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ABSTRACT: Two equivalents of the unsymmetrical Schiff
base ligand (L")~ (4-tert-butyl phenyl(pyrrolato-2-
ylmethylene)amine) and MoCL,(NtBu)O(dme) (dme = 1,2-
dimethoxyethane) gave a single stereoisomer of a mixed
imido/oxido Mo"" complex 2", The stereochemistry of 2"
was elucidated using X-ray diffraction, NMR spectroscopy, and
DFT calculations. The complex is active in an oxygen atom
transfer (OAT) reaction to trimethyl phosphane. The putative
intermediate five-coordinate Mo'" imido complex coordinates

axygen atom iansfer

N —— +HV

single alectron iransfer

a PMe, ligand, giving the six-coordinate imido phosphane Mo' complex 5" The stereochemistry of 5" is different from that
of 2™ as shown by NMR spectroscopy, DFT calculations, and X-ray diffraction. Single-electron oxidation of 5" with
ferrocenium hexafluorophosphate gave the stable cationic imido phosphane Mo" complex [5"]* as the PF,™ salt. EPR spectra of
[5™"](PF¢) confirmed the presence of PMej in the coordination sphere. Single-crystal X-ray diffraction analysis of [5"](PFy)
revealed that electron transfer occurred under retention of the stereochemical configuration. The rate of OAT, the outcome of
the electron transfer reaction, and the stabilities of the imido complexes presented here differ dramatically from those of

analogous oxido complexes.

B INTRODUCTION

Oxygen atom transfer OAT' as seen, e.g, in molybdenum-
containing oxotransferases™ is very well studied using model
chemistry.*> The oxygen atom is transferred from a [Mo"'=
O] species to the substrate giving a [Mo"] species, and the
oxygenated substrate, e.g, SO,*, is formed from SO32_.6
We’~? and others™® observed that in some reactions employing
dioxido Mo"'0,(XNY), model complexes, eg, of type A
(Chart 1), as oxygen atom donor the resulting five-coordinate
Mo O(XNY), species form a y-oxido dimer (XNY),(O)Mo"—
0—Mo"(0)(XNY), as very stable intermediate by compro-
portionation with the starting material. This is a quite general
phenomenon using uncharged and sterically less congested
complexes.‘"5 With excess substrate, e.g, PR’; the vacant
coordination site of the intermediate Mo O(XNY), species can
be filled by the phosphane substrate.” ' When two
dissymmetric chelate ligands XNY are employed several
stereoisomers Mo(XNY),(O)(PR’;) are conceivable. We were
able to deduce the stereochemistry of such molybdenum(IV)
phosphane complexes by NMR spectroscopy and DFT
calculations for complexes of dissymmetric imino pyrrolato
chelate ligands (L?)~ (Chart 1; R = OSiMe;).”””

To close a catalytic cycle the two-electron-reduced
molybdenum(IV) species has to be reoxidized to molybdenum-
(VI) via molybdenum(V) complexes in two single-electron
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transfer (SET) oxidation steps. One-electron oxidation of
Mo (L*),(0)(PR’;) to the molybdenum(V) species
[Mo"(L*),(O)(PR’;)]* resulted in rapid loss of the coordi-
nated phosphane PR’; (R’ = Me, Ph).” However, neither Mo'"
species nor mononuclear Mo" species could be characterized in
this system by X-ray diffraction methods so far due to solubility
and stability reasons. We therefore decided (i) to improve the
solubility of the complexes by introducing a tert-butyl group at
the chelate ligand HL® and (ii) to modify solubility and
electronics by replacing one oxido ligand by a tert-butyl imido
ligand. In this report we describe our attempts to stabilize and
characterize mononuclear Mo™ and Mo" complexes with imido
ligands and two dissymmetric chelate ligands XNY. Parallel to
our work on mixed imido/oxido complexes for oxygen atom
transfer studies the group of Mdsch-Zanetti recently reported
the synthesis of Mo"'O(NtBu)(XNY), complexes with
bidentate S-diketiminato supporting ligands (Chart 1, B).""
Six-coordinate mixed imido/oxido complexes C1 and C2 with
tetradentate salpen and salen ligands have also been reported
by Sullivan (Chart 1)."* Tetrahedral and pseudotetrahedral
MoV complexes with a mixed imido/oxido donor set have also
been reported.'®™' As can be seen from Chart 1, the

Received: December 1, 2011
Published: March 20, 2012

dx.doi.org/10.1021/ic202588u | Inorg. Chem. 2012, 51, 4180—4192


pubs.acs.org/IC

Inorganic Chemistry

Chart 1. Ligands (L*®)™ and Dioxido Molybdenum(VI)
Complexes A of Bidentate Imino Pyrrolato Chelate Ligands
(L¥~,”~® Imido/Oxido Molybdenum(VI) Complexes B of
Bidentate -Diketiminato Ligands,"' and Imido/Oxido
Molybdenum(VI) Complexes C1/C2 of Tetradentate Schiff
Base Ligands'> ¢
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“The underlined numbers indicate the CIP priority for the
stereodescriptor.">~"”

stereochemistry (C1, C2)"*~"7 is not easily predicted in six-

coordinate imido/oxido Mo"" complexes. Even less is known
about the stereochemistry of six-coordinate Mo' and Mo"
complexes with dissymmetric XNY chelate ligands. To the best
of our knowledge, a detailed stereochemical and electronic
analysis of Mo' and Mo" complexes derived from Mo"'O-
(NtBu)(XNY), complexes by OAT and SET has not been
reported yet.

