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ABSTRACT: Group 6 complexes M(ONO), (M = Cr, Mo, W; ONO = bis(2-
oxy-3,5-di-tert-butylphenyl)amide) are prepared by the reaction of divalent
metal halide precursors with Pb(ONO®),. Analogous complexes containing the
2,4,6,8-tetra-tert-butyl-1,9-dioxophenoxazinate ligand (DOPO) are prepared by
protonolysis of chromocene with H(DOPOY) or by reaction of Pb(DOPOY),
with M,Br,(CO); (M = Mo, W). The molybdenum and tungsten complexes are
symmetrical, octahedral compounds for which spectroscopic data are consistent
with M(VI) complexes with fully reduced [L“*]*~ ligands. Quantitative analysis
of the intraligand bond lengths, by comparison with literature standards, allows
calculation of metrical oxidation states (MOS) for the ONO ligands. The MOS
values of the tungsten and molybdenum complexes indicate that 7 donation
from the ligand is weak and that differences between the ONO and DOPO
ligands are small. In both the solid state and in solution, Cr(DOPO), is
paramagnetic with localized quinone and semiquinone ligands bound to Cr(III).

solution
solid

The geometry and electronic structure of Cr(ONO), differ in the solid state and in solution, as determined by crystallography,
magnetic measurements, and Cr K-edge X-ray absorption spectroscopy. In solution, the structure resembles that of the DOPO
analogue. In contrast, solid Cr(ONO), is a singlet, and X-ray absorption near-edge spectroscopy indicates that the chromium is
significantly more oxidized in the solid state than in solution. An electronic description compounds to that of the tungsten and
molybdenum analogues, but with considerably more charge transfer from the ligand to chromium via 7 donation, is in agreement

with the experimental observations.

Bl INTRODUCTION catalytically active in oxidation reactions.® Bis-ligand M(ONO),

Redox-active ligands continue to fascinate and perplex chemists, complexes are especially widely distributed, not only among

since their ability to adopt multiple stable oxidation states often
makes the electronic structures of their metal complexes

first-row transition metals but also in the s- and p-blocks

difficult to analyze.' The resultant ambiguities in metal (Figure 2). These complexes have been examined extensively in

oxidation states have earned this class of ligands the moniker
“noninnocent.” An exemplary and widely studied member of

terms of their structural* and magnetics’6 properties.

this class is the 3,5-di-tert-butyl-1,2-quinone-1-(2-oxy-3,5-di- —
tert-butylphenyl)imine or ONO ligand (Figure 1). While the

ONO ligand was first introduced in group 14 (ONO’Y)MX,
complexes,” it has subsequently been used extensively as a
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Figure 2. Periodic table of the M(ONO), complexes. Entries in
'B \ \ boldface have been characterized structurally. Entries in red are from
u u u B
(@E=HH:  [ONOCP- [ONOSQ: [ONOQ)- this work.
(b) E=0: [DOPOCaT [DOPOSAP- [DOPOC}-
Figure 1. Oxidation states of (a) ONO and (b) DOPO ligands. Received: = May 25, 2014

Published: September 23, 2014

-4 ACS Publications  © 2014 American Chemical Society 10203

dx.doi.org/10.1021/ic501222n | Inorg. Chem. 2014, 53, 10203-10216


pubs.acs.org/IC

Inorganic Chemistry

In particular, the 3d elements form a nearly complete set of
M(ONO), compounds, with only chromium and scandium
missing from the series (though the homoleptic tris complex
Sc(ONO); has been prepared'”). The gap at group 6 is
unfortunate, since the middle of the periodic table is where the
most interesting questions of electronic structure arise. Early
transition metals (such as Ti®> V,*° and W'®) adopt a d°
configuration; later transition metals (Ni, Cu, and Zn) adopt
divalent oxidation states since their higher oxidation states are
not readily accessible. Here we report the preparation and
characterization of both Cr(ONO), and Mo(ONO),, which
completes the set of group 6 complexes and allows for a
systematic comparison of structure and bonding down a group.
We also prepared the three homoleptic group 6 complexes of a
modified ONO ligand in which the two rings are joined by an
oxygen bridge (Figure 1b). This dioxophenoxazine, or DOPO,
ligand was recently prepared,®’ and its properties were
examined in a number of first-row transition metal
(DOPO),M complexes.”* The group 6 complexes of this
ligand provide additional insights into the effects of ligand
geometric and electronic properties on the electronic structures
of complexes with redox-active ligands.

B EXPERIMENTAL SECTION

Unless otherwise noted, all procedures were carried out under an inert
atmosphere in a nitrogen-filled glovebox or on a vacuum line.
Chlorinated solvents and acetonitrile were dried over 4 A molecular
sieves, followed by CaH,. Benzene and toluene were dried over
sodium, and ether and tetrahydrofuran (THF) were dried over sodium
benzophenone ketyl. Deuterated solvents were obtained from
Cambridge Isotope Laboratories, dried using the same procedures as
their protio analogues, and stored in the drybox prior to use.
Pb(ONOY), was prepared by a modification'® of the method of
McGarvey and co-workers.'® 2,6-Dihydroxy-3,5-di-tert-butylaniline was
prepared using the method of Minkin and co-workers.”"
Mo,Br,(CO),** and W,Br,(CO)s>* were prepared using literature
procedures. All other reagents were commercially available and used
without further purification. Routine NMR spectra were measured on
CDCl; solutions on a Varian VXR-300 or Bruker DPX-400
spectrometer. Chemical shifts for "H and "*C{'H} spectra are reported
in ppm downfield of tetramethylsilane, with spectra referenced using
the known chemical shifts of the solvent residuals. UV—visible—near-
infrared (UV—vis—NIR) spectra were obtained as solutions in CH,Cl,
on Beckman DU-7500, Thermo Scientific Evolution Array, or Jasco V-
670 spectophotometers. Infrared spectra were recorded as solids using
an attenuated total reflection attachment and a Jasco FT/IR-6300
spectrometer. Elemental analyses were performed by M—-H-W
Laboratories (Phoenix, AZ) or Robertson Microlit Laboratories
(Ledgewood, NJ).
Bis[bis(3,5-di-tert-butyl-2-oxyphenyl)amido]chromium, Cr-
(ONO),. Under a nitrogen atmosphere, 16.9 mg of anhydrous CrCl,
(Alfa Aesar, 0.138 mmol) was dissolved in 20 mL of THF. To this
solution was added a solution of Pb(ONO9), (146.0 mg, 0.139 mmol)
in THF, and the mixture was stirred for $ h under N,. The mixture was
then gravity filtered in the air to remove precipitated PbCl,, the
solvent was removed on a rotary evaporator, and the residue was
dissolved in dichloromethane. The CH,Cl, solution was chromato-
graphed on silica gel, eluting with dichloromethane, and the fast-
moving brown band (moving ahead of a slower-moving blue band)
was collected. The solvent was evaporated from the eluate, and the
solid residue was slurried in S mL of ether, collected by suction
filtration, washed with 5 mL of ether, and air-dried for 15 min to
furnish 64.6 mg of Cr(ONO), as a black crystalline solid (52%). 'H
NMR: 6§ 1.16, 1.25 (sl br s, 36H ea., ‘Bu), 37.55, 47.96 (br s, 4H ea,,
ArH). IR (ecm™): 2955 (s), 2906 (m), 2867 (m), 1580 (m), 1459 (m),
1418 (w), 1360 (s), 1307 (m), 1280 (s), 1240 (vs), 1195 (s), 1165 (s),
1107 (m), 1091 (m), 1048 (s), 1022 (s), 1009 (s), 933 (w), 902 (s),

850 (s), 829 (w), 818 (w), 776 (m), 732 (s), 669 (w). UV—vis: A, =
349 nm (e = 14400 M~" cm™), 450 (10 500), 510 (sh, 7500), 633
(sh, 5500), 670 (sh, 6500), 770 (7300), 850 (sh, 6600), 1025 (sh,
3200). Electrospray ionization mass spectrometry (ESI-MS): 897.5620
(M+H?, calcd 897.5601; isotope pattern shows a mixture of M* and M
+H"). Anal. Caled for CyHgoCrN,O4: C, 74.96; H, 8.99; N, 3.12.
Found: C, 74.86; H, 8.84; N, 3.10%.

