data
listed in Table 1 are for isomorphous compounds, as an examination of the arrangement

in the benzyl groups depicted in Figs 1 and 2 (and that 3-:2CH,C1,*®

) would attest. The
data in Table 1 show that while the metal to metal distance (M;"**M,) is short for 1, that

for 2 at 2.6354(5) A represents a long W-W bond in contrast to those in dimeric W(V)
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species (e.g., anti-[L,W,04]*") where shorter distances of 2.565(1) A were noted.>® This
distance is much shorter than that for the tungsten(VI) cubane clusters=* mentioned
above, where distances averaging 3.29(4) A (indicative of no interaction between the
metal atoms) were observed. Evidence of this interaction is also present in the UV-vis
absorption. In this regard complex 3 displays two absorptions in CH,Cl, at 314 and 450

nm where the second transition can be assigned to a Mo-Mo

Fig. 3.2 Mercury”' drawing of 2 with 50% probability ellipsoids.

c—c* transition. Notably complex 1 only displays one intense absorption at 340 nm
which is presumably a ligand to metal charge transfer band. That for 2 is at 374 nm with

the c—c* transition appearing as a nondescript buried peak on this large absorption.
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Table 3.1 Selected distances and bond angles for 1, 3 and 2.

o o
O—__ |2/?5 ! 1//03
o/ i \O ;' F/\O4
\: i_0O ! . _PBn,
b7\ _fo—]
by M6,
NS T
o, N\
\ i /
O/m O3
V) 3 (Mo) 2(W)
Distances (A)
M; M, 2.7610(8) 2.6261(5) 2.6354(5)
0,05 2.419(2) 2.7560(2) 2.7970(4)
M, M, 3.3300(6) 3.4091(2) 3.4019(4)
0,0, 2.761(2) 2.7482(2) 2.7262(3)
M,-0, 1.5786(16) 1.668(2) 1.6964(19)
M,-0, 1.8161(13) 1.9555(19) 1.9809(16)
M,-O; 1.8919(13) 1.9612(19) 1.9825(16)
M,-0, 2.4392(15) 2.399(2) 2.3626(19)
M;-0O3 1.9697(13) 2.0793(19) 2.0521(17)
M,-0, 1.9427(13) 2.0586(19) 2.0742(17)
053’::04 2.561(2) 2.5823(2) 2.5871(3)
Bond Angles (°)

0,-M,-0, 177.40(6) 170.36(3) 168.99(7)
M,-0,-M, 96.23(6) 84.21(7) 83.35(6)
0,-M,-O5 81.41(6) 89.44(3) 89.77(7)
0,-M,-0, 103.16(7) 109.09(9) 110.23(8)
0,-M;-0, 99.44(7) 97.61(9) 97.66(3)
0,-M,-0, 99.74(7) 98.92(9) 96.55(8)
0;-M;-0O; 102.31(7) 109.10(9) 110.29(8)
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As expected, the M;-O distance in 1 at 1.5786(16) A and the corresponding trans
M;-0O7 at 2.4392(15) A are the shortest and the longest respectively out of the three
complexes in Table 1. The distortion from perfect cubane cores is evident in that there
are much larger distances observed for M, -*M3 compared to the M;"**M, interactions; see
Table 1. The distance labelled as O,'**Os also varies among the three cubes with that for
1 being the shortest at 2.419(2) A to that in 3 and 2 at 2.7560(2) and 2.7970(4) A
respectively. Somewhat related is the fact that the O;-M;-O7 angle for 1 at 177.40(6)° is
very nearly linear whereas that for 2 and 3 at 168.99(7) and 170.36(8)°, respectively,
deviate more. These effects may be attributed to the repulsive effects of the metal to
metal atom interaction or more simply the fact that as the metal atoms form bonds, the
oxygen atoms move apart as a consequence. This also results in the M;-0,-M; and O,-
M;-Os angles being the largest and smallest respectively for 1 compared to 2 and 3; see
Table 1. The last four rows of data in Table 1 illustrate the fact that the geometry at each
metal center can be considered as distorted square pyramidal with the metal centers being
raised out of the plane defined by the four pseudo-equatorial oxygen atoms. The listings
for the corresponding distances reveal that those for the oxygen to metal atoms are
significantly shorter in 1 compared to 2 and 3 with the exception of the bond trans to the
multiply bonded oxo ligand. The O3" 'Oy listing in Table 1 illustrates the
accommodating nature of the phosphinate bridge ranging from 2.561(2) A in 1 to

2.5871(3) A in 3.

In summary, we detail synthetic routes leading to vanadium and tungsten

tetrameric complexes of the stoichiometry [Mu(p3-0)4]'*". While complexes containing
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this core were previously reported for vanadium albeit in the form of extended clusters,

this is the first report for a tungsten(V) cluster of this core geometry.