B EXPERIMENTAL SECTION

General Procedures. All reactions were performed under an inert
atmosphere (Schlenk techniques, glovebox). THF was distilled from
potassium, diethyl ether, petroleum ether 40—60 °C, triethyl amine,
and acetonitrile from calcium hydride. MoCl,0,(dme)?** and
MoCl,(NtBu)O(dme)**** were prepared according to literature
procedures. All other reagents were used as received from commercial
suppliers (Acros, Sigma-Aldrich). NMR spectra were recorded on a
Bruker Avance DRX 400 spectrometer at 400.31 ('H), 100.66
(Bc{’H}), 162.05 (*'P{'H}), and 40.56 MHz (**N). All resonances
are reported in ppm versus the solvent signal as internal standard [ds-
THE ("H: § = 1.24, 3.57; 13C: § = 25.5, 67.7 ppm)], versus external
H,PO, (85%) (*'P: § = 0 ppm) or versus external CH;NO, (90% in
CDCl;) (*N: 5 = 380.23 ppm). °N data are reported vs liquid NH,; as
reference (5 = 0 ppm). IR spectra were recorded with a BioRad
Excalibur FTS 3100 spectrometer as KBr disks. Electrochemical
experiments were carried out on a BioLogic SP-50 voltammetric
analyzer using platinum wires as counter and working electrodes and a
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0.01 m Ag/AgNO; electrode as reference electrode. Cyclic
voltammetry measurements were carried out at a scan rate of 50—
100 mV s™" using 0.1 m (nBuyN)(B(CF;),) as supporting electrolyte
in THEF. Potentials are referenced to the ferrocene/ferrocenium couple
(Eij, = 270 £ S mV under the experimental conditions). UV—vis—
NIR spectra were recorded on a Varian Cary 5000 spectrometer using
1.0 cm cells (Hellma, suprasil). FD mass spectra were recorded on a
FD Finnigan MAT90 spectrometer. ESI mass spectra were recorded
on a Micromass Q-TOF-Ultima spectrometer. X-band CW EPR
spectra were recorded on a Magnettech MS 300 spectrometer with a
frequency counter Hewlett-Packard 5340A at a microwave frequency
of 9.39 GHz in THF or frozen THF solution (77 K). Mn** in ZnS was
used as external standard. Simulations were performed with the
program package EasySpin.”* Details of the HYSCORE experiments
can be found in the Supporting Information. Elemental analyses were
performed by the microanalytical laboratory of the chemical institutes
of the University of Mainz.

Crystal Structure Determination. Intensity data were collected
with a Bruker AXS Smart1000 CCD diffractometer with an APEX II
detector and an Oxford cooling system and corrected for absorption
and other effects using Mo Ka radiation (4 = 0.71073 A) at 173(2) K.
Diffraction frames were integrated using the SAINT gackage, and most
were corrected for absorption with MULABS.>**® Structures were
solved by direct methods and refined by the full-matrix method based
on F* using the SHELXTL software package.””*® All non-hydrogen
atoms were refined anisotropically, while the positions of all hydrogen
atoms were generated with appropriate geometric constraints and
allowed to ride on their respective parent carbon atoms with fixed
isotropic thermal parameters. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-831113 (HL™®), 831108
(1), 831109 (2*), 831110 (4™*), 831112 (5™"), and 831111
([5™](PFg)). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. (fax
(0.44) 1223-336-033; e-mail deposit@ccdc.cam.ac.uk).

Density functional calculations were carried out with the
Gaussian03/DFT?® series of programs. The B3LYP formulation of
density functional theory was used employing the LANL2DZ basis set
with d-type polarization functions on O (¢ = 1.154), N (¢ = 0.864),
and P ({ = 0.340) for geometry optimization.>® No symmetry
constraints were imposed on the molecules. For calculations of EPR
parameters the EPR-II basis set>® was used for C, H, and N, the WTBS
basis set> for Mo, and 6-311++G(2d,2p) for P. For some calculations
a solvent model was employed (integral equation formalism
polarizable continuum model; IEFPCM; THF).

Synthesis of HL'®. 1H-Pyrrole-2-carbaldehyde (2 g, 21.03 mmol),
4-tert-butylaniline (3.35 mL, 21.03 mmol), MgSO,, (2 g, 16.61 mmol),
and ethyl acetate (100 mL) were heated under reflux for 4 h. The
suspension was filtered while hot, and the solvent was removed under
reduced pressure. The resulting orange-colored oil solidified upon
cooling, and the solid was recrystallized from acetonitrile, giving pale
yellow crystals in 75% yield (3.56 g, 15.72 mmol). Mp 116 °C. 'H
NMR (dg-THF): § = 11.09 (br s, 1H, NH), 8.27 (s, 1H, H’), 7.37 (4,
2H, H>®, 3y = 8.8 Hz), 7.10 (d, 2H, H?S, *Jyy = 8.8 Hz), 6.93 (s, 1H,
H'), 6.60 (dvd, 1H, H®), 6.20 (dvd, 1H, H'), 1.33 (s, 9H, CH,).
BC{'H} NMR (dg-THF): 6 = 151.2 (s, C"), 150.1 (s, C7), 148.6 (s,
C*), 132.5 (s, C*), 126.7 (s, C>°), 123.8 (s, C''), 121.3 (s, C*%), 116.8
(s, C%), 110.5 (s, C'°), 352 (s, C9), 32.1 (s, CH;). "N NMR (ds-
THF): 6 = 285.6 (N?), 199.8 (N'). IR (KBr): v = 3131 (w, NH), 2953
(m, CH,), 1618 (m, C=N), 1587 (s), 1500 (m), 1418 (m), 1034 (m)
cm™L. UV—vis (THF): 4 = 329 (22 560 M~! cm™") nm. MS (FD): m/
z (%) = 2262 (100, M*). Anal. Calcd. for C;sHN, (226.31): C,
79.61; H, 8.02; N, 12.38. Found: C, 79.38; H, 8.16; N, 12.16.

Synthesis of 1®“. The ligand HL™ (346 mg, 1.19 mmol) was
dissolved in THF (20 mL) and deprotonated with triethyl amine (1.0
mL, 7.14 mmol) for 30 min. In a separate flask MoCLO,(dme)* (539
mg, 2.38 mmol) was dissolved in THF (50 mL), and the deprotonated
ligand was added. After heating to reflux for 3 h the suspension was
filtered, and the red filtrate was dried under reduced pressure. The
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product was washed three times with methanol and dried under
reduced pressure, giving a red crystalline solid in 81% yield (555 mg,
0.96 mmol). Mp 199 °C. 'H NMR (dg-THEF): § = 7.95 (s, 1H, H’),
725 (s, 1H, H'Y), 7.16 (d, ¥ = 8.43 Hz, 2H, H>), 6.99 (d, *Ji; =
8.43 Hz, 2H, H>%), 6.35 (d, 1H, H’), 6.08 (dd, 1H, H'°), 1.26 (s, 9H,
CH,). BC{"H} NMR (dg-THF): 6 = 158.6 (s, C7), 149.4 (s, C*),
147.2 (s, CY), 144.0 (s, C1), 140.1 (s, C®), 126.0 (s, C>), 122.4 (s,
C*9), 120.0 (s, C°), 1152 (s, C'?), 352 (s, C9), 31.8 (s, CH,). °N
NMR (dg-THF): & = 248.3 (N'), 215.1 (NP). IR (KBr): v = 2959 (m,
CH,), 1606 (m, C=N), 1581 (s), 1500 (m), 1431 (m), 1399 (s),
1296 (m), 1038 (m), 928 (m, Mo=0), 902 (m, Mo=0) cm™". UV—
vis (THF): A = 235 (32 345), 303 (66 760), 436 (9440 M~! cm™") nm.
MS (FD): m/z (%) = 578.5 (76, M*). CV (THF): E, = —0.86 V (irr).
Anal. Calcd for C3,H,;,N,0,Mo (578.55): C, 62.28; H, 5.92; N, 9.68.
Found: C, 60.93; H, 6.18; N, 9.50.