Bis[bis(3,5-di-tert-butyl-2-oxyphenyl)amidolmolybdenum,
Mo(ONO),. In a 20 mL vial in the drybox, 97.6 mg of Mo,Br,(CO);
(0265 mmol Mo) and 279.6 mg of Pb(ONOY), (0.266 mmol, 1.00
equiv) were combined. Dichloromethane (10 mL) was added, and the
mixture was swirled gently for 3 min as CO evolved. A stirbar was then
added to the vial, the vial was capped and removed from the drybox,
and the dark red reaction mixture was stirred under N, for 1 h. After
allowing the mixture to stand for a further 3 h without stirring, the vial
was opened to the air, and the solution was gravity filtered to remove
PbBr,. The CH,Cl, was removed using a rotary evaporator, and the
solid residue was slurried in 5 mL of acetonitrile, collected by suction
filtration, washed with 2 X § mL CH;CN, and air-dried for 30 min to
give 134.4 mg of Mo(ONO), as a black crystalline solid (54%). The
analytical sample was filtered through a short plug of silica gel, eluting
with CH,Cl,, to remove traces of PbBr,. '"H NMR (CDCl,): § 1.29,
1.34 (s, 36H ea, 'Bu), 6.75, 7.02 (d, 2 Hz, 4H ea, ArH). BC{'H}
NMR (CDCly): § 29.77, 31.80 (C(CHj;),), 34.90, 35.10 (C(CH,),),
111.74, 122.44, 136.51, 137.76, 145.58, 167.50 (OC). IR (cm™): 2954
(s), 1592 (m), 1474 (m), 1453 (m), 1402 (m), 1361 (s), 1294 (w),
1244 (s), 1158 (m), 1050 (m), 1011 (m), 934 (w), 908 (m), 849 (m),
834 (m), 762 (m), 732 (s), 697 (s), 676 (s). UV—vis (CH,Cl,): A, =
297 nm (& = 23700 M™' cm™), 505 (26 300), 800 (sh, 780). Anal.
Caled for Ci¢HgoMoN,O,: C, 71.46; H, 8.57; N, 2.98. Found: C,
71.45; H, 8.30; N, 3.21%.

Bis[bis(3,5-di-tert-butyl-2-oxyphenyl)amido]tungsten, W-
(ONO),. A mixture of W,Br,(CO)g (512.7 mg, 1.125 mmol W) and
Pb(ONOY), (1.1967 g, 1.137 mmol, 1.01 equiv) was dissolved in 10
mL of dry CH,Cl, in a 20 mL vial and stirred uncovered for S min in
the drybox until vigorous gas evolution abated. More CH,Cl, (S mL)
was added, the vial was capped, and the solution was allowed to stir for
40 min under N,. The solution was opened to the air, diluted to S0 mL
with CH,Cl,, and gravity filtered to remove PbBr,. The filtrate was
evaporated to dryness on the rotary evaporator, and the residue was
slurried in 1S mL of CH;CN. The solid was isolated by suction
filtration on a glass frit, washed thoroughly with 2 X 5 mL of CH,;CN,
and air-dried for 20 min to yield 0.479S g (41%) of dark brown
W(ONO),. '"H NMR (CDCL): § 1.24, 1.38 (s, 36H ea, Bu), 6.72,
7.25 (d, 2 Hz, 4H ea,, ArH). “C{*H} NMR (CDCL,): § 29.73, 32.00
(C(CH,),), 34.87, 35.02 (C(CHy),), 112,47, 120.65, 136.17, 138.62,
145.47,161.91 (OC). IR (cm™): 2954 (m), 1598 (w), 1568 (w), 1476
(m), 1413 (s), 1361 (m), 1325 (w), 1290 (w), 1240 (s), 1208 (m),
1135 (w), 1050 (m), 1012 (m), 936 (m), 910 (m), 872 (m), 838 (s),
741 (s), 677 (s). Anal. Calcd for C;HgoN,O,W: C, 65.36; H, 7.84; N,
2.72. Found: C, 65.35; H, 7.62; N, 2.67%.

2,4,6,8-tetra-tert-butyl-9-hydroxy-1H-phenoxazin-1-one, H-
(DOPOQ). This material was synthesized by a modification of the
published procedure.”' In a 250 mL Erlenmeyer flask, in the air, 761.7
mg of 3,5-di-tert-butylcatechol (Aldrich, 3.43 mmol) and 813.1 mg of
2,6-dihydroxy-3,5-di-tert-butylaniline (1 equiv) were dissolved in 2$
mL of benzene. A catalytic amount of triethylamine (Aldrich, 107 uL,
10 mol %) was added, and the flask was sealed with Parafilm. After
stirring for 24 h, the solvent was evaporated in vacuo at room
temperature to give a purple oil that hardened into a glass. The solid
was triturated with methanol and suction filtered over a fine porosity
glass frit to recover purple crystalline H{DOPOY), 380.8 mg (25%).
Material prepared in this way is often contaminated with traces (<5%)
of 2,4,6,8-tetra-tert-butylphenoxazin-1-one.** This impurity can be
removed by chromatography,®' but the compound was used without
further purification in the following syntheses. '"H NMR (CDCL,): §
1.38, 1.48 (s, 18H each, 'Bu), 7.49 (s, 2H, ArH) (ref 21 5 1.39, 1.44,
7.45). BC{'H} NMR (CDCL,): § 29.36, 30.29 (C(CHj;);), 34.33,
35.09 (C(CH,),), 12341, 133.61 (br), 134.77, 135.23, 141.00, 166.35
(br, CO).
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Bis(2,4,6,8-tetra-tert-butyl-1,9-dioxophenoxazinato)lead(ll),
Pb(DOPOQ)z. Method A. In a 250 mL round-bottom flask, in the air,
122.1 mg of lead acetate trihydrate (Aldrich, 0.322 mmol) and 280.2
mg of H(DOPOY) (1.99 equiv) were dissolved in 120 mL of
methanol. The flask was sealed with a rubber septum, vented by a
needle, and stirred in a 70 °C oil bath for 48 h. After it stood at room
temperature overnight, the reaction mixture was suction filtered
through a glass frit, and the matte blue precipitate was washed with 10
mL of methanol. The precipitate was dissolved in 10 mL of
chloroform, and the solution was gravity filtered through filter paper
to remove unreacted lead acetate. The filtrate was evaporated on a
rotary evaporator, and the solid was slurried in acetonitrile, then
suction filtered to give 153.4 mg of Pb(DOPOY), (44%). Method B.
Lead(II) 2-ethylhexanoate (Strem, 0.551 g, 1.12 mmol) was weighed
into a 20 mL scintillation vial and dissolved in 3 mL of CH,Cl,. To
this solution was added a dark purple solution of H(DOPO®) (0.995
g, 2.27 mmol, 2.03 equiv) in 4 mL of CH,Cl,, causing an immediate
color change to dark blue. To the solution was added S mL of
acetonitrile, causing precipitation of a fine blue solid. After it stood for
1 h, the pasty mixture was suction filtered on a glass frit, and the
precipitate was washed thoroughly with 10 mL of acetonitrile followed
by 10 mL of CH;OH and then air-dried for 2 h. A second crop was
isolated after allowing the mixture of the filtrate and the acetonitrile
wash to evaporate to half its original volume, giving a combined yield
of 0.965 g Pb(DOPOY), (80%). 'H NMR (CDCL): 6 1.19, 1.44 (s,
36H each, 'Bu), 7.46 (s, 4H, ArH). *C{'H} NMR (CDCl,): § 29.10,
30.33 (C(CHj;)3), 33.95, 34.98 (C(CH,);), 119.40 (aromatic CH),
133.86, 136.22, 137.60, 143.41, 173.78 (CO). IR (cm™): 2954 (w),
2910 (w), 2867 (w), 1614 (w), 1589 (w), 1577 (m), 1510 (m), 1491
(m), 1453 (m), 1393 (m), 1384 (w), 1360 (m), 1350 (s), 1335 (m),
1325 (m), 1279 (m), 1245 (m), 1229 (m), 1205 (m), 1193 (m), 1166
(m), 1082 (m), 1071 (m), 1033 (m), 1021 (w), 998 (s), 982 (m), 928
(w), 908 (w), 898 (w), 876 (m), 806 (w), 791 (w), 779 (w), 774 (w),
740 (m), 731 (w), 698 (m), 659 (w), 614 (m), 602 (w), 596 (w), 545
(w), 530 (w), 516 (w), 510 (m). UV—vis (CH,CL): A,,,. = 254 nm
(sh, € = 31700 M~ em™), 299 (sh, 21 500), 402 (sh, 21 100), 708
(16 400). ESI-MS: 1081.5530 (M* + H, caled 1081.5548). Anal. Calcd
for CycH,(N,O4Pb: C, 62.25; H, 7.09; N, 2.59. Found: C, 62.05; H,
7.00; N, 2.59%.