3.4 Notes and references
"Electronic supplementary information (ESI) available: Elemental analyses, IR, 'H and

3P NMR spectra, TGA plots for 1-3 and X-ray data for 1 and 2. CCDC 834511 and
834512. For ESI and crystallographic data in CIF or other electronic format see DOI:

10.10XX/clecl0XXXce

*Synthesis of 1: V3(u3-0)02)(12-02P(Bn),)s(H,0)'® (0.0500 g, 0.0295 mmol) was
dissolved in 10 mL of CH,Cl, at 20 °C. To this light blue-green solution was added
‘BuOOH (0.016 mL of 5.5 M) in decane upon which the solution turned dark purple.
About 5 drops of de-ionized H,O were then added. After 3 hours of stirring, the solution
had turned reddish-orange in color. The solvent was reduced to about 1 mL, kept at -20
°C overnight and then filtered. To the filtrate was added 30 mL of hexanes and this
mixture was kept at -20 °C for 2 days resulting in an orange crystalline precipitate which
was then filtered off, rinsed with hexanes and then dried under a vacuum to give 0.0050 g
of 1 (0.0038 mmol, 17.2 % yield with respect to Vi(u3-0)O;)(12-O,P(Bn),)s(H20)).
Anal. (Galbraith Laboratories, Knoxville, TN) Calc. for Cs¢HsV4016P4: C, 51.24; H,
4.30. Found: C, 50.84; H, 4.58 %. '"H NMR (400 MHz, CDCl;): & (ppm) = 2.86 (dd, 8,
2Jup = 23.3, *Jpamy = 14.7 Hz, CH,P), 2.90 (dd, 8, “Jup = 27.7, *Juams = 14.7 Hz, CH,P),
7.05-7.36 (m, 40, (CeHsCH,)). *'P{'H} NMR (162 MHz, CDCls, relative to H;POy): &

(ppm) = 60.6 (s, 1P). UV-vis spectrum (CH,Cl,) 340 nm. IR (neat, cm V) 3062(vw),
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3029(vw), 1602(vw), 1496(m), 1454(m), 1398(vw), 1245(vw), 1190(vw), 1145(vw),

1101(m), 1070(m), 1012(s), 1000(s), 990(s), 914(vw), 847(br), 779(W), 698(s).

“Synthesis of 2: W(CO)g (0.100 g, 0.284 mmol) and bis(benzyl)phosphinic acid (0.070 g,
0.283 mmol) were placed in a sealed tube with 6 mL of a 1:1 mixture of ethanol and THF
and heated at 120 °C for 36 hrs. The resulting dark black-blue solution was then cooled
to 20 °C. After 1 day the yellow crystals that had formed were filtered off, rinsed with
ethanol and then dried under vacuum to yield 2 (0.018 g, 0.010 mmol, 13.75% yield
based on W(CO)e). Anal. (Galbraith Laboratories, Knoxville, TN) Calc. for
CseHssW4016P4: C, 36.47; H, 3.06. Found: C, 36.63; H, 3.23 %. '"H NMR (400 MHz,
CDCls): & (ppm) = 2.93 (dd, 8, *Jup = 19.5, “Jyyamp = 14.8 Hz, CH,P), 3.06 (dd, 8, *Jyp =
14.9, *Jya = 14.8 Hz, CH,P), 7.04-7.22 (m, 40, (C¢HsCH,)). *'P{'H} NMR (162 MHz,
CH,Cl,, relative to H3POy): 6 (ppm) = 68.4 (s, 1P). UV-vis spectrum (CH,Cl,) 374 nm.
IR (neat, cm '): 3062(vw), 3030(vw), 1602(vw), 1496(m), 1454(m), 1398(vw), 1248(w),
1194(vw), 1143(vw), 1087(m), 1071(m), 1043(w), 1012(s), 1000(s), 979(s), 916(m),

854(m,br), 779(m), 694(s).

**Crystal data for 1: Cs¢Hs6O16P4V44(H,0), M = 1376.65, tetragonal, a = 22.306(4) A, b
=22.306(4) A, c =12.824(2) A, V =6380.7(19) A T= 100(2) K, space group 14,/a, Z =
4, u=0.738 mm'l, 22239 reflections measured, 4828 independent reflections (R, =
0.0504). R; = 0.0397 (I > 20(I)). wR(F?) = 0.0899 (I > 20(I)). R; = 0.0691 (all data).
wR(Fz) =0.102 (all data). Crystal data for 2: Cs¢Hs6016P4W423(C4H3O), M = 2060.56,
tetragonal, a = 22.771(4) A, b=22.771(4) A, ¢ = 13.107(2) A, V = 6796(2) A*, T =

100(2) K, space group 14,/a, Z=4, p=6.915 mm™', 17299 reflections measured, 5083
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independent reflections (R = 0.0225). R; = 0.0189 (1> 205(I)). wR(F?) = 0.0425 (1>

26(D)). R; = 0.0241 (all data). wR(F?) = 0.0457 (all data).
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Supplemental Data

Expanding molecular transition metal cubane clusters of the form
[M4(1*-0),]"*": Syntheses, thermal analyses, spectroscopic and
structural characterizations of molecules of the form M(u’-
0)4(0:P(CH;C¢H3),)o(04), M= V" and W*

John S. Maass,” Zhichao Chen,” Matthias Zeller,” Rudy L. Luck™*
Supplementary Material

Elemental analyses, 1H and 31P NMR spectra for 1 and 2, and, IR and TGA plots for 1, 2
and the Mo analogue, 3.