Synthesis of 2", The ligand HL®* (1.32 g, 5.8 mmol) was
dissolved in THF (15 mL) and deprotonated with triethyl amine (2.4
mL, 17 mmol) for 30 min. In a separate flask MoCL(NtBu)O-
(dme)**** (1.0 g, 2.9 mmol) was dissolved in THF (50 mL), and the
deprotonated ligand was added. After heating to reflux for 7 h the
suspension was filtered, and the red filtrate was dried under reduced
pressure (95% raw yield). The product was washed with petroleum
ether 40—60 °C (1:1), giving an orange-colored crystalline solid in
50% yield (950 mg, 1.5 mmol). Mp 174 °C. '"H NMR (dg-THF): § =
7.89 (s, 1H, H”"), 7.76 (s, 1H, H’), 7.28 (m, 1H, H'""), 7.14 (m, 1H,
HY), 7.11 (d, ¥y = 8.6 Hz, 2H, H**), 7.08 (d, *Juy = 8.5 Hz, 2H,
H>%), 6.99 (d, *Jug = 8.5 Hz, 2H, H**), 6.78 (d, *Juy = 8.5 Hz, 2H,
H?%), 6.34 (dvd, 1H, H®), 6.27 (dvd, 1H, H”), 6.11 (dvd, 1H, H'),
6.06 (dvd, 1H, H'*), 1.50 (s, 9H, NC(CH,)), 1.25 (2 s, 18H, CH,/
CHy). BC{'H} NMR (dg-THF): 6 = 157.4 (s, C7), 156.6 (s, C”"),
148.8 (s, C*), 148.4 (s, C*), 148.1 (s, C'), 147.1 (s, CV), 143.2 (s,
C'), 1422 (s, C'), 1409 (s, C*), 139.1 (s, C®), 125.8 (pd, C*>***"),
122.4 (s, C*%), 122.0 (s, C**%), 118.9 (s, C*"), 1182 (s, C°), 114.3 (s,
C'"), 114.2 (s, C'°), 35.1 (s, C¥¥), 31.9 (s, CH;, CH}'), 30.2 (s, NC—
CHS,), 73.0 (s, NC—CHj,). SN NMR (dg-THE): & = 477.4 (N™d°),
2532 (N%), 242.6 (N'), 213.3 (N?), 205.1 (NP). IR (KBr): v = 2961
(m, CH;), 1580 (s), 1518 (m), 1433 (w), 1395 (m), 1298 (m), 1039
(m), 897 (s, Mo=0) cm™'. UV—vis (THE): 1 = 296 (16 780), 395
(8335 M™! cm™) nm. MS (FD): m/z (%) = 633.4 (86, M*). CV
(THEF): E,=-087V (irr). Anal. Calcd for C3,H,;N;OMo (633.67):
C, 64.44; H, 6.84; N, 11.05. Found: C, 63.34; H, 5.96; N, 11.04.

Synthesis of 4. Dioxido complex 1™ (360 mg, 0.55 mmol) was
dissolved in THF (20 mL), and trimethylphosphane (1 M in THF,
3.11 mL, 3.02 mmol) was added. After stirring for 7 days at room
temperature volatiles were removed under reduced pressure to give a
green powder in 91% yield (320 mg, 0.50 mmol). Attempts to
completely remove the phosphane oxide by recrystallization from
THE failed. Mp 203 °C (dec.). '"H NMR (dg-THF): & = 8.00 (d, ¥Jpy
=2.3 Hz, 1H, H’), 7.63 (bs, 1H, H'"), 7.50 (bs, 1H, H”"), 7.24 (d, *Ju
= 8.7 Hz, 2H, H*%), 7.11 (d, ¥, = 8.7 Hz, 2H, H>*®), 7.08 (d, ¥J;q; =
8.5 Hz, 2H, H>®), 7.01 (d, ¥y = 2.7 Hz, 2H, H°), 6.61 (d, ¥ = 8.5
Hz, 2H, H*®), 6.5 (dd, 1H, H"), 6.33 (dd, 1H, H”), 6.32 (pd, 1H,
H'), 5.80 (bs, 1H, H'""), 1.34 (s, 9H, CH}'), 1.31 (s, 9H, CH,), 1.31
(d, *Jou = 8.5 Hz, 9H, P(CHj,);). *C{'H} NMR (d,-THF): § = 158.0
(s, C7), 151.9 (s, CY), 151.2 (s, C"), 150.9 (s, C'), 148.8 (s, C*), 148.7
(s, C*), 147.9 (s, C'), 144.9 (s, C®), 141.3 (s, C¥), 138.5 (s, C'V),
12622 (s, C*), 125.8 (s, C>*), 124.0 (s, C***"), 123.0 (s, C*°), 119.3
(s. C°), 115.8 (s. C”), 114.9 (s. C'), 113.6 (s. C'?), 352 (pd, C¥¥),
32.0 (s, CH;, CHy"), 16.4 (d, YJpc = 23.4 Hz, P(CH,),). *'P{"H} NMR
(d¢-THF): 6 = 1.3 (s, major), —5.3 (s, minor) ppm. >'P NMR (ds-
THEF): § = 1.3 (m, major, *Jpy = 8.5 Hz, *Jpy; = 2.3 Hz). N NMR (ds-
THF): § = 236.6 (N, N"), 230.3 (N?), 219.0 (NP). IR (KBr): v =
2960 (w, CHj;), 1506 (w), 1390 (w), 935 (m, Mo=0) cm™". UV—vis
(THE): A = 303 (8160), 345 (8180), 386 (sh), 479 (1420), 610 (250),
715 (200 M~! cm™) nm. MS (FD): m/z (%) = 638.4 (100, M*). CV
(THF): E, = =029 V (irr).