Bis(2,4,6,8-tetra-tert-butyl-1,9-dioxophenoxazinato)-
chromium, Cr(DOPO),. In the drybox, 544 mg of chromocene
(Strem, 0.299 mmol) and 251.2 mg of H(DOPOY) (1.92 equiv) were
weighed into a 20 mL scintillation vial and dissolved in 4 mL of
toluene. The vial was capped and allowed to stand overnight at room
temperature. The sample was taken out of the drybox, and the solvent
was removed on the rotary evaporator. The solid residue was slurried
in 20 mL of acetonitrile before suction filtration through a fine
porosity glass frit to yield crude Cr(DOPO), (220 mg). The crude
product was dissolved in the air in 4 mL of benzene and layered with 8
mL of acetonitrile. Crystals were harvested after 24 h and washed with
10 mL of CH,CN to give 160.5 mg of Cr(DOPO), (60%). '"H NMR
(CDCl,): 6 1.38 (br, 36H, ‘Bu), 2.60 (br s, 36H, ‘Bu), 49.27 (v br s,
4H, ArH). IR (ecm™): 2956 (w), 2910 (w), 2869 (w), 1608 (w), 1584
(w), 1538 (w), 1528 (w), 1498 (m), 1481 (w), 1468 (w), 1428 (w),
1405 (m), 1387 (w), 1359 (w), 1350 (w), 1333 (w), 1309 (m), 1285
(m), 1248 (m), 1194 (w), 1158 (w), 1089 (m), 1068 (w), 1052 (w),
1042 (m), 1024 (w), 1010 (m), 927 (w), 908 (w), 876 (m), 826 (w),
794 (w), 777 (w), 761 (w), 745 (w), 716 (w), 695 (m), 668 (w), 657
(w), 646 (w), 640 (w), 618 (w), 609 (w), 598 (w), 586 (w), 581 (w),
576 (w), 568 (w), 561 (w), 556 (w), 552 (w), 545 (w), 539 (w), 525
(m), 519 (m), 511 (m), 505 (s). UV—vis (CH,CL,): 4., = 255 nm
(sh, & = 32800 M~ cm™"), 279 (sh, 26 200), 362 (17 400), 416 (23
100), 539 (sh, 4000), 688 (8100), 765 (sh, 6000). ESI-MS: 924.4927
(M, caled 924.5109). Anal. Caled for CsH,6N,O4Cr: C, 72.70; H,
828; N, 3.03. Found: C, 71.63; H, 8.60; N, 2.91%.

Bis(2,4,6,8-tetra-tert-butyl-1,9-dioxophenoxazinato)-
tungsten(VIl), W(DOPO®),. In the drybox, 64.1 mg of W,Br,(CO)s
(0.070 mmol) and 153.4 mg of Pb(DOPOY), (0.142 mmol, 1.01 mol
per mol W) were weighed into a 20 mL scintillation vial and dissolved
in 4 mL of chloroform. Immediately, carbon monoxide evolution was

observed. The vial was capped, and the reaction mixture was stirred
overnight at room temperature. The reaction mixture was then gravity
filtered in the air, and the filtrate was evaporated to dryness on the
rotary evaporator. The brown residue was triturated with acetonitrile
and suction filtered on a fine porosity glass frit to recover
W(DOPO), as an amber brown solid (123.9 mg, 72%). The
analytical sample was filtered through a short plug of silica gel, eluting
with CH,Cl,. '"H NMR (CDCl,): 6 1.28, 1.48 (s, 36H each, ‘Bu), 6.47
(s, 4H, ArH). BC{'H} NMR (CDCl,): § 29.44, 30.56 (C(CH;);),
34.64, 34.68 (C(CH,),), 12547 (aromatic CH), 126.62, 128.46,
131.27, 141.94, 164.26 (CO). IR (cm™): 2953 (m), 2917 (w), 2869
(w), 1591 (w), 1499 (w), 1477 (w), 1457 (m), 1392 (w), 1362 (w),
1331 (w), 1305 (w), 1256 (w), 1234 (m), 1217 (m), 1175 (w), 1071
(s), 1031 (m), 1019 (m), 906 (w), 869 (w), 825 (w), 768 (m), 758
(m), 723 (w), 704 (m), 654 (m), 622 (w), 608 (w), 580 (m), 547 (s),
540 (s), 527 (m), 507 (s). UV—vis (CH,CL,): 4,..x = 412 nm (43 500
M cm™), 469 (sh, 16100). Anal. Calcd for CiH,N,OW: C,
63.63; H, 7.25; N, 2.65. Found: C, 63.35; H, 7.44; N, 2.59%.

Bis(2,4,6,8-tetra-tert-butyl-1,9-dioxophenoxazinato)-
molybdenum(Vl), MO(DOPOC‘“)z. Using the same procedure as for
the tungsten analogue, 70.7 mg of Mo,Br,(CO); (0.096 mmol) and
203.8 mg of Pb(DOPOY), (0.189 mmol, 0.98 equiv) were reacted in
chloroform. The reaction mixture was allowed to stand for 2 h at room
temperature before workup. Mo(DOPO®"), was isolated as a deep
brown solid, 111.3 mg (61%). "H NMR (CDCly): 5 1.33, 1.4S (s, 36H
each, 'Bu), 6.62 (s, 4H, ArH). 3C{'"H} NMR (CDCl,): § 29.58, 30.60
(C(CH,),), 34.56, 34.82 (C(CHj;);3), 127.12 (aromatic CH), 127.80,
128.13, 132.25, 140.15, 168.29 (CO). IR (cm™): 2953 (m), 2918 (w),
2868 (w), 1744 (w), 1621 (w), 1578 (w), 1546 (w), 1497 (w), 1479
(w), 1449 (w), 1392 (w), 1362 (w), 1331 (w), 1302 (w), 1255 (w),
1238 (m), 1217 (m), 1176 (w), 1071 (s), 1037 (m), 1018 (w), 929
(w), 906 (w), 875 (m), 829 (w), 789 (w), 768 (m), 749 (w), 716 (w),
701 (m), 641 (m), 625 (m), 607 (w), 577 (m), 540 (s), 505 (s). UV—
vis (CH,Cl,): Ay = 312 nm (& = 12000 M~ em™), 463 (62 800),
605 (6500). ESI-MS: 971.4806 (M" + H, calcd 971.4758). Anal. Calcd
for CscHxN,O¢Mo: C, 69.40; H, 7.90; N, 2.89. Found: C, 69.68; H,
7.99; N, 2.85%.

Magnetic Susceptibility Measurements. To determine solid-
state magnetic susceptibility, a weighed sample of the compound was
placed on a weighed 2 cm X 2 cm square of parafilm. The parafilm was
folded several times over to form a small pellet, taking care to prevent
air bubbles. The pellet was put into one-half of a gel capsule. The other
half of the capsule was packed tightly coaxially on top of the sample.
The capsule was inserted into a straw and fixed in place an inch from
the end by poking holes above and below where the capsule should sit.
The magnetic susceptibility (¥pes) Of the sample at varying
temperatures was measured using a Quantum Design Magnetic
Property Measurement System (MPMS). The diamagnetic contribu-
tion to the susceptibility was estimated by multiplying the molar mass
of the compound by 4.5 X 1077 cm® mol™' and was subtracted from
the observed susceptibility.”® Contributions from the sample holder
were determined by measuring the magnetic susceptibility of the
parafilm and gel capsule together and subtracting it from ¥,

Solution magnetic susceptibilities were determined using the Evans
method.*” Samples were dissolved in toluene-dy containing a known
concentration of an inert standard (1,4-bis(trimethylsilyl)benzene or
dimethyl terephthalate). The analyte solution was transferred into a
screw-cap NMR tube, while a solution containing only the standard
was pipetted into a coaxial insert. Shifts in the positions of the standard
peaks in the presence and absence of analyte were measured at variable
temperatures on a Varian VXR-500 spectrometer. Analyte concen-
tration was corrected for the thermal expansion of the solvent™® using
literature data.”

Electrochemistry. Electrochemical measurements were performed
in the drybox using a BAS Epsilon or Metrohm Autolab
PGSTAT128N potentiostat. A standard three-electrode setup was
used, with glassy carbon working and counter electrodes and a silver/
silver chloride pseudoreference electrode. The electrodes were
connected to the potentiostat through electrical conduits in the
drybox wall. Samples were approximately 1 mM in CH,Cl, with 100
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Table 1. Crystal Data for Cr(ONO),, Mo(ONO),, Pb(DOPO),-2C¢H,, Cr(DOPO),, Mo(DOPO),, and W(DOPO),

Cr(ONO), Mo(ONO), Pb(DOPO),-2C¢Hg Cr(DOPO), Mo(DOPO), W(DOPO),
empirical formula Cy6HgoCrN,0, CsHgoMoN, O, CgsHggN,O(Pb Cs6H76CrN,Og CssH;sMoN,O4 Cs6H N, OW
formula weight 897.22 941.16 1236.59 925.19 969.13 1057.04
T (K) 100(2) 100(2) 120(2) 120(2) 120(2) 120(2)

2 (A) (Mo Ka) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system triclinic triclinic orthorhombic monoclinic monoclinic monoclinic
space group PT PT Pbca C2/c P2,/c P2,/c
refls. collected 21334 25290 205 665 78 768 38852 71487
indep. refls. 12428 7584 15345 10974 10 868 13261
Ry 0.0582 0.0740 0.0578 0.0496 0.1257 0.0354
obsd. refls. 8668 5446 12272 8408 6426 11318

I > 206(D)]
a (A) 11.4672(7) 11.5456(12) 18.2299(17) 40.261(4) 20.518(2) 20.5540(12)
b (A) 12.1310(5) 12.0570(13) 16.8979(16) 12.7201(11) 19.860(2) 19.8902(12)
c(A) 20.6054(9) 20.4771(20) 39.677(4) 25.355(3) 12.9284(14) 12.9611(8)
a (deg) 83.393(3) 82.951(6) 90 90 90 90
B (deg) 73.886(5) 74.123(5) 90 124.543(4) 90.849(2) 91.0736(12)
7 (deg) 76.116(4) 76.035(6) 90 90 90 90
vV (A% 2669.7(2) 2655.8(5) 12222(2) 10695.7(19) 5267.5(10) 5297.9(6)
Z 2 2 8 8 4 4

crystal size, mm

number of refined
params.