Figure 3.S1. Elemental analyses on 1 and 2.
Figure 3.52. "H NMR spectrum of V,(i3-0),(0,P(Bn),)4(0,), 1, in CDCl;.
Figure 3.S3. '"H NMR spectrum of W (n3-0)4(0,P(Bn),)4(0y), 2, in CDCl,.
Figure 3.54. *'P{'"H} NMR spectrum of V,(i3-0),(O,P(Bn),)4(O,), 1, in CDCl,.
Figure 3.85. *'P{'"H} NMR spectrum of W,(j13-0)4(0,P(Bn),)4(0y), 2, in CH,Cl,.
Figure 3.S6. IR spectrum of V (n;-0)4(0,P(Bn),)4(0y), 1.
Figure 3.S7. IR spectrum of W (u3;-0),(0,P(Bn),)4(0,), 2.
Figure 3.S8. IR spectrum of Moy(1;-0)4(0,P(Bn),)4(0y), 3.
Figure 3.89a. TGA curve of V,(n*-0),(n*-O,P(CH,C4Hs),)4(0,), 1, at a heating rate of 10 °C min".
Figure 3.89b. TGA curve of V,(u*-0),(n*-0,P(CH,C¢Hs),)4(0,), 1, at a heating rate of 10 °C min™".
Figure 3.510a. TGA curve of W (n*-0),(n*-0,P(CH,C¢Hjs),)4(0,), 2, at a heating rate of 10 °C min™".
Figure 3.510b. TGA curve of W,(u*-0),(n*-0,P(CH,C¢Hs),)4(0y), 2, at a heating rate of 10 °C min™".
Figure 3.S11a. TGA curve of Moy(n*-0),(n*-0,P(CH,C¢Hs),)4(0,), 3, at a heating rate of 10 °C min™".
Figure 3.S11b. TGA curve of Mo4(u4-0)4(u2-OZP(CH2C6H5)2)4(O4), 3, at a heating rate of 10 °C min.
Figure 3.S12. IR spectrum of the final product from the decomposition of V4(u;-0),(O,P(Bn),)4(0y,),
1 at 600 °C.
Figure 3.S13. IR spectrum of the final product from the decomposition of W4(13-0)4(0,P(Bn);)4(0,),
2 at 600 °C.
Figure 3.S14. IR spectrum of the final product from the decomposition of Mo,(u;-
0)4(0,P(Bn),)4(0y), 3 at 600 °C.

83



éGALBRA]TH
Fepat Mumber: 32312 L altrrirEntoay: Report Dater 3011 -06-12

Laboratory Report
Report prepared fior: Report prepared by
. Fudy Luck Fat B Delazer
Michigan Tech Liny
gdﬁm Purchase Order.
Houghton, M 43331 HswArs
Phone  Q6-S67-ZH8
For further assistance, condact:
Eralt Loirnosit Pat B Delter
Production Coominaior
PO Bo 51610
Ko, TH 37950-1610
(B55) S46-1355
el @oaibrain com
Sample: COHEBHEEW4016P4
Lab ID:  2011-MN-2848 Received: 2011-05-02
Anakals meinod Resull ‘Basie Amourt Datn [ Time)
> Cartion
GLI Procedure ME-12 IEI% As Recelved 1153 mg B
H - Hyorogen
LI Procedure ME-12 AT% A5 Recsved 1.153mg AE-1
Sample: CHBH58V4016P4
Lab ID: 2011-MN-8848 Received: 2011-05-02
Ayl Method Resull ‘Basie BTt Dt (Time)
- Carban
GLI Procedure ME-12 S04 % A5 Received 1.033 mg B
H: Hyorogen
L1 Procedure ME-12 45% As Recelved 1033 mg AHE-1
Signatures:
Modiied By: pat b delnaier 2 1-05- 12T15- 2536 65304100
Pubiished By: b elngier B 1-05- 1T 162550 40304100

Copynight 2011 Galbraiin Laboraines, e
Reparted results are only applicable io the Hem tested.
This repart shall not be Teprocuce, except In Tull, without ihe weSen approval of th Isbartory.