Synthesis of 5. Imido/oxido complex 2®* (400 mg, 0.63 mmol)
was dissolved in THF (10 mL), and trimethylphosphane (I M in
THEF, 5.00 mL, 5.0 mmol) was added. After stirring for 4 days at room
temperature volatiles were removed under reduced pressure to give a
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black powder in 74% yield (325 mg, 0.47 mmol). Repeated
recrystallization with a high loss of material was necessary to obtain
a product almost free of OPMe;. Mp 133 °C (dec.). '"H NMR (d-
THF): 6 = 7.85 (d, ¥Jpy = 2.8 Hz, 1H, H’), 7.37 (bs, 1H, H''), 7.28
(bs, 1H, H""), 7.17 (d, }Juy = 8.3 Hz, 2H, H>), 7.15 (d, ¥y = 8.3 Hg,
2H, H*®), 6.85 (d, *Juy = 2.8 Hz, 1H, H®), 6.79 (d, ¥Juy = 8.6 Hy,
2H, H*"), 6.64 (d, *Jyy = 8.5 Hz, 2H, H*®), 6.31 (dd, *Jyy = 1.9 Hg,
1H, H'), 6.30 (d, *Juy = 3.4 Hz, 1H, H”), 5.85 (dd, *Juy = 1.7 Hz,
1H, H'?), 5.73 (bs, 1H, H'"), 1.30 (2 s, 18H, CH,;/CH;’), 1.24 (4,
oy = 7.8 Hz, 9H, P(CH,),), 1.01 (s, 9H, NC(CH;)). BC{'H} NMR
(dg-THF): 6 = 157.9 (s, C7), 153.8 (s, C"), 152.0 (s, C'), 1484 (s,
C¥), 1482 (2 s, C*7), 1454 (s, C'1), 144.8 (s, C¥), 142.2 (s, C®),
136.2 (s, C'V), 125.8 (s, C*°), 125.2 (s, C**¥'), 123.8 (s, C*'), 123.2
(s, C*), 117.3 (s, C?), 113.7 (s, C*), 112.9 (s, C'°), 112.7 (s, C'?),
350 (2's, C99), 31.8 (2's, CH,, CHy'), 30.7 (s, NC—CHj), 69.1 (s,
NC-CHj,), 18.7 (d, Ypc = 22.3 Hz, P(CH;);). 3'P{'"H} NMR (d,-
THE): § = 9.2 (s) ppm. ¥P NMR (dg-THF): 6 = 9.2 (m, *Jpy = 7.8
Hz, oy = 2.8 Hz). N NMR (dg-THEF): § = 273.7 (N™d) 2522
(N), 2342 (N), 231.1 (N?), 212.0 (NP). IR (KBr): v = 2963 (w,
CH,), 1573 (s), 1506 (m), 1433 (w), 1389 (m), 1296 (m), 1035 (m)
cm™L, UV—vis (THF): 1 = 299 (10 820), 340 (10 080), 377 (sh), 490
(1465), 594 (1000), 735 (265 M~! cm™) nm. MS (FD): m/z (%) =
693.5 (82, M*). CV (THEF): E,), = —0.71 V (rev oxidation). Anal.
Calcd for C;Hi,NMoP (693.77): C, 64.06; H, 7.55; N, 10.09.
Found: C, 63.03; H, 7.67; N, 10.55.

Oxidation of 4", Oxido phosphane complex 4™ (50 mg, 0.076
mmol) was dissolved in THF (S mL), and a suspension of ferrocenium
hexafluorophosphate (26 mg, 0.078 mmol) in THF (S mL) was added.
After stirring for 12 h at room temperature the solvent was removed
under reduced pressure, giving a dark brown product (55 mg, possibly
several paramagnetic species of unknown composition, see text). EPR
(THEF, 298 K): g, = 1.9459, A, (***” Mo) = 49.8 G. EPR (THF, 77
K): g123 = 1.9618, 1.9555, 1.9362.

Synthesis of [StB”](PFs). Imido phosphane complex 5% (100 mg,
0.144 mmol) was dissolved in THF (5 mL), and a suspension of
ferrocenium hexafluorophosphate (47.7 mg, 0.144 mmol) in THF (5
mL) was added. After stirring for 12 h at room temperature the solvent
was removed under reduced pressure, giving a black product, which
was washed with petroleum ether 40—60 °C and repeatedly
recrystallized from THF/petroleum ether 40—60 °C. The yield after
the first recrystallization was 75 mg (0.09 mmol, 62%). Mp 151 °C
(dec.). EPR (THF, 298 K): g, = 1.9810, A;,(*/*” Mo) = 40.3 G,
Aio(*'P) = 287 G. EPR (THF, 77 K): g;,; = 1.9825, 1.9785, 1.9615,
A,,('P) = 23, 33, 29 G. HYSCORE (THF, 20 K): A, ,3("*Ni,e) =
1.5,2.0,3.8 G, Ay, ("Ngpana) = 1.3, 14, 1.7 G, A 5 5(*Nypas) = 0.8,
0.8, 09 G, A,;('H) = 34, 41, 50 G, Ap(NL) = 24 G,
Aiso(14Nsmall,A) =15 G/ Aiso(MNsmall,B) =038 G) Aiso(ng =42 G. IR
(KBr): v = 2962 (w, CH,), 1572 (m), 1506 (w), 1433 (w), 1390 (m),
1269 (m), 840 (s, PF) cm™'. UV—vis (THF): 1 = 298 (29 865), 405
(12 815, sh), 532 (1165, sh), 787 (905 M~ cm™) nm. MS (ESI+): m/
z (%) = 693.3 (81, M*). CV (THF): E,;, = —0.73 V (rev reduction).
test (THF, 298 K) = 1.71 + 0.05 pp. Anal. Calcd for Cy,Hg,NsMoP,Fy
(838.73): C, 52.99; H, 6.25; N, 8.35. Found: C, 51.98; H, 7.34; N,
7.97.

B RESULTS AND DISCUSSION

All complex syntheses performed as well as compound
abbreviations are summarized in Scheme 1.