0.17 X 0.12 X 0.02
862

0.27 X 0.08 X 0.03
578

0.24 X 0.19 X 0.06
694

0.25 X 0.19 X 0.13
854

0.23 X 0.12 X 0.04
586

0.19 X 0.14 X 0.12
890

Rindices [I > 26(I)]* R1 = 0.0611, R1 = 0.0508, R1 =0.0371, R1 = 0.0445, R1 = 0.0503, R1 = 0.0226,
wR2 = 0.1322 wR2 = 0.1099 wR2 = 0.0834 wR2 = 0.1096 wR2 = 0.0843 wR2 = 0.0514

R indices (all data)®  R1 = 0.0965, R1 = 0.0873, R1 = 0.0544, R1 = 0.0657, R1 =0.1152, R1 = 0.0315,
wR2 = 0.1588 wR2 = 0.1250 wR2 = 0.0897 wR2 = 0.1222 wR2 = 0.0970 wR2 = 0.0556

goodness-of-fit 1.028 1.040 1.083 1.023 0.912 1.043

“R1 = X ||E,| = IF||/ZIEy; wR2 = (Z[w(F,2 — F2)?]/Zw(E,2)2)Y2

mM Bu,NPF as the electrolyte. Potentials were referenced to
ferrocene/ferrocenium at 0 V,>° with the reference potential
established by spiking the test solution with a small amount of
ferrocene. Cyclic voltammograms were recorded with a scan rate of
120 mV/s.

Calculations. Geometry optimizations and orbital calculations
used the hybrid B3LYP method, with an SDD basis set for the metal
atom and a 6-31G* basis set for all other atoms, using the Gaussian09
suite of programs.31 Starting geometries were generated from known
crystal structures, with all tert-butyl groups replaced by hydrogen
atoms, except that structures of Cr(ONO), were also calculated with
methyl groups and tert-butyl groups in the 3,5,3’,5'-positions.
Optimized geometries were confirmed to be minima by frequency
analysis. Plots of calculated Kohn—Sham orbitals were generated using
the program GaussView (v. 5.0.8) with an isovalue of 0.04.

X-ray Absorption Spectroscopy. CrO, (Magtrieve, Aldrich) was
used as a standard for chromium(IV), while sodium bis(dipicolinate)-
chromium(III) dihydrate,”* Na[Cr(dipic),]-2H,0, was used as a
standard for chromium(III). The solid samples were prepared by
spreading finely ground powders on Kapton tape and folding several
times to achieve the desired thickness. Solution samples (10 mM in
THF) were contained in nylon cells with Kapton windows attached
with epoxy. The solid samples were fluorescence X-ray mapped above
the Cr K-edge energy to find the most homogeneous spots in the
sample.

Fluorescence chromium extended X-ray absorption fine structure
(EXAFS) measurements were made at the Sector 10 Materials
Research Collaborative Access Team (MRCAT), Advanced Photon
Source, Argonne National Laboratory.”® Both the bending magnet
(BM) and the insertion device (ID) stations were used for the
measurements with experiments repeated at two separate occasions.
Both beamlines use Si(111) double crystal monochromators, with a
water-cooled first crystal on the BM line, and a liquid-nitrogen-cooled
first crystal on the ID line. X-ray harmonics were minimized on the
BM line by detuning the monochromator, while a harmonic-reduction
mirror was used on the ID line. The first harmonic of the undulator
was used for the ID measurements.

Cr K-edge (5989 eV) fluorescence measurements at the BM line
were made using 25% nitrogen and 75% helium in the incident ion
chamber (I,) which monitored the intensity of the incident beam. The
transmission ion chamber (used to monitor the intensity of the beam
transmitted through the sample) and reference ion chamber (used to
monitor the intensity of the beam transmitted through Cr foil which
was used to align and calibrate the scans) were filled with 10% Ar and
90% N,. A Vortex 4-element Si drift detector was used to collect
fluorescence data at room temperature using 15 to 30 min step scans.
In the 30 min step scan, the step size for the low-resolution pre-edge
region was 5 eV, whereas for the near-edge region, it was 1 eV. The
region beyond about 50 eV above the edge (up to k = 16 A™') had a
step size of 0.05 A™". In the 15 min step scan, the region above the
edge (up to k = 13 A™") had a step size of 0.1 A™". Solid Cr(ONO),
was measured using 30 min scans, while all other samples were
measured using 15 min scans. Calibration measurements on Cr foil
were made before and between scans where the sample data were
gathered and were stable within 0.1 eV throughout the experiment.

The Cr K edge measurements at the ID line were carried out using
10% nitrogen and 90% helium gas in the incident ion chamber and
100% nitrogen in the transmission ion chamber. To gather the Cr
reference foil data, a thin scattering foil was placed in the beam before
the I detector to deflect a small fraction of the beam through the foil
to a PIN diode detector. The fluorescence detector (Lytle detector,
without an X-ray filter) in the Stern-Heald geometry®* filled with pure
argon was used for all samples except the very thin samples of solid
Cr(ONO), and Cr(DOPO),, which were examined using the 4-
element Vortex Si drift detector. Approximately 15 min step scans
were used with both detectors where the monochromator and the
undulator were coupled. In the Lytle step scans, the step size for the
low-resolution pre-edge region was S eV, whereas for the near-edge
region, it was 0.5 eV. The region above the edge (up to k = 16 A™")
had a step size of 0.1 A™". In the Vortex step scans, the step sizes were
changed to 1 eV in the near-edge region and to 0.05 A™! in the region
above the edge (up to k = 16 A™").

Data reduction for EXAFS analysis was performed using the
methods described in the UWXAFS package.*® The alignment and the
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background removal of the raw data were done using the program
ATHENA®® from the UW IFEFFIT analysis package.’” The scans
were aligned using the Cr reference spectra and merged with like scans
in energy space to increase the signal-to-noise ratio. After removing the
pre-edge background the spectra were normalized to have a step size
of 1. The inflection points of the absorption edges were used to
determine the edge energy, E, The EXAFS oscillations in the
postedge region were isolated after subtracting the background using
the AUTOBK method”® in ATHENA. Further details of the EXAFS
data analysis may be found in the Supporting Information.

X-ray Crystallography. Crystals of Cr(ONO), were grown by
slow evaporation from dichloromethane, and those of Mo(ONO),
were grown by evaporation from hexane. Crystals of Pb(DOPO),-
2C4Hg were grown by vapor diffusion of methanol into a benzene
solution of the complex, while the group 6 M(DOPO), crystals were
grown by vapor diffusion of acetonitrile into chloroform. Crystals were
placed in Paratone oil before being transferred to the cold N, stream
of a Bruker Apex II CCD diffractometer in a nylon loop.

In all structures, data were reduced, correcting for absorption, using
the program SADABS. The structures of Mo(ONO), and Pb-
(DOPO),-2C4Hy were solved using Patterson maps to find the metal
atoms and the atoms in the first coordination sphere, with other heavy
atoms found on subsequent difference Fourier maps. The structures of
W(DOPO), and those containing 3d metals were solved by direct
methods, while the model derived from W(DOPO), was used as the
starting point for the isomorphous Mo(DOPO), crystal. All
nonhydrogen atoms were refined anisotropically.

In the group 6 M(ONO), complexes, one tert-butyl group
(centered on C28) was observed to be disordered. The disorder was
modeled by constraining the thermal parameters of opposite carbons
to be equal and allowing the two orientations’ occupancies to refine
(the major component was found to have an occupancy of 64.1(3) and
62.2(5)% in the Cr and Mo complexes, respectively). All hydrogen
atoms were placed in calculated positions, except in Cr(ONO),,
Cr(DOPO),, and W(DOPO),, where all hydrogen atoms except those
on the tert-butyl groups centered on C28 in Cr(ONO), and on C38 in
Cr(DOPO), were located on difference Fourier maps and refined
isotropically. Calculations used SHELXTL (Bruker AXS),* with
scattering factors and anomalous dispersion terms taken from the
literature.* Further details about the structures are given in Table 1
and Supporting Information, Table S1.

Structural Analysis of Metal ONO Complexes. Structural data
of ONO complexes with unambiguous metal (and hence ligand)
oxidation states were compiled from the Cambridge Structural
Database (accessed 11 February 2014). Compounds with N-
protonated or N-alkylated ONO ligands were excluded. The data set
consisted of 41 structures containing a total of 110 crystallographically
distinct aryl rings (36 with oxidation state of —1, 20 with oxidation
state of —1.5, 33 with oxidation state of —2, and 21 with oxidation
state of —3). References and additional details for all structures used
are provided in Supporting Information, Table S2. Eight chemically
distinct bond lengths were tabulated for each crystallographically
independent aryl ring in the data set: the C—O and C—N bond lengths
and the six C—C bond lengths. The bond lengths are tabulated in the
Excel spreadsheet ONO_MOSCalculatorxls available as Supporting
Information.