Page 1of 1
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Figure 3.S6. IR spectrum of V4(u3-O)4(O,P(Bn),)4(04), 1.
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Figure 3.S7. IR spectrum of W4(u3-0)4(O,P(Bn),)4(0y), 2.
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Figure 3.S8. IR spectrum of Mém(m-0)4(02P(Bn)2)4(04), 3.
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Figure 3.S?a. TGA curve of V4(u4-0)4(p2-02P(CH2C6H5)2)4(04), 1, at a heating rate of
10 °C min .
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Figure 3.S9b. TGA curve of V4(s-O)4(12-O2P(CH2C6Hs)2)4(04), 1, at a heating rate of
10 °C min .

89



> 0.9%
100% - o—— —'l_ \J/
3.5%
90% -
—_ w
e N
E 80% - §
e
(]
B 70% -
60% -
50% T T T T T T 1
0 100 200 300 400 500 600 700
Temperature(°C)
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Figure 3.S10b. TGA curve of W4(u3-0)4(12-O2P(CH2CHs),)4(04), 2, at a heating rate
of 10 °C min ™",
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Figure 3.S11a. TGA curve of Mo4(n3-0)4(u>-O,P(CH2C¢Hs),)4(04), 3, at a heating rate

of 10 °C min™".
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Figure 3.S11b. TGA curve of Mo4(u3-0)4(12-O2P(CH2CsHs),)4(04), 3, at a heating rate

of 10 °C min™".
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Figure 3.S12. IR spectrum of the final product from the decomposition of V4(us3-
0)4(02P(Bn);)4(04), 1 at 600 °C.
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Figure 3.S13. IR spectrum of the final product from the decomposition of W(us-
0)4(02P(Bn);)4(04), 2 at 600 °C.
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Figure 3.S14. IR spectrum of the final product from the decomposition of Mo4(13-
0)4(0,P(Bn);)4(04), 3 at 600 °C.
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Chapter 4 Cobalt Dimers
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4.1 Syntheses and structures of three complexes of formulae [L;Co(u,-
0,P(Bn),);CoL’][L’’], featuring octahedral and tetrahedral cobalt(Il)
geometries; variable temperature magnetic susceptibility measurement
and analysis on [(py);Co(u-O,PBny) 3Co(py)][ClO4]1’2

John S. Maass,” Matthias Zeller,” Tanya M. Breault,® Bart M. Bartlett,® Hiroshi
Sakiyama,’ and Rudy L. Luck™*

*Department of Chemistry, Michigan Technological University, 1400 Townsend Drive,
Houghton, MI 49931, USA

bDepartment of Chemistry, Youngstown State University, 1 University Plaza,
Youngstown, OH 44555, USA

“ Department of Chemistry, University of Michigan, 930 N. University Avenue, Ann
Arbor, MI 48109-1055 USA.

d Department of Material and Biological Chemistry, Faculty of Science, Yamagata
University, 1-4-12 Kojirakawa, Yamagata 990-8560, Japan

! “Reprinted with permission from Maass, J. S.; Zeller, M.; Breault, T. M.; Bartlett, B. M.; Sakiyama, H.;
Luck, R. L. Inorganic Chemistry 2012, 51, 4903. Copyright 2012 American Chemical Society.”
? License agreement for reproduction is provided in the Appendix.
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4.2 Abstract

The syntheses and structural properties of three dinuclear complexes [L3;Co(,-
O,P(Bn),);CoL’][L"’]; one ionic L; = py3, L’ =py, L> = ClOy4 , 1, and two molecular L3
=pys, L’ =Cl, 2, Ly = py, u,-NO3 , L’ = py, 3 are reported. Complexes feature
octahedral Co(II) sites bridged by three dibenzylphosphinate ligands to a tetrahedrally
ligated Co(II) site with the remaining coordination sites occupied by py, nitrato and
chloride ligands. The Co to Co distances are 4.248 A at 291 K and 4.265 A at 100 K for
1 and 4.278 and 4.0313(7) A for 2 and 3 respectively. A fit of the low temperature
magnetic susceptibility data was derived for complex 1 with g =2.25, TIP =700 x 10
em’ mol ', A=-173 em™, x=0.93,v=-3.9, 4= 630 cm™,J=0.15cm™, and 6 = -1.8

resulting in R(Ym) = 2.5 x 10 and R(ymT)=5.8x 107
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4.3 Results and Discussion
Dinuclear cobalt complexes featuring octahedral and tetrahedral geometries with

Co(IID)-Co(I1)" * and Co(II)-Co(I1)*” centers have been reported. Magnetic studies have
been reported for three of the Co(I1)-Co(II) compounds which have very different

bridging ligands. First, for the compound [(H,O)(dppm),Co(pu-CN)CoCls], high spin
isolated (S = 3/2) pertained but the linear nature of the data obtained (i.e., ¥m™ T vs T was

linear) could not be satisfactorily analyzed.” Second, for the complex [Co,L,Cl5]Cl, L =
2,6-diamino-3-[(2-carboxymethyl) phenylazo]-pyridine, the analysis of the magnetic data
resulted in the conclusion that “two low spin (1s) Co®" ions pertained.” Third for the
compound [(MeCN)sCo(NCS)Co(NCS)s], the magnetic analysis suggested that the data
can be best fit with the Curie-Weiss expression with gy, = 2.5 and 0 = -15.5 K.> The Co
to Co distance in these compounds was 5.007, 4.800 and 5.732 A for the first to third
respectively.