Synthesis and Properties of the Chelate Ligand and
Its Mo(VIl) Complexes. The highly soluble chelate ligand
HL™" is easily obtained by Schiff base condensation of pyrrole-
2-carbaldehyde and 4-(tert-butyl)aniline in the presence of
magnesium sulfate in high yield similar to comparable
syntheses.”® Tt crystallizes from CH;CN in the space group
Cc as colorless long bricks with two independent molecules in
the unit cell (Figure 1). The two molecules differ only in the
aryl torsion angles C7—C8—-NI1-Cl11 —20.8(2)°/C24—
C23—N3—-C26 = —31.6(2)°, and they are linked by N—H"N
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Scheme 1. Synthesis of Molybdenum Complexes of Ligand
HL®" (R = tBu) and Atom Numbering for NMR
Assignments
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Figure 1. Molecular structure and intermolecular hydrogen bonding of
HL®" in the crystal (CH hydrogen atoms omitted for clarity).

hydrogen bonds to give a dimer with an R%,(10) motif>>**

(N2N3 = 2.987(2) A; N4~N1 = 3.008(2) A).

The bis(chelate) dioxido complex 1™ was prepared similar
to literature procedures”® for 1} (R = OMe, OSiMe;) from
MoCl,0,(dme)"* and the chelate ligand HL™" in the presence
of triethyl amine as red crystalline solid. The mixed imido/
oxido complex 2" was prepared from the convenient
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precursor complex MoClL,(NtBu)(O)(dme)**** and HL®" in
the presence of triethyl amine as yellow solid. Both tert-butyl-
substituted complexes 1®" and 2" are excellently soluble in
typical organic solvents like THF or diethyl ether, which greatly
facilitates purification, spectroscopic characterization, and
crystallization.

The most stable stereoisomer of 1 is the OC-6-4-4
isomer'®>~"” with the two oxido ligands in cis positions as
expected for d° complexes and each oxido ligand trans to the
imine nitrogen atoms of the chelate ligands.” In the infrared
spectrum of the tert-butyl derivative 1°®* the absorptions of the
two Mo=O vibrations are found at 928 and 902 cm™},
consistent with the expected cis dioxido moiety.”® The proton
NMR spectrum of 1™ displays a single signal set for two
chelate ligands, suggesting the presence of one diastereomer
with C, symmetry. Upon coordination of the chelate to
molybdenum the resonance of proton H'' experiences a large
coordination shift to lower field from & = 6.93 ppm to § = 7.25
ppm, while the resonance of imine proton H shifts from § =
8.27 ppm to § = 7.95 ppm. The nitrogen nuclei of ligand HL®"
resonate at 5 = 199.8 (N' = N™") and 285.6 ppm (NP =
NPYolo) - These resonances are considerably shifted to & =
248.3 (N') and 215.1 ppm (NP) in the Mo"! complex 1" (cf.
105iMe39) - Single-crystal X-ray structure analysis of 1"
corroborates the proposed OC-6-4-4 stereochemistry (Figure
2). 1" crystallized from diethyl ether in the monoclinic space

ltBu

Figure 2. Molecular structure of in the crystal (CH hydrogen

atoms omitted for clarity).

group P2,/c with two independent molecules in the asymmetric
unit (Table 1). DFT calculations (B3LYP, LANL2DZ with d-
type polarization functions on O*) for the model system 1" are
also in good agreement with the experimental metrical data
(Table 2).2

In a previously reported mixed imido/oxido Mo (O)-
(NtBu)(salpen) complex C1 (Chart 1) the tetradentate salpen
ligand with a (CH,); linker between the imino donor atoms
induces an OC-6-2-4 configuration (imido/oxido cis to each
other, oxido trans to phenolato, and imido trans to imine),
while a salen ligand with a (CH,), linker between the imino
donor atoms and a bulky aryl—imido ligand N(2,6-iPr-C¢H;)
favors the OC-6-4-4 isomer C2 (imido/oxido cis to each other,
oxido trans to imine, and imido trans to phenolato).'”” Two
bidentate f-diketiminato ligands induce OC-6-2-3 stereo-
chemistry (complexes of type B, Chart 1)."!

dx.doi.org/10.1021/ic202588u | Inorg. Chem. 2012, 51, 4180—4192



Inorganic Chemistry

Table 1. Crystallographic Data and Structure Refinement of HL™®, 1%, 2% 4 5®u and [5®](PF,)

HLtBu 1 tBu 2tBu 4tBu StBu [StBu] (PFG)
empirical formula CysHgN, C30H;3,MoN,O, C3,H;sMoN;O C33H,;sMoN,OP C3;Hg,MoNP C4sHggMoN;O,P,F¢
fw 226.31 578.55 633.67 638.62 693.75 982.92
cryst syst monoclinic monoclinic tetragonal monoclinic monoclinic orthorhombic
space group Cc P2,/c I4,/a C2/c P2,/n Pbca
a/A 11.3992(5) 16.2627(5) 25.2905(8) 35.703(7) 11.8934(6) 18.8771(9)
b/A 16.8185(7) 25.0561(7) 25.2905(8) 7.4514(14) 24.7875(12) 19.6195(10)
c/A 13.8657(6) 14.8107(5) 21.4037(14) 28.794(S) 12.7566(7) 26.9700(14)