Values were averaged for each parameter for each oxidation state of
the ligand, and the resulting averages were plotted as a function of
ligand oxidation state (Figure 6). Linear correlations were adequate to
express the observed relationship of distance with oxidation state in all
cases; unlike the situation for amidophenoxjdes,41 the data for ONO
complexes do not justify a nonlinear fit for the C1—C2 distance. Since
all correlations are linear, the least-squares fit to determine the metrical
oxidation state can be solved analytically; the solution is given in the
Supporting Information and operationalized in the ONO_MOSCal-
culatorxls spreadsheet.

10207

B RESULTS

Preparation of Group 6 M(ONO), and M(DOPO),
Complexes. The typical synthetic strategy for preparing
homoleptic M(ONO), complexes is the self-assembly of the
ligand from 3,5-di-tert-butylcatechol and ammonia in the
presence of an appropriate kinetically labile metal precursor
under aerobic conditions. Since chromium(II) is labile but not
stable to aerobic conditions, while chromium(III) is air-stable
but kinetically inert, this method fails for chromium.

We have found that Pb(ONOY), is a mild and efficient
reagent for the replacement of halides with the ONO2ligand in
both main group'® and transition metal** halides. This
preformed source of the ONO ligand allows one to finesse
the problem of the kinetic inertness of Cr(III): chromium(II)
chloride reacts cleanly with Pb(ONOY), in THF under
anaerobic conditions to provide the desired homoleptic
Cr(ONO), complex (eq 1). The molybdenum complex
Mo(ONO), may be prepared similarly from the reaction of
the readily available molybdenum(II) bromo carbonyl
Mo,Br,(CO)s with Pb(ONO®), (eq 2). The tungsten
analogue, previously prepared from tungsten hexachloride and
H;[ONO“*],"® can also be prepared by the reaction of
Pb(ONOY), with W,Br,(CO)s. All three compounds can be
purified by chromatography on silica gel. The chromium
complex is indefinitely air-stable; solutions of the molybdenum
and tungsten analogues degrade in the presence of air over the
course of weeks, but the compounds may be handled in air for
short periods of time without decomposition.

THF
CrCl, + Pb(ONOQ), ————» Cr(ONO),
—PbCl, 52%

(1)

CH,Cl,

1/, MaBrg(CO)s +Pb(ONOQ), —5—> M(ONO),  (2)

Ivakhnenko, Minkin, and co-workers recently reported the
preparation of an analogue of H(ONOY)™ with a bridging
oxygen in place of the 6 and 6’ hydrogens, 2,4,6,8-tetra-tert-
butyl-9-hydroxyphenoxazin-1-one (H(DOPOY), Figure 1b).*!
We found the published synthesis of H(DOPO®) from 2,6-
dihydroxy-3,5-di-tert-butylaniline and 3,5-di-tert-butylcatechol,
in refluxing benzene using catalytic toluenesulfonic acid, to be
unreliable. In contrast, treatment of the same starting materials
in benzene at room temperature in the air with 10 mol %
triethylamine** reliably gives H(DOPOY) after precipitation
from methanol, albeit in modest yields (eq 3). The protonated
ligand can be used to prepare Cr(DOPO), by reaction with
chromocene, releasing 2 equiv of cyclopentadiene (eq 4).

NH, Bu

HO OH OH 10 mol% EtN
+ —_—
CgHg, air
Bu Bu Bu OH 25%
)
OH 0
Bu N Bu
N
o
Bu Bu
H(DOPOQ)
THF
CpsCr +2H(DOPO®) ————> Cr(DOPO),  (4)
~2C4Hs 60%
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To synthesize the molybdenum and tungsten dioxophenox-
azine complexes, the previously unknown lead(II) complex
Pb(DOPOY), was prepared as a DOPO transfer agent.
Reaction of lead acetate trihydrate with H(DOPOY) produces
Pb(DOPOY),, but the reaction is slow and low-yielding
because of the insolubility of both reagents in methanol. A
more efficient procedure uses organic-soluble lead(II) 2-
ethylhexanoate; mixing solutions of this reagent with H-
(DOPOY) in dichloromethane followed by precipitation with
CH,CN gives Pb(DOPOY), in high yield (eq S).

Pb(O,CR), + HDOPO®) ————3 PH(DOPO), (5)

R = —CHg, CHgOH, A, 2 d, 44%
R = —CH(Et)CH,CH,CH,CHg, CH,Cly, RT, 80%

The coordination environment of Pb(DOPOY),, like that of
Pb(ONOY),,'*'% is highly distorted (Figure 3, Table 2), with

2R &

Figure 3. Thermal ellipsoid plot of Pb(DOPOY),-2C¢H, with
hydrogen atoms and solvent molecules omitted for clarity.

two of the oxygen atoms tightly coordinated to lead (average
(av) length of Pb—O = 2.319(11) A) and two oxygens much
more weakly bound (Pb—O = 2.78(3) A av). The core N,0,
coordination geometry is a bent sawhorse, with O—Pb—0O <
90° and N—Pb—N = 120° which is typical of lead(Il)
complexes of hard ligands.* The coordination geometry of the
DOPO compound is very similar to that of the ONO analogue,
with the exception of ~0.05 A longer Pb—O distances in the
DOPO compound. In both compounds, the bonding within the
ligand reflects the asymmetry of the binding of the rings, with
the greater quinonoid character of the ring with the long Pb—O
distance reflected in shorter C—O and C—N bonds. However,
this asymmetry is more marked in the ONO complex (Adq_q
= 0.073(6) A, Adc_y = 0.058(9) A) than it is in the DOPO
complex (Adc_o = 0.051(6) A, Ade_y = 0.028(6) A). 'H
NMR spectra of Pb(DOPOY), in CD,Cl, are symmetrical at all
temperatures to —60 °C, suggesting that the structure is
fluxional in solution.

Treatment of molybdenum(II) or tungsten(II) bromide
carbonyls with Pb(DOPOY), results in immediate evolution of

Table 2. Selected Distances (A) and Angles (deg) in
Pb(DOP0Y),-2CH¢ and Pb(ONOY),-2CHCl,

Pb(DOPOY),-2C4H, Pb(ONOY),-2CHCL,*
Pb—O1 2.327(2) 2.251(2)
Pb—03 2.311(2) 2.258(2)
Pb—02 2.799(2) 2.822(2)
Pb—04 2.761(2) 2.773(2)
Pb—N1 2.583(2) 2.572(3)
Pb—N2 2.576(2) 2.592(2)
01-C12 1.297(4) 1.304(4)
03-C32 1.293(4) 1.301(4)
02—-C22 1.246(4) 1.229(4)
04-C42 1.243(4) 1.231(4)
NI1-Cl11 1.347(4) 1.374(4)
N2—-C31 1.340(4) 1.367(4)
N1-C21 1.316(4) 1.307(4)
N2—-C41 1.316(4) 1.318(4)
01-Pb—02 123.64(7) 125.22(7)
01-Pb-03 88.79(8) 90.09(8)
01-Pb—04 80.52(7) 81.81(7)
01-Pb—N1 65.65(8) 66.90(8)
01-Pb—N2 70.01(8) 72.83(7)
02-Pb-03 84.41(8) 71.33(7)
02—-Pb—04 144.26(7) 150.51(7)
02-Pb-N1 59.40(7) 59.12(7)
02—-Pb—N2 148.15(8) 134.19(7)
03-Pb—04 125.39(7) 125.49(7)
03-Pb-N1 70.39(8) 78.26(8)
03-Pb—N2 66.21(8) 66.64(8)
04-Pb-N1 143.06(8) 141.41(7)
04—Pb—N2 59.76(7) 59.43(7)
N1-Pb—N2 117.01(8) 125.63(8)

“Data for Pb(ONOY),-2CHCI, from ref 10.

CO, precipitation of PbBr,, and formation of the corresponding
group 6 bis(DOPO) complexes in good yield (eq 6). The
M(DOPO), complexes can be handled in air for short periods
of time, but decompose over the course of several days.

CHClg

1/, MoBr4(CO)g + Pb(DOPOQ), Tm» M(DOPO), (6)

-4CO
M = Mo, 61%
M= W, 72%

Structure and Bonding of Molybdenum and Tung-
sten Complexes; Metrical Oxidation States of ONO
Complexes. Mo(ONO), adopts a distorted octahedral
structure (Figure 4) and is isostructural to the previously
described W(ONO),."® As is typical of bis(ONO) complexes,"
the structure is roughly D,;-symmetric, but its symmetry is
lowered to D, by slight twisting of the benzene rings to
minimize contacts between the 6 and 6" hydrogens. In contrast,
W(DOPO), (Figure 5) and the isostructural Mo(DOPO),
(Supporting Information, Figure S2) adopt structures that are
very close to ideal D,; symmetry, with nearly coplanar ligands.
The DOPO structures have markedly longer M—O distances
and shorter M—N distances than the corresponding ONO
complexes (Table 3), a trend that was previously observed in
Ni(DOPO), and Zn(DOPO),.** The elongation of the M—O
bonds in DOPO complexes is likely due to the effect of the
oxygen bridge “pulling back” the phenoxide oxygens. A similar
shortening of the central nitrogen—metal bond has been
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Figure 4. Thermal ellipsoid plot of Mo(ONO),. Hydrogen atoms and
the minor conformation of the tert-butyl group centered at C28 are
omitted for clarity.