Our interest in the complexes reported herein stems from our discovery that the
dibenzylphosphinate ligand stabilizes tetrameric clusters such as [V4Og]4+, [M0408]4+
and [W405]"".>" Previous research reacting phosphinate ligands and cobalt have resulted

I hxides

in polymeric species.'®!” In an extension of this work to prepare clusters of Co
or hydroxides'® we find that this ligand affords dinuclear clusters of the form [LsCo(p,-
0,P(CH,C¢Hs),);CoL’][L*’]. Dark blue crystals of [(py);Co(p2-O2PBn;);Co(py)][ClO4]
1 were isolated first from an ethanol solution consisting of a mixture of Bn,PO,K,
Co(Cl0O4),-6H,0, pyridine and HzOz.19 It was later discovered that 1 can be made in

good yield by reacting three equivalents of the potassium salt of the ligand with two

equivalents of cobalt perchloride along with excess pyridine in ethanol. The compound
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[(py)3Co(n2-O,P(Bny);Co(Cl)], 2, was also first prepared unintentionally from the
reaction of Co(NOs),-6H,0 with pyridine and Bn,PO,H in methylene chloride. The
addition of hexanes resulted in the formation of light pink crystals which were found to
be the known compound Co(NO3),(H,0),2(py),. The solution was filtered and the
addition of more hexanes produced dark blue crystals of 2. It is not clear how the
chloride ion formed in this reaction but we have discovered that compound 2 can be
produced starting with CoCl,-6H,0O. The complex [(py)(p2-NO3)Co(p,-
0,PBn,);Co(py)], 3, was obtained serendipitously in a reaction of Co™(acac),PyNO, and
Bn,PO,H under reflux conditions in CHCl;. The addition of pentane followed by
keeping the solution at 5 °C for two weeks lead to the formation of dark purple crystals
of 3.

A thermal ellipsoid plot of 1 is illustrated in Fig. 4.1. In all structures, the two
cobalt centers are bridged by three dibenzylphosphinate ligands. This ligand is very
flexible and is capable of bridging at various lengths as illustrated in the Co to Co atom
distances in these compounds which are 4.265(2), 4.278(1) and 4.0313(7) A for 1-3,
respectively. Complexes 1 and 2 were arranged with the octahedrally coordinated Co

atom arranged on a 3-fold axis
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Figure 4.1. Thermal ellipsoid drawing of 1 (one orientation). Selected bond distances
(A) and angles (°) are as follows: Co(1)-O(1), 2.103(2); Co(1)-N(1), 2.192(2); Co(2)-
0(2), 1.813(17); Co(2)-N(2), 2.045(4); O(1)*~Co(1)-O(1), 91.18(8); O(1)*~Co(1)-N(1),
86.86(9); O(1)°~Co(1)-N(1), 177.33(8); O(1)-Co(1)-N(1), 87.04(8); N(1)-Co(1)-N(1)*,
94.85(7); O(2)-Co(2)-0(2)°, 125.65(13); O(2)-Co(2)-N(2), 103.6(7); O(2)~Co(2)—
0(2), 106.3(7); O(2)>—Co(2)-0(2)%, 106.0(6); O(2)’~Co(2)-N(2), 111.3(8); N(2)-Co(2)~
0(2)", 101.6(2): Symmetry transformation codes; * —y,x—y,z; b —X+y,—X,Z.
and the tetrahedrally coordinated Co atom located slightly off the 3-fold axis. In 1, three

py ligands complete the octahedral geometry at one end and the other end has one py
coordinated. The complex is positively charged and is balanced by a [C1O4] anion as
illustrated in Fig. 1. Compound 2 has a similar octahedral geometry with three py ligands
but at the other site one chloride ligand completes the tetrahedral arrangement. This
complex also has the Co atoms and the Cl ligand situated on a 3-fold axis but both benzyl