B/ deg 97.3820(10) 110.3530(10) 90 122.153(5) 94.515(2) 90
volume/A? 2636.3(2) 5658.3(3) 13690.0(11) 6485(2) 3749.1(3) 9988.6(9)
z 8 8 16 8 4 8
density (caled), Mg m® 1.140 1.358 1230 1.308 1.229 1.307
abs coeff, mm™ 0.068 0.496 0.415 0.484 0.423 0.389
F(000) 976 2400 5312 2672 1464 4120
cryst size, mm® 0.65 X 0.44 X 040 0.26 X 0.22 X 0.08 0.06 X 0.02 X 0.02 0.15 X 0.03 X 0.02 0.33 X 0.30 X 0.12  0.15 X 0.05 X 0.02
6 range for data collection 2.42-25.23 2.28—27.96 2.22-27.89 2.29-28.07 2.29-28.07 2.39-27.92
index ranges -13<h<13 —21<h<21 -33<h<33 —46 < h < 46 -1S<h<1S 24 <h<24
-20 <k <20 -32<k<32 -33<k<33 -9<k<9 -32<k<32 -25<k<2s
-16<h<16 -19<h<19 —28<h<28 -36 <h<37 -16 <h <16 -35<h<3s
no. of reflns collected 12 407 65502 110 537 37366 43312 215807
no. of indep reflns 4555 13533 8179 7840 9016 11896
Rie 0.0617 0.0932 0.2109 0.1764 0.0712 0.1033
completeness to 6, 100.0 99.4 99.8 99.5 98.9 99.4
max/min transmn 0.9614/0.8818 0.990/0.992 0.9904/0.9309 0.9510/0.8730 0.9923/0.9440
goodness-of-fit on F* 1.050 0.908 0.761 0.886 0.900 1.117
final R indices [I > 26(I)]] R, = 0.0323 R, = 0.0412 R, = 0.0381 R, = 0.0622 R, = 0.0334 R, = 0.0562
wR, = 0.0817 wR, = 0.0721 wR, = 0.0567 wR, = 0.1029 wR, = 0.0666 wR, = 0.1474
R indices (all data) R, = 0.0347 R, = 0.0752 R, = 0.1054 R, = 0.1640 R, = 0.0638 R, = 0.0916
wR, = 0.0830 wR, = 0.0824 wR, = 0.0673 wR, = 0.1185 wR, = 0.0747 wR, = 0.1602
largest diff peak and hole, e/A*>  0.137/—0.135 0.547/-0.805 0.347/-0.332 1.011/-0.613 0.425/-0.720 0.536/—0.562
Table 2. Selected Bond Lengths (Angstroms) and Angles (degrees) of 1%, 2/%*, 4/ 584 and [5*](PFy)
1% (2 molecules) 2/Bu 41Bn 5tBu [5™](PFs)
Mol1-01 1.698(2)/1.702(2) 1.705(2) 1.686(4)
Mol1-02 1.702(2)/1.704(2)
Mol—Nimide 1.731(2) 1.743(2) 1.739(3)
Mol-N! 2.320(2)/2.349(2) 2.375(2) 2.182(4) 2.220(2) 2.198(3)
Mol-NP 2.081(2)/2.073(2) 2.129(2) 2.126(4) 2.155(2) 2.110(3)
Mol-N" 2.351(2)/2.353(2) 2.401(2) 2.213(4) 2201(2) 2.143(3)
Mol-N"? 2.066(2)/2.079(2) 2.087(2) 2.272(5) 2.218(2) 2.212(3)
Mol-P1 2.482(2) 2.4532(6) 2.549(1)
Mol —Nimide_Cimido 159.1(2) 178.7(2) 172.8(3)
01-Mo1-02 105.54(9)/106.0(1)
01-Mol—Nimide 103.5(1)
P1-Mol-01 92.3(1)
P1—Mol—Nimido 92.53(6) 99.2(1)

For our mixed imido/oxido complex 2* DFT calculations
on 2% (B3LYP, LANL2DZ with d-type polarization functions
on O and N*°) suggest the OC-6-4-4 stereoisomer as the most
stable one similar to the dioxido complex 1" (Figure 3). The
other plausible stereoisomers OC-6-3-4, OC-6-4-3, and OC-6-
3-3 are calculated higher in energy by 6.7, 22.4, and 36.1 kJ
mol ™!, respectively (Figure 3).

In any case, introduction of the imido ligand reduces the
complex symmetry from C, (1®*) to C; (2*). Thus, in the
NMR spectra of 2P two signal sets are expected for the two
chelate ligands L and L. For example, the resonances of H'!/
H'" are found at § = 7.14/7.28 ppm, and the resonances of H’/
H”' are observed at § = 7.76/7.89 ppm. The "N resonances of
2" are recorded at § = 242.6/253.2 (N'/N"), 205.1/213.3
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(NP/N™), and 477.4 ppm (N™), Proton—proton, nitrogen—
proton, and carbon—proton correlation spectroscopy allowed
us to unambiguously assign all proton signals to the two
different coordinated chelate ligands (L™, H2S/H>/H/H®/
H/HY; LB, g2 /13 /H/HY/HY/HY). Several inter-
ligand nuclear Overhauser contacts which are relevant for the
relative ligand orientations are observed for 2®*, namely, H'"
PN H2,6, Hllf P HtBu,imido} H7r PN H2’6, and H7 o HZr,ér. Some of
these NOE contacts are indicated in Figure 3 for the calculated
stereoisomers. The H'" « HP"md correlation places the
pyrrolato ring of L™ (N) in the cis position to the tert-butyl
imido ligand with the C'"—H"" vector oriented in the Mo=N-
tBu direction, i.e., the N" atom is located trans to NtBu. This is
fulfilled for the OC-6-4-4 and OC-6-3-4 isomers. A short H'"'
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0C-6-3-4: 6.7 kJ mol ™

26"
0C-6-3-3: 36.1 kJ mol™

0C-6-4-3: 22.4 kJ mol ™

Figure 3. DFT-calculated stereoisomers of 27 together with relevant
interligand HH distances (shortest distance obtained by phenyl and
tert-butyl rotations) and relative energies in kJ mol™".

< H*S distance is found in the OC-6-4-4 isomer but not in the
OC-6-3-4 isomer. The H” < H*® and H’ < H** NOE:s place
N! and N" in close proximity, which is fulfilled in the OC-6-4-4
isomer (Figure 3). Thus, from the DFT-calculated H-H
distances only the expected OC-6-4-4 isomer fits to the
experimental data as all other isomers violate some of the NOE
distance constraints.

Single crystals of 2" were grown from diethyl ether/
petroleum ether 40—60° (1:1) at room temperature. 2"
crystallized in the tetragonal space group I4,/a (Figure 4,
Tables 1 and 2). Six-coordinate heteroleptic imido/oxido
complexes are relatively unexplored with respect to structural
data.'"'? Recently, Mdsch-Zanetti et al. reported the synthesis
and structures of well-defined mixed imido/oxido complexes
with f-ketiminato N, O chelate ligands."" They reported a

Figure 4. Molecular structure of 2" in the crystal (CH hydrogen
atoms omitted for clarity).
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slight elongation of the Mo==0 bond length by replacing one
oxido by an imido ligand for these complexes."' An analogous
slight elongation is within experimental error when comparing
the Mo=0 bond lengths of 1"®* (1.698—1.704(2) A) with that
of 2" (1.705(2) A) (Table 2). However, this slight elongation
of the Mo=0 bond is also reproduced by DFT calculations on
1" and 2" (1%, 1.713/1.715 A; 2%, 1.719 A).