Figure S. Thermal ellipsoid plot of W(DOPO),, with hydrogen atoms
omitted for clarity.

described in metal—terpyridine complexes with consecutive
five-membered chelate rings.*®

To judge the oxidation states of complexes of redox-active
ligands, chemists rely heavily on intraligand bond distances.*’
Given a sufficient database of structures with unambiguous
oxidation states, one can make these qualitative correlations

Table 3. Selected Bond Distances (A) and Metrical
Oxidation States in M(ONO), and M(DOPO), (M = Mo,
W)

Mo(ONO),” W(ONO),** Mo(DOPO),* W(DOPO),"

M-0 1.922(6) 1.909(4) 1.996(4) 1.976(3)
1.959 1.949 2.046 2.054
M-N 2.030(6) 2.041(5) 1.975(5) 1.9757(17)
2.075 2.085 1.983 1.9922
Cl-N 1.407(7) 1.414(3) 1.362(9) 1.372(4)
1.402 1.408 1.362 1.367
C2-0 1.348(8) 1.364(3) 1.366(6) 1.376(4)
1.344 1.356 1.351 1.364
Cl1-C2 1.400(8) 1.401(3) 1.387(8) 1.387(4)
1418 1.413 1.402 1.396
C2-C3 1.388(9) 1.390(3) 1.393(6) 1.396(4)
1.394 1.389 1.399 1.396
C3-C4 1.391(8) 1.397(3) 1.402(5) 1.408(5)
1.395 1.397 1.405 1.406
C4-CS 1.388(10) 1.398(4) 1.406(5) 1.412(4)
1.399 1.396 1.409 1.408
Cs5—C6 1.380(8) 1.390(4) 1.393(6) 1.403(5)
1.396 1.399 1.392 1.394
C6-C1 1.392(9) 1.394(3) 1.391(5) 1.385(3)
1.404 1.402 1.393 1.389
MOS —2.86(13) -3.02(9) —2.83(23) —3.00(22)
—-2.69(10) —2.88(9) —-2.60(18) —2.80(19)

“Values in Roman type are averages of chemically equivalent instances
in the crystal structures. Values in italics are from DFT calculated
structures (B3LYP, SDD basis set for Mo and W, 6-31G* for other
atoms) for structures with hydrogen atoms replacing the tert-butyl
groups. bCrystallographic data from ref 18.

quantitative and derive “metrical oxidation states” based on the
intraligand bond lengths. This has the additional value that the
MOS is sensitive to the degree of 7 bonding, since 7 donation
depletes the ligand HOMO and gives rise to the same metrical
changes as would be seen on ligand oxidation. In particular,
fractional oxidation states have been seen as signatures of 7-
bonding effects.*"**

There are enough suitable ONO structures (46 structures
containing 128 crystallographically distinct rings, see Support-
ing Information) to allow satisfactory correlations between
oxidation state and bond distances (Figure 6). Since the
correlations are linear, the metrical oxidation state can be
determined analytically (Supporting Information, eq S1).
Because the effects of ligand oxidation are delocalized over
two rings, the slopes of the correlations are about half the
magnitude of those observed for amidophenolates and
catecholates.*!

Metrical oxidation states for the molybdenum and tungsten
bis-ONO and bis-DOPO complexes can be calculated (Table
3) and are most consistent with assigning all four complexes as
M(VI) bonded to fully reduced L. Surprisingly, differences in
metrical oxidation state between ONO and DOPO ligands are
too small to detect with confidence. Density functional theory
(DFT) calculations reproduce the observed trends extremely
well, though calculated MOS values are uniformly about 0.2
units more positive than are experimentally observed.

Spectroscopic data are entirely consistent with the MY'(L“*),
formulation. All four compounds are diamagnetic and give
normal 'H and *C NMR spectra. Chemical shifts for the COM
carbons in the ONO complexes (5 167.50, 161.91 ppm) are in
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Figure 6. Correlations of bond distances with amidophenoxide
oxidation state: (a) C1—C2 and C4—CS5; (b) C2—C3 and C6—Cl;
(c) C3—C4 and C5—C6; and (d) C1—-N and C2—-0.

the range expected for reduced, phenoxide-like ligands.** The
'"H NMR signals for the aromatic hydrogens in the two

M(DOPO“"), complexes (5 6.62 for Mo, 6.47 for W) are
about 1 ppm upfield from their shifts in any of the known
diamagnetic DOPO% compounds (8 7.4—7.6 ppm in CDCL;)."
This effect is tentatively ascribed to a slight paratropic shift in
the DOPO* compounds due to the weakly antiaromatic
character of the reduced 167 electron phenoxazine nucleus,*’
compared to a diatropic shift in the 147 electron phenox-
azinone nucleus of DOPO%

Optical spectra of the four compounds show intense bands in
the violet to near-UV region of the spectra (Supporting
Information, Figure S7), attributed to ligand-to-metal charge
transfer transitions. Absorptions at long wavelengths typical of
oxidized ONO or DOPO ligands are not observed. The
molybdenum compounds consistently absorb at longer wave-
lengths than the tungsten analogues (for ONO, A, Mo = 505
nm, W = 420 nm;'® for DOPO, .. Mo = 463 nm, W = 412
nm). All compounds show irreversible oxidations and chemi-
cally reversible reductions in their cyclic voltammograms
(Supporting Information, Figure S8). Because of the
irreversibility, it is difficult to compare the oxidations of the
compounds, but the differences between the DOPO and ONO
ligands, and between molybdenum and tungsten, appear to be
relatively small. Mo(DOPO)), is slightly more difficult to reduce
than Mo(ONO), (E° = —1.08 and —1.00 V, respectively, vs
Cp,Fe'/Cp,Fe) and is substantially easier to reduce than
W(DOPO), (E° = —1.54 V).

Table 4. Selected Bond Distances (A) and Metrical Oxidation States in Cr(ONO), and Cr(DOPO),

Cr(ONO),* Cr(DOPO),”
X-ray DFT S =0 DFT S = 1 X-ray DFT S =0 DFT S = 1
Ligand v
M-0O 1.894(10) 1.897 1.979 2.051(9) 1.993 2.127
M-N 1.943(8) 1.934 2.018 1.9800(15) 1.858 2.012
Cl-N 1.387(6) 1.378 1.360 1.322(3) 1.342 1.318
C2-0 1.324(5) 1.314 1.296 1.296(10) 1.321 1.283
Cl-C2 1.418(7) 1432 1.458 1.433(6) 1416 1.449
C2-C3 1.422(7) 1.408 1.420 1.421(4) 1.408 1.423
C3—-C4 1.384(8) 1.386 1.378 1.384(11) 1.401 1.388
C4-CS 1.409(7) 1411 1.420 1.440(5) 1416 1.430
Cs5—-Cé6 1.381(5) 1.387 1.378 1.371(7) 1.386 1.373
C6—Cl1 1.403(6) 1412 1421 1.418(8) 1.401 1421
MOS —2.21(10) —2.08(10) -1.57(11) —1.41(22) —2.08(21) —1.26(21)
Ligand 2
M-O 1.9915(15) 1.993 2.029
M-N 1.8764(16) 1.858 1.887
Cl-N 1.349(2) 1.342 1.344
C2-0 1.335(2) 1.321 1.326
C1-C2 1.406(6) 1416 1.419
C2-C3 1.403(8) 1.408 1.406
C3-C4 1.401(5) 1.401 1.408
C4-CS 1.410(6) 1416 1413
C5-C6 1.387(4) 1.386 1.389
C6—C1 1.399(5) 1.401 1.400
MOS —2.33(20) —2.08(21) —2.17(21)

“Values in Roman type are averages of chemically equivalent instances in the crystal structures. Values in italics are from DFT-calculated structures
(B3LYP, SDD basis set for Cr, 6-31G* for others) for the given spin states in structures with hydrogen atoms replacing the tert-butyl groups. bLigand
1 refers to the ring containing N1 and Ligand 2 to the ring containing N2 in the crystal structure. The calculated singlet geometry of Cr(DOPO),
has D,; symmetry and therefore equivalent DOPO ligands. Cr(ONO), is observed to have approximately equivalent ligands in the solid state.
Cr(ONO), (with H in place of tert-butyl groups) in all spin states is calculated to have approximate D, symmetry and equivalent ligands. With —CHj,
and —'Bu substituents in the 3,3’,5,5"-positions, triplet Cr(ONO), is calculated to have both a D, and a C, local minimum, the latter with
inequivalent ligands (Supporting Information, Table S3).
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Solid-State Structures of Cr(ONO), and Cr(DOPO),;
Discrepancies Between Solid and Solution Properties.
Crystals of Cr(ONO), are isomorphous with those of its
heavier group 6 analogues, and it adopts an analogous structure
(Supporting Information, Figure S3, Table 4). The bond
distances indicate significantly more oxidized (or more z-
donating) ONO ligands in Cr(ONO),, MOS = —2.21(10).