groups were disordered. Compound 3 has a nitrato ligand coordinated in a bidentate
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manner together with one py ligand at the Co oct site and one py ligand at the other.
Ring strain in the four-membered ring of the nitrato ligand is responsible for the longer
Co—-O distances at Co(2)-O(7), 2.188(3) and Co(2)-O(8), 2.211(3) A compared to the
other Co—O distances at the octahedral site in 3 which range from 2.031(2) to 2.069(2)
A.?® This complex did contain the shortest Co to Co distance at 4.0313(7) A within
compounds 1-3 which all feature octahedral and tetrahedral Co centers. The bridging
phosphinate ligands are asymmetrically bonded in that the Co—O atom distances are
significantly longer at the octahedral site in comparison to those at the tetrahedral end,
i.e.,2.103 (2) and 2.102 (4) compared to 1.813 (17) and 1.973 (5) A for 1 and 2
respectively. The disorder in these molecules hindered a more accurate determination but
for 3, the distances at 2.031 (2), 2.032(3) and 2.069(2) at the octahedral end were also
significantly longer than those at the tetrahedral site at 1.955 (2) 1.933 (2), and 1.940 (2)
A for Co—O bonds on phosphinate ligands P(1), P(2) and P(3) respectively, all
presumably due to steric reasons.

The ym T values for 1 and 2 were determined at room temperature using a
Johnson Matthey Guoy balance to be 5.56 and 6.59 emu K mol™, respectively. These
values are larger than the spin-only value for two high-spin cobalt(II) sites (3.75 emu K
mol™) and suggest that there is a contribution of orbital angular momentum typical of the
local *T term.?' The temperature dependent magnetic susceptibility data yu on complex
1 was obtained over the temperature range 2.0 to 300 K under a 1000 Oe measuring field

and this is illustrated in Fig. 2 together with the yum T dependence. At 300 K, the value

for ym T values for 1 was 5.813 compared to the 5.575 emu K mol™ reported for
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[(MeCN)sCo(NCS)Co(NCS)3].° As shown in Fig. 2, ym T vs T for 1 decreases slowly
from 5.813 at 300 K to 4.575 at 50 K and then more rapidly to 2.254 emu K mol™ at 2 K.
We were unable to determine a satisfactory fit to the data using the Curie-Weiss equation,
but this is not surprising as the analysis of high-spin cobalt(I) complexes is known to be
difficult.”>?® A fit of the data in both cases was obtained using the equations presented as
Supporting Information. This analysis involved the consideration of the g factor and
temperature independent paramagnetism, TIP, for the tetrahedral cobalt(Il) ion; the spin-
orbit coupling factor A, the orbital reduction factor «;, and a distortion parameter v defined
as A/(xA) for the octahedral cobalt(Il) ion and the intramolecular exchange interaction J
and the Weiss constant 4 to describe the intermolecular exchange interaction. In general,
it is difficult to separate the intramolecular interaction from the intermolecular
interaction. In particular, when J is negative, it is almost impossible to determine J and 6
correctly. Table 1 lists the analysis of 1 and that for the complex

[Co(NCMe)sCo(NCS),]° for comparison purposes.

Table 4.1. Magnetic parameters.”

Comple A, cm’ A, cm™
X g TIP ' K v Jem' 9,K R 10°  R,T°10°
630
1 225 0.0007 -173 093 -3.9 0.15  -1.8 2.5 5.8
CO{()L(?S(L 217 00007 -155 089 -37 °0 26 .01 15 16
4

* Calculated as in Supporting Information
b szz(XM,calc‘XM,obs)z/Z()(,M,obs)2

¢ RX Tzz(XM T,calc‘XM T,obs)z/z(XM T,obs)2
a1 = MeCN, L’ = NCS, reference 3,
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Figure 4.2. Temperature dependence of yy vs T and ym T vs T for 1 with data
represented by open circles and the solid line the fit obtained using the parameters
described in the text.

If the calculation for the fit of the low-temperature data modified J without consideration
of 0, the quality of the fit was not good; however, this improved when 6 was used instead
of J. Interestingly, when J and € were simultaneously optimized, J became positive (but
small at 0.15 cm™), and the lowest R, value (i.e., even higher fitting quality) was obtained
and in the final calculation, TIP was also considered. The value for the spin-orbit
parameter A of -173 cm™ for 1 is noteworthy for the theoretical value for the free
cobalt(Il) ion is expected to be ~ -172 cm™.?° That for xat 0.93 is also close to that for

the free cobalt(IT) ion.”® Both of these parameters were calculated to be slightly less for

102



[Co(NCMe)sCo(NCS)4].> The values for A at 630 and 510 cm™ for 1 and
[Co(NCMe)sCo(NCS)4] respectively are normal for octahedral high-spin cobalt(II)
complexes (~200 - ~800 cm™).*! For 1, the negative v value of -3.9 and the A value of
627.5 suggest that the octahedral Co(II) ion is trigonally compressed and this is also
consistent with the crystal structure of 1 where O(1)*~Co(1)-O(1) and N(1)-Co(1)-N(1)*
are larger than 90° and O(1)*~Co(1)-N(1) and O(1)-Co(1)-N(1) are smaller than 90°.%
In conclusion, for [Co(NCMe)sCo(NCS),]’, if J is assumed to be 0, |6] becomes large
and unreasonable. Therefore, the sign and magnitude of the Jvalue at -2.62 cm™ in
Table 1 are suggestive of antiferromagnetic interactions. However, in the case of 1, the
value of J at 0.15 cm™ while small is slightly positive and thus there is a possibility that

the intramolecular interaction is weakly ferromagnetic.