The quite short Mol=N"™% bond length of 1.731(2) A
points to a significant triple-bond character (DFT 2%, 1.746 A).
Mo==N distances in a similar range have been reported for six-
coordinate imido/oxido complexes (type B complexes 1.742(2)
and 1.734(6) A" and complex C1 1.740(4) and 1.731(4) A"?).
Almost linear imido ligands have been found for B-type
complexes (175.6(2)°, 172.5(5)°)'" and C1 (174.2(4)°,
167.6(4)°)"2. The Mol=Nimido_(imido angle of the imido
ligand of 2®* amounts to 159° in the X-ray structure analysis of
2" DFT calculations on 2™ suggest a very shallow potential
for the Mo=N-C deformation.”> A 140—180° bending
deformation lies within 11 kJ mol™' (see Supporting
Information, Figure S1). A minimum is calculated at 160°, in
good agreement with the experimental value. This facile
bending of the Mo=N-—C angle should allow a nucleophilic
associative attack at the oxido ligand in spite of the presence of
the sterically demanding tert-butyl group at the imido nitrogen
(vide infra). Additionally, the Mol1—N" bond length trans to
the imido ligand is significantly larger (2.394(3) A) than the
corresponding Mol—N' bond lengths trans to oxido ligands
(2.32—2.37 A), which reflects the stronger trans influence of
the NfBu ligand as compared to the oxido ligand.36 This trend
is also observed in the DFT-calculated structures (2.493 A trans
to imido; 2.413—2.481 A trans to oxido).

The energies of the Mo==0 stretching vibrations have been
calculated for 1" and for 2" by DFT methods (and scaled by
0.9614%") as 940/914 (1"®) and 910 cm™ (2%), in good
agreement with the experimental data 928/902 (1**) and 897
cm™! (2®*), Figure S. From a structural and vibrational point of
view the calculations reproduce and confirm the experimental
data sufficiently well. Then, the electronic structures of the d°
complexes 1" and 2" have been probed by UV-—vis
absorption spectroscopy and TD-DFT calculations. TD-DFT
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Figure 5. UV—vis spectra of 1™ and 2" in THF; calculated low-
energy transitions of 1" and 2" as stick representation; frontier
Kohn—Sham molecular orbitals of 1% and 2" (contour value 0.1 au).
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calculations have also been performed with inclusion of a
solvent model (integral equation formalism polarizable
continuum model; IEFPCM; THF). However, no significant
improvement was noticed in the calculated spectra.

The red color of the dioxido complex 1" arises from an
absorption band at 4 = 436 nm (& = 9440 M~ cm™), which is
absent in the ligand HL™". It is assigned LMCT/LLCT in
character. TD-DFT calculations on 1" find an absorption band
at 528 nm, which is composed of four transitions with similar
energy (4 = 508, 518, 531, 550 nm). All transitions involve the
four frontier orbitals of the complex, namely, two occupied
orbitals of the pyrrolato ligands (MO nos. 103, 104) and two
7* orbitals of the MoO, unit (MO nos. 105, 106). The yellow
imido/oxido complex 2" lacks characteristic absorption
maxima in the visible region (4 = 395 nm, & = 8335 M}
cm™; only tailing into the visible region). TD-DFT calculations
on 2" predict analogous transitions to 1" involving the
pyrrolato ligands (MO nos. 119, 120) and the Mo=0 (MO
no. 121) and Mo=NtBu units (MO no. 122). However, these
excitations occur at higher energy and with much more spread
(A = 426, 443, 470, 483 nm) due to the larger energy difference
AE of the acceptor orbital energies (1%, AE(105,106) = 0.10
eV; 2% AE(121,122) = 0.24 eV). These effects explain the less
intense color of the imido/oxido complex.

Oxygen Atom Transfer and Stereochemistry of
Mo(IV) Products. The OAT from dioxido complexes 1* (R
= OSiMe,;, O—Si(iPr),—polymer) to phosphanes PMe,Ph;_,
has been recently investigated experimentally”” and on a
theoretical basis (R = H).® After associative attack of the
phosphane at a molybdenum-bound oxido ligand, formation,
and dissociation of the phosphane oxide a five-coordinate
molybdenum(IV) intermediate is formed. Its vacant coordina-
tion site is either filled with a remaining starting Mo"" dioxido
complex forming a binuclear oxido bridged complex L*,(O)-
Mo"—0—Mo"(O)LY, (3®) or by excess substrate PMe,Ph;_,
(n =1 = 3) after longer reaction times.'® For the resulting
phosphane complexes 4" (with R = H and n = 3; PMe,) several
stereoisomers have been considered by DFT calculations. The
0C-6-3-3 and OC-6-4-3 isomers of 4™ are the lowest energy
isomers with very similar energy, while the OC-6-4-4 isomer is
calculated significantly higher in energy.® On the basis of NOE
contacts and DFT calculations the OC-6-4-3 isomer of 4°5Me3
is preferred in THE solution.””

For the reaction of 1 with PMe, similar results were
obtained (Scheme 1). Due to the excellent solubility of the
complexes two resonances for two stereoisomers 4™ were
discernible in the *'P{'H} NMR spectrum (§ = 1.3 and —5.3
ppm in a ratio & S : 2). These two isomers can be distinguished
in the "H NMR spectrum as well (four different signal sets for
the chelate ligands are observed). All resonances of the major
isomer could be assigned by correlation spectroscopy. The
resonance of proton H’ is split to a doublet with *Jp; = 2.3 Hz.
The P—H correlation spectrum confirms that this doublet arises
from coupling to phosphorus (§ = 1.3 ppm; see Supporting
Information, Figure S8). Weaker cross peaks of the phosphorus
nucleus are found to H” and H" (Jpy < 1.0 Hz). The "N
resonances of the major isomer are observed at § = 219.0 (NP),
230.3 (N”), and 236.6 ppm (N' + N"). By nuclear Overhauser
spectroscopy it was possible to elucidate the orientation of one
chelate ligand relative to the phosphane. A strong Me < H'!
contact (between phosphane and ligand L) places the nitrogen
atom NP cis to the phosphane with the C"—H' vector
pointing in the Mo—P direction, i.e, N' is located trans to the
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phosphane. Two further NOE contacts Me < H'" (medium)
and Me < H>% (medium) are compatible with the OC-6-4-3
and the OC-6-4-4 isomers. From the DFT calculations and
NOE contacts we propose again the OC-6-4-3 isomer as the
major isomer (compatible with all NOE contacts but not
unambiguous). The other (minor) stereoisomer observed is
most likely the OC-6-3-3 isomer from an energetic point of
view.® In the infrared spectrum of complex 4™ absorption of
the Mo=O0 stretching vibration is observed at 935 cm™. For
the model 4" complexes the energies are calculated (and scaled
by 0.9614%7) as 935, 937, 956, and 957 cm™" for isomers OC-6-
4-3, OC-6-3-3, OC-6-3-4, and OC-6-4-4, respectively. These
data also fit to OC-6-4-3 and OC-6-3-3 stereoisomers. One
stereoisomer of 4®" crystallized from THF in the monoclinic
space group C2/c (Tables 1 and 2). As already suggested from
combined NMR/DFT analysis the OC-6-4-3 major stereo-
isomer is indeed present in the crystal (Figure 6, top).