In contrast, crystals of Cr(DOPQO), are not isomorphous
with those of the Mo and W analogues, and the molecular
structure is unique in having two DOPO ligands that are
significantly different (Supporting Information, Figure S4,
Table 4). One ligand (containing N2) forms short Cr—O
and Cr—N bonds and is relatively reduced (MOS =
—2.33(21)), with bonding quite similar to that observed in
Cr(ONO),. The second ligand (containing N1) forms 0.06 A
longer Cr—O and 0.10 A longer Cr—N bonds, and its
intraligand bond distances are consistent with an apparent
oxidation state that is a full unit more positive (MOS =
—1.40(22)). The overall symmetry of the complex is therefore
reduced from D,; to C,,.

The structural data, in combination with DFT calculations,
provide a clear way to distinguish between different possible
spin states of the chromium complexes. DFT calculations
consistently indicate much shorter average metal—ligand
distances in the singlet than in the triplet state (Table 4).
Calculated values for both metal—ligand and intraligand bond
distances for singlet Cr(ONO), are in excellent agreement with
the crystallographically observed values, while those for the
triplet are not. Conversely, DFT calculations on triplet
Cr(DOPO), agree both quantitatively (metal—ligand and
intraligand) and qualitatively (optimization to a C,, geometry
with substantially different ligand distances) with the crystallo-
graphic observations, while the computed singlet geometry is a
poor match. Thus, the structural data imply that Cr(ONO), is a
singlet in the solid state, while Cr(DOPO), is a triplet. This
spin state assignment is consistent with the observed solid-state
magnetic susceptibility (Figure 7). Cr(ONO), shows essentially
pure temperature-independent paramagnetism (TIP), with low
susceptibility at low temperature and a linear dependence of yT

3 T T T T T f T
L]
25 L Cr(ONO), |
solid
2r Cr(DOPO), T
solid
15 | 4

Cr(DOPO),

solution
0@ 000y o

AT cm® mol™ K

05 4
Cr(ONO),
solution
O 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400
T, K

Figure 7. Magnetic susceptibilities yT for solid Cr(ONO), (red W)
and Cr(DOPO), (blue () and for toluene-dg solutions of Cr(ONO),
(red @) and Cr(DOPO), (blue O).

with T. This is consistent with an electronic structure with no
unpaired electrons, and the linear behavior argues against a
significant population of excited states with unpaired
electrons.>® The magnitude of the TIP is large, but this is
precedented,” including an example of a first-row transition
metal coordinated to redox-active ligands,52 and is not
unexpected in a compound with low-lying excited states
(solid Cr(ONO), absorbs at A > 1200 nm in its diffuse
reflectance spectrum, Supporting Information, Figure S9.) In
contrast, Cr(DOPQO), shows a susceptibility consistent with
two unpaired electrons (p.5 = 2.70 py at S K), albeit with a
small amount of TIP, giving the yT versus T plot a small
positive slope.

In solution, however, Cr(ONO), behaves quite differently
than it does in the solid. Its '"H NMR spectrum shows large
downfield shifts for the two aromatic hydrogens (§ 37.55, 47.96
at room temperature in CDCL;). While the large shifts might be
consistent with TIP,>® the temperature dependence of the
chemical shifts (linear variation of § with 1/T from 183—368 K
with intercepts near the diamagnetic shifts, Figure 8) is only

60

& ArH, ppm

0
0 0.001 0.002 0.008 0.004 0.005 0.006

1T, K"

Figure 8. Chemical shifts of the two aromatic hydrogens in
Cr(ONO), (toluene-dy).

consistent with an S > 0 state. The linearity of these plots is
strong evidence that Cr(ONO), exhibits a single spin state in
solution over this entire temperature range, in contrast to
examples of spin-equilibrium in solution previously observed
for [Mn(ONO),]™ (n = 0, 1)® or [Co(ONO),]™ (n = 0,**
1°°). Consistent with this, the solution magnetic moment
(Evans method) in toluene (Figure 7) is temperature-
independent over this range, with p.s = 2.13 pp somewhat
smaller than the spin-only value of 2.83 yy expected for an S =
1 complex. Cr(DOPO), shows a similar paramagnetic,
temperature-dependent NMR spectrum and has a solution
magnetic moment of 2.86 yp. Both chromium compounds in
solution show roughly similar, highly complex optical spectra
(Supporting Information, Figure SS). Both compounds also
have similar electrochemistry, each showing two reversible
redox processes in CH,Cl,, at 0.00, —0.50 and +0.06, —0.46 V
versus Fc*/Fc for Cr(ONO), and Cr(DOPO),, respectively
(Supporting Information, Figure S6).

The discrepancies between the solution and solid-state
behavior of Cr(ONO), prompted a study of the two chromium
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compounds using Cr K-edge X-ray absorption spectroscopy
(XAS). Solid-state and dissolved Cr(ONO), show different
XAS spectra in both the near-edge and EXAFS regions (Figure
9a), while spectra of solid-state and dissolved Cr(DOPO), are

1.4

Cr(ONO),, solid
12 L Cr(ONO)Q, solution

08 |-

Normalized Absorbance

04 E

02 -

6000 6050 6100 6150 6200

E, eV

1.4

Cr(DOPO),, solid
12 L Cr(DOPO)z, solution

08 |- .

Normalized Absorbance
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Figure 9. Cr K-edge X-ray absorption spectra of (a) Cr(ONO), solid
(blue) and as a 10 mM THE solution (red) and (b) Cr(DOPO), solid
(blue) and as a 10 mM THF solution (red).

identical (Figure 9b). In the near-edge region (Figure 10),
spectra of Cr(ONO), and Cr(DOPO), in solution are very
similar both to each other and to the chromium(III)
dipicolinate complex Na[Cr(dipic),]-2H,0, which contains a
chelate that is geometrically similar to ONO and DOPO but is
redox innocent. In contrast, for solid Cr(ONO),, both the weak
Is — 3d transition at ~5990 eV and the steeply rising portion
of the curve associated with the 1s — 4p transition at 6000—
6010 eV are shifted by approximately 1 eV to higher energy.
The analogous transitions for the chromium(IV) compound
CrO, are 1.5—2 eV higher still in energy.

Analysis of the EXAFS portion of the spectra confirms that
there are detectable structural differences between Cr(ONO),
in the solid state compared to its structure in solution. In
particular, the features due to scattering by the first-
coordination sphere atoms are systematically shifted to longer
distances in the Fourier-transformed EXAFS spectra of the

1.4 T T r I
Na[Cr(dipic)z], solid
1.2 Cr(DOPO)Z. solution
Cr(ONO),, solution
Cr(ONO)z, solid
1 k- CrO,, solid _
)
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Figure 10. XANES spectra of solid Na[Cr(dipic),]-2H,O (solid black

line), Cr(DOPO), in THF (orange), Cr(ONO), in THF (purple),
solid Cr(ONO), (blue), and solid CrO, (dashed, black).

solution-phase species compared to the solid-state compound
(Figure 11). Quantitative analysis (see Supporting Information
for details) indicates that the first coordination sphere is
expanded, on average, by about 0.034 A in solution compared
to the solid state. However, a uniform expansion of all bond
distances by this amount is not in good quantitative agreement
with the data (Supporting Information, Table S6, Figure S11).
The EXAFS data are consistent with either a D,-symmetric
structure with 0.022(4) A longer Cr—O and 0.066(12) A
longer Cr—N distances than in the solid, or a C,-symmetric
structure with one ligand at very similar distances as in the solid
and the other with average bond elongations of 0.064(8) A.
The structural changes are much smaller than in previously
studied valence tautomers of cobalt, where changing from low-
spin Co(III) to high-spin Co(II) introduces two do* electrons
and leads to metal—ligand bond elongations of ~02 A.>°
Computationally, the only minimum that could be located for
the simplified structure with hydrogens in place of the tert-butyl
groups is a D,-symmetric structure (Table 4). However,
calculations on the structure in which methyl groups replace
the tert-butyls, as well as those on the full molecule, revealed
both D, and C, local minima that differ in energy by less than 1
keal/mol (Supporting Information, Table S3).

B DISCUSSION

Qualitative Model of Bonding in M(ONO), Complexes.
The redox-active orbital of the ONO ligand is principally N 2p
in character, with appreciable contributions from the O 2p
orbitals in phase with the nitrogen orbital, and with antibondin%
interactions with z-bonding orbitals of both benzene rings2
(Figure 12a). The redox-active orbital in DOPO is similar, with
the p orbital on the phenoxazine oxygen contributing in an
antibonding fashion to the two benzene rings, raising the orbital
in energy (Figure 12b). In both ligands, this 7 orbital will be the
closest in energy to the metal d orbitals and will therefore
dominate the 7 bonding with the metal. The nodal pattern of
this orbital determines that as its occupancy increases, the C—
0O, C—N, C3—C4, and C5—C6 bonds lengthen, while the other
bonds contract (Figure 6).
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Figure 11. Fourier-transformed EXAFS spectra of Cr(ONO), as solid
(blue) and in THF solution (red). (a) Real part. (b) Imaginary part.

(a) ONO
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Figure 12. Kohn—Sham LUMOs (redox-active orbitals) of (a)
[ONO]~ (C,-symmetric) and (b) [DOPO]~ (C,,-symmetric).