Supporting information. Equations for the magnetic analysis and CIF files for 1-3

(CCDC 840142-4). This material available at http://pubs.acs.org and the CIF files from

the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, U.K.
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Supplementary material
General Method

Chemicals were purchased from Aldrich Chemicals and solvents were used as received.
Elemental analyses were conducted by Galbraith Laboratories, Knoxville, TN. IR spectra
on complexes 1-3 were recorded on a PerkinElmer Spectrum One spectrometer (neat).
Room temperature magnetic measurements were conducted on a Johnson Matthey Auto
MSB instrument. Dibenzylphosphinic acid was prepared according to the cited

literature.'

Synthesis of [(py);Co(ur-O2PBn3);Co(py)] [ClO4], 1
0.201 g (3.58 mmol) of KOH, 0.886 g (3.58 mmol) of dibenzylphosphinic acid and 0.1

mL of pyridine were dissolved in 18 mL of ethanol. This solution was then added

dropwise to a stirring solution of 0.874 g (2.38 mmol) Co(ClO4),-6H,0 and 0.4 mL of
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pyridine in 20 mL of ethanol. The solution turned from pink to blue when the addition
was complete. The solution was left overnight upon which a blue precipitate formed
which was filtered off and wash with ethanol until it was colorless assuming containing
mainly KCIO4. 1 mL of pyridine was then added to the blue filtrate which was then
allowed to concentrate overnight yielding 0.723 g (0.57 mmol, 15.86 % yield based on
Co(ClO4)2-6H,0 of [(py)3;Co(p2-O2PBny);Co(py)][ClO4], 1,

as a blue crystalline solid. Anal. Calcd. for Cs;He,019N4P3C0,C10.25CH,Cl,: C, 57.93;
H, 4.88. Found: C, 58.64; H, 4.93.

Synthesis of [(py);Co(ur-O,P(Bny);Co(Cl)], 2

0.046 g (0.820 mmol) of KOH, 0.203 g (0.820 mmol) of dibenzylphosphinic acid and 0.1
mL of pyridine were dissolved in 10 mL of ethanol. This solution was then added
dropwise to a stirring solution of 0.130 g (0.547 mmol) CoCl,-6H,0 and 0.2 mL of
pyridine in 10 mL of ethanol. A blue precipitate formed after 4 hours which was filtered
off and wash with 5 mL of ethanol yielding 0.197 g (0.171 mmol, 63.77 % yield based
on CoCl,6H,0 of [(py);Co(u,-O,P(Bn,);Co(C1)] 2, as a blue crystalline solid.

Synthesis of [(py)(u>-NO3)Co(u-O>PBn3);Co(py)], 3

0.100 g (0.261 mmol) of Co(acac),NO,(py) and 0.129 g (0.522 mmol) of
dibenzylphosphinic acid were dissolved in 10 mL of chloroform forming a red solution
which was heated to reflux and left overnight. The solution had turned green the next
day which was then cooled to room temperature and filtered. The filtrate was then
layered with pentane and kept cold in a freezer. After 2 weeks, large purple x-ray quality

crystals were obtained.

Magnetic susceptibility measurements

The sample was prepared by weighing 71.9 mg of compound 1 into a gelatin capsule.
118.6 mg of eicosane was then added to stablilize the powder in an inert waxy matrix.
Susceptibility was recorded as a function of temperature from 2.0 to 300 K under a 1000
Oe measuring field using a SQUID magnetometer. A control experiment in which only
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eicosane was measured was used to correct the data for the diamagnetic gram

susceptibility of the eicosane. (-9.739 x 10-7 emu/g). This measurement also corrected
for the constant contribution from the drinking straw and capsule with the assumption
that the mass of the gelatin capsule is constant (in all of the measurements, the capsule

mass is 47(1) mg) and that the density of the straw is constant.

After these corrections, the data were converted from gram susceptibility to molar
susceptibility then corrected for the diamagnetic contribution of your sample as
determined from Pascal's constants, -7.3862 x 10-4 emu/mol.” The effective moment at
room temperature is determined to be 6.6 Bohr magnetons, (Uesr = 2.82*[(XT)1/ 1), very

similar to what was measured with a Gouy balance measurement at room temperature.
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Magnetic susceptibility equations for dinuclear high-spin cobalt(IT)
complexes considering the exchange interaction between tetrahedral
and octahedral cobalt(Il) ions.’