When interacting with the three dz orbitals germane to an
octahedral M(ONO), complex, the two 7 orbitals of the ONO
(or DOPO) ligands combine as shown in Figure 13. In
idealized D,; symmetry, the ligand 7 orbitals transform as an E
set and interact strongly with the degenerate {d,,, yz} pair. The
d,, orbital, of B, symmetry, is nonbonding. Descent in
symmetry to either D, or C,, splits the degeneracy of the E
set, but leaves d,, strictly nonbonding.

The composition of the E-symmetric 7 and 7% orbitals
depends on the relative energies of the ligand and metal

\— _'le
M-L = bonding

Figure 13. Qualitative # MO diagram of group 6 M(ONO),
complexes (symmetry labels from approximate D,; symmetry).

orbitals. If the metal orbitals are much higher in energy than the
ligand orbitals, as with early transition metals, then the &
orbitals are largely ligand-centered, and the 7 orbitals are
largely metal-centered. Such complexes would be appropriately
viewed as containing d® metals, with all available electrons
going to fill the ligand 7 orbitals. As the d orbital energies are
lowered, as by moving to the right in the periodic table, the 7-
bonding orbitals become increasingly metal-centered.

Molybdenum and Tungsten M(ONO), and M(DOPO),
Complexes. Molybdenum or tungsten bis(ligand) complexes
have four electrons to distribute among the orbitals shown in
Figure 13. All four electrons should occupy the z-bonding
orbitals, which will be largely ligand-centered, in agreement
with the formulation MY'(L“"), and in complete agreement
with all spectroscopic observations. The MOS values for all four
ML, (M = Mo, W; L = ONO, DOPO) are close to —3,
indicating that there is relatively little 7 donation from the
ligand to the metal, which would tend to delocalize the electron
density of the ligand highest-occupied molecular orbital
(HOMO) onto the metal, causing intraligand bond dlstances
to change in the same way as ligand oxidation does.* The
molybdenum complexes show slightly more oxidized MOS
values than do their tungsten analogues (AMOS = 0.2). While
this difference is on the edge of statistical significance, it is
consistent in magnitude and direction in both ONO and
DOPO complexes, and both experimentally and computation-
ally, suggesting that it is real. This is consistent with the well-
known periodic trend that the heavier transition metals are
more stable (less oxidizing) in their higher oxidation states.>”
Thus, there is expected to be more charge transfer in the
metal—ligand 7z orbital toward molybdenum than toward
tungsten, resulting in lower electron density in the ligand
HOMO and a more positive MOS. The same phenomenon of
easier charge transfer to Mo is reflected in the relative energies
of the ligand-to-metal charge transfer transitions in their optical
spectra (longer wavelengths for Mo than W).

Structurally, the differences between the DOPO complexes
and the ONO complexes of molybdenum and tungsten are
surprisingly small, giving rise to indistinguishable MOSs (Table
3). In particular, there is no question that the DOPO ligands
are well-described in these complexes as existing in their fully
reduced, [DOPO“*]*, forms. In previous work on this ligand,
all observed transition metal complexes were a551gned as
containing [DOPOY]~ forms of the li and,*!*? though
Sn(DOPO), is assigned as having [DOPO’Y>~ ligands.>®

Electronic Structures and Valence Tautomerlsm in
Cr(ONO), and Cr(DOPO),. While the nature of the ligand
makes surprisingly little difference in the structures of the
heavier group 6 elements, it does make a difference in the
structures of the chromium complexes. Cr(DOPO), is well-
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Figure 14. Kohn—Sham HOMOs of (a) W(ONO),, (b) Mo(ONO),, and (c) singlet Cr(ONO), (B3LYP, 6-31G* [ligand]/SDD [metal]).

described as having an S = 1 ground state, with two rather
different ligands (C,, symmetry). In the qualitative molecular
orbital (MO) picture, the lowest-energy triplet configuration is
(7)*(nb)", which is Jahn—Teller unstable. This explains the
distortion to C,, symmetry, which splits the 7 orbitals that are
degenerate in D,; by making one (ligand 2, with shorter M—L
distances) more strongly bonding than the other. An equivalent
formulation would be a d® Cr(Ill) ion antiferromagnetically
coupled to the DOPO semiquinone ligand. This oxidation state
assignment is roughly consistent with the intraligand bond
distances observed in the crystal structure (sum of ligand MOS
= —3.7(3)), and agrees very well with the XANES data, which
show an edge energy essentially indistiguishable from that of
the redox-innocent chromium(III) dipicolinate complex [Cr-
(dipic),] ™. DFT calculations on the triplet state also agree with
a Cr(III) formulation, with Mulliken spin densities of 2.81 on
Cr and of 0.05 and —0.86 on ligands 1 and 2, respectively,
consistent with antiferromagnetic coupling with ligand 2. Both
magnetic susceptibility measurements and Cr K-edge X-ray
absorption spectroscopy indicate that the solid-state structure is
retained in solution. The solution structure of Cr(ONO),, as
judged by XANES, magnetic susceptibility, cyclic voltammetry,
'"H NMR, and UV-vis—NIR spectroscopy, appears to be
similar to that of Cr(DOPO),.

The solid-state structure of Cr(ONO),, however, does not
resemble that of Cr(DOPO), Chromium—nitrogen and
chromium—oxygen distances are short in Cr(ONO),, and
solid-state magnetic susceptibility measurements show only
temperature-independent paramagnetism, consistent with a
low-spin, singlet ground state. This is supported by DFT
calculations on the singlet structure, which accurately reproduce
the metal—ligand and intraligand distances.

Assignment of the oxidation states in solid-state Cr(ONO),
is more challenging than the corresponding assignment of the
solution state species. The metrical oxidation state of the
ligands is —2.21(10), consistent with the metal center being
somewhat more oxidized than the +4 state. The Cr XANES
data show a chromium center significantly more oxidized than
any of the Cr(III) compounds, but significantly less oxidized
than the Cr(IV) standard CrO,. While it is not in perfect
agreement with the physical data, one could without gross
injustice assign a Cr(IV) oxidation state to solid-state
Cr(ONO),. Positing strong antiferromagnetic coupling be-
tween two unpaired spins on Cr(IV) and two on the ONOS2
ligands then explains the observed singlet ground state.

The disadvantage of this assignment is that it obscures the
apparent kinship between the electronic structures of Cr-
(ONO), and its heavier congeners. All of the data are
consistent with the same qualitative electronic structure of
W(ONO), and Mo(ONO), being retained in Cr(ONO),. The
differences observed are in line with the periodic trends of the
transition series, where the dz orbital energies increase down

the column.’® The corresponding redistribution of electron
density in the metal-ligand 7-bonding orbitals (Figure 14)
results in ligand MOS values that become more positive in the
order Cr > Mo > W. This covalent description does not
necessarily imply any integer oxidation state, and explains why
different physical techniques may report different apparent
oxidation states.

Studies of group 6 di-tert-butylimido complexes reveal
analogous periodic trends, with the degree of electron density
at nitrogen decreasing in the order of W > Mo > Cr.%° In the
imido complexes, there is no oxidation state ambiguity; electron
density is transferred from the imido to the metal through =
donation. An electron-rich redox-active ligand such as ONO?*~
or DOPO®, in contrast, has two possible outcomes when
bonded to an oxidizing metal center such as Cr(VI). It may
transfer electrons, resulting in a formal change in oxidation
state; this appears to describe the situation well in the triplet
compounds Cr(DOPO), and Cr(ONO), in solution. Or, like
the imido group, it may transfer its electron density via covalent
7 donation to the metal. This appears to be the best description
of solid, singlet Cr(ONO),. As witnessed by the stability of the
two spin states under very similar conditions, both outcomes
can be viable and must be considered when describing the
bonding of complexes of redox-active ligands.

B CONCLUSIONS

Reaction of divalent group 6 precursors with sources of the
oxidized forms of the ligands, namely Pb(ONOY), H-
(DOPOY), or Pb(DOPOY),, serves as a general synthetic
route to homoleptic redox-active ligand complexes ML,. The
molybdenum and tungsten complexes are octahedral and are
well-described as M(VI) complexes of fully reduced, trianionic
LS, Cr(DOPO), shows a novel C,, structure with localized
DOPO®? and DOPO® ligands coordinated to a Cr(III) center.
Magnetic susceptibility measurements and X-ray absorption
spectroscopy indicate that this structure is retained in solution.
In contrast, analogous measurements indicate that Cr(ONO),
adopts a singlet structure with shorter metal—ligand bond
lengths in the solid but a triplet structure with longer metal—
ligand bond lengths in solution. The latter is similar to
Cr(DOPO),, but the former defies simple oxidation state
assignment. It is best described in an MO framework that
emphasizes the formation of two metal—ligand 7 bonds and
provides a unified picture for understanding the bonding in all
of the group 6 complexes.

B ASSOCIATED CONTENT

© Supporting Information

Details on MOS analysis, electrochemistry, optical spectrosco-
py, EXAFS analysis, DFT calculations (PDF format), a
spreadsheet implementing the MOS calculations for ONO
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ligands (xls format), and crystallographic information in CIF
format. This material is available free of charge via the Internet
at http://pubs.acs.org.
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