Equations expressing the relationship between a parameter set (k, A, A) and Zeemann
coefficients for an octahedral cobalt(Il) ion were obtained using the Hamiltonian below.

H = A(L.> - 2/3) — (3/2)KAL-S + B[—(3/2)xL, + gS.,1'H, (u=x,y,z)

Considering the isotropic exchange interaction, the magnetic susceptibility equation was
obtained based on the Hamiltonian H = —JS3,,-S,,, where S/, was the local spin operator
for a tetrahedral cobalt(Il) ion and S/, was the local spin operator for the effective 1/2
spin of an octahedral cobalt(Il) ion. The full equation was obtained combining the
magnetic susceptibility equation and the equations of the Zeemann coefficients.
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1.1 Conclusion
This dissertation has primarily dealt with the coordination chemistry of

bis(benzyl)phosphinate with vanadium, tungsten and cobalt. Our interest in the
coordination chemistry of the bis(benzyl)phosphinate ligand stems from our assumption
that it is sterically unique when compared to other phosphinates and should yield new
coordination compounds. Although only the synthesis and physical properties of these
compounds were explored in this work, the catalytic applications of these compounds

remain to be discovered.

VO(acac); reacted with bis(benzyl)phosphinic acid in the presence of water or
pyridine to form (V3(u3-0)02)(u2-02P(CH,CsHs)2)s(H20)(1) or (V3(u3-0)O2)(u2-
0,P(CH,C¢Hs)2)s(py)(2). These trimeric clusters are non-classical metal triangles in
which the central core has C,y symmetry rather than the more symmetrical D, symmetry
of classical metal triangles. The crystal structure of 1 was found to be highly disordered
over three positions. In an attempt to remove the disorder of the core, the pyridine
derivative of the product was synthesized using VO(acac),py in ethanol heated to 120 °C.
This reaction pathway lead to a mixture of both compounds in the form of a co-crystal
consisting of 1(21.6(6)%)and 2(78.3(6)%). Pure 2 was made starting from VO(acac),
and pyridine in dry methylene chloride and its crystal structure was analyzed. These two
compounds contain characteristic absorptions in their FTIR spectra at about 995 and 1025
cm™ of intensity 1:2 which are most likely due to the vanadium oxide bond and may be
indicative of the non-classical arrangement. Attempts to reproduce these compounds

using different phosphinic acids such as 2-hydroxyisophosphindoline-2-oxide or
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diphenylphosphinic acid resulted in the formation of insoluble polymers. Room
temperature magnetic susceptibility measurements of the trimers and polymeric
compounds gave the spin only values for d' metal centers. The variable temperature
magnetic measurements of 2 showed that the compound obeys Curie’s Law between 2
and 4 °K and displays very weak magnetic interactions over the temperature range 0 to
300 K. TGA studies of the trimers showed that both of them decomposed into

amorphous solids, confirmed by powder diffraction, at around 600 °C.

The tetranuclear compound, V4(u3-0)4(12-O2P(Bn);)4(O4), was obtained when
(V3(u3-0)02)(u2-O,P(CH,C6Hs),)s(H20O) was oxidized with either O, or 'BuOOH in the
presence of water. An analogues tungsten species formulated as Wa4(3-O)4(p2-
0,P(Bn),)4(04) was also synthesized by reacting bis(benzyl)phosphinic acid with
W(CO)¢ in a mixture of THF and ethanol. The tungsten cubane is isoelectronic with the
previously synthesised molybdenum cubane Mo4(p3-O)4(p2-O2P(Bn);)4(O4) and is
isolobal with the vanadium and molybdenum cubanes. The molybdenum and tungsten
cubanes contain metal-metal bonds of lengths 2.6261(5) and 2.6354(5) A. The vanadium
cubane contains no such bond since the vanadium is in the zero oxidation state which
results in considerably different bond lengths and angles when compared to the other two
cubanes. The potential catalytic applications of both of these cubanes in areas such as

epoxidations, oxidations and alcohol isomerizations remains to be explored.

The reaction between the bis(benzyl)phosphinate ligand and cobalt(II) resulted in
three different dimeric compounds which are formulated as [py;Co(,-

OzP(Bn)2)3Copy] [C104_](1’), py3CO(},lz-OzP(Bn)z)3COC1(2’) and py(p.z-NO3)C0(},l2-
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0,P(Bn););Copy(3’). In each dimer one cobalt center exists in a tetrahedral coordination
environment and the other in an octahedral. The X-ray diffraction data for each
compound revealed that the Co to Co distances in these three compounds are 4.0313(7) A
for 3°, 4.265(2) A for 1’ and 4.278(1) A for 2°. This variation in distances could yield
different magnetic properties. Only 1’ has had its variable temperature magnetic
susceptibility measured which revealed a small J of 0.15 cm™ which implies only weak

exchange interactions between the cobalt centers.
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