Figure 6. Molecular structures of 4®* and 5™ in the crystal (CH
hydrogen atoms omitted for clarity).

Reaction of imido complex 2®* with PMe; (Scheme 1) yields
a single molybdenum(IV) phosphane complex 5* with §(*'P)
=92 ppm and §("N) = 212.0 (NF), 231.1 (N?), 2342 (N'),
and 252.2 ppm (N") NMR spectral characteristics. The imido
nitrogen nucleus experiences the largest shift from 6 = 477.4
ppm (2") to 5 = 273.7 ppm (5™"). The H’ resonance of 5®*
is split into a doublet by coupling to *'P (*Jp = 2.8 Hz). In the
P—H correlation spectrum a weak correlation peak (Jpy < 1.0
Hz) is also found to H' similar to the oxido phosphane
complex 4" (see Supporting Information, Figure S9).

The larger imido ligand in 2" should disfavor nucleophilic
attack of the phosphane at the oxido ligand as compared to
reaction of PMe; with 1®®, DFT calculations on 1" and PMe,
give a barrier of 64.6 kJ mol™.,* while with 27 the calculated
barrier indeed increases to 108.3 kJ mol™. In addition, the
barrier calculated for dissociation of the coordinated phosphane
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oxide amounts to only 26.3 k] mol™" in the case 1¥/PMe,* and
is almost doubled in the case 2"'/PMe; (50.1 kJ mol™"). In spite
of these decelerating effects the overall phosphane complex
formation 2®* + 2 PMe; — 5" + OPMe; proceeds roughly 10
times faster than the reaction 1®* + 2 PMe; — 4®" + OPMe, at
room temperature as judged by *'P{'H} NMR spectroscopic
reaction monitoring (see Supporting Information, Figure S2).
This apparent discrepancy can be ascribed to the absence of
dimer accumulation in the imido case as the steric bulk of the
imido ligand prevents intermediate formation of imido- or
oxido-bridged dimers with six-coordinate molybdenum cen-
ters.*® In the oxido case dimerization retards formation of the
phosphane complex 488 Thus, in the overall reaction the less
sterically hindered complex 1" reacts slower due to the
comproportionation equilibrium to 3",

Mosch-Zanetti et al. also observed formation of an imido
phosphane complex by reaction of their bis(f}-ketiminato)-
(imido)(oxido) complexes B (Chart 1) with PMe; (6(*'P) =
6.5 ppm). They suggested formation of a stereoisomer in which
the oxido ligand is replaced by the phosphane without
isomerization in the five-coordinate intermediate. However,
no experimental evidence for this stereochemical assignment
has been given."" In our system DFT calculations on possible
stereoisomers of 5" find the OC-6-4-3 isomer as the global
minimum and the OC-6-4-4 and OC-6-3-3 isomers 9.8 and
13.6 k] mol ™" higher in energy, respectively (Figure 7). Nuclear

13-'1‘:4:;

26

OC-6-3-4: 18.4 kJ mol™

0OC-6-3-3: 13.6 kJ mol™

Figure 7. DFT-calculated stereoisomers of 57 together with relevant
interligand H~H distances (shortest distance obtained by PMe;,
phenyl, and tert-butyl rotation) and relative energies in kJ mol™".

Overhauser spectroscopy experimentally clarifies the stereo-
chemistry of 5" as six relevant interligand NOE contacts are
observed, namely, three between PMe; and the chelate ligands
(Me < HY, Me < H!Y, Me < H*%; similar to 4®"), two
between NtBu and the chelate ligands (fBu < H>S; tBu <
H*®), and one between PMe; and NtBu. The Me < NtBu
contact places the phosphane cis to the imido ligand. The Me
< H" contact locates the nitrogen atoms NP cis and N trans to
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the phosphane as found for 4. Finally, the imido ligand
displays contacts to ortho protons H*® and H*® of both
chelate ligands, which places both imino nitrogen atoms N’ and
N" in cis positions to the NtBu ligand. These neighborhood
relations are only realized in the (energetically most stable)
OC-6-4-3 isomer (Figure 7).

Six-coordinate 5" crystallized from diethyl ether/acetoni-
trile in the monoclinic space group P2,/n (Table 1). As
suggested from the unequivocal NMR/DFT analysis the OC-6-
4-3 stereoisomer is present in the crystal (Figure 6, bottom).
The Mo=N bond length of 5" is slightly larger (1.743(2) A,
Table 2) than that of 2 (1.731(2) A, Table 2), which is also
reproduced by the DFT calculation (59, 1.751 A; 2H, 1.746
A).The imido ligand in 5" is almost perfectly linear with
Mo=N-C 178.7(2)° (DFT 5" 174.9°). The DFT-calculated
Mo=N-C bending deformation potential is much steeper for
the Mo complex than for the Mo"" complex (see Supporting
Information, Figure S1). The P—Mo=N angle in six-
coordinate 5™ is smaller (92.53(6)°) than those found by
Gibson et al. in pseudotetrahedral Mo"(NtBu),(PMe,)(L)
complexes (~100°, L = olefin or acetylene).”” In the DFT
model 5" the angle is calculated as 94.6°, in good agreement
with the experimental value. The Mo—P bond length is shorter
for the imido derivative 5" (2.4532(6) A) as compared to that
of the oxido derivative 4®" (2.482(2) A), suggesting a stronger
Mo—P dative bond in 5" This trend is also reproduced in the
DFT calculation (5%, 2.533 A; 4%, 2.642 A).

Given the fact that two isomers (4"") and one isomer (5®")
are observed instead of a mixture of several isomers points to a
thermodynamically driven product distribution. Thus, coordi-
nation of PMe; in 4™ and 5" should be reversible. To probe
this 4" and 5" were treated with 5 equiv of triethylphos-
phane PEt; at 293 (4™") and 333 K (5™"), respectively
(Scheme 2). Indeed, in the *P{'H} NMR spectra (see

Scheme 2. Phosphane Exchange via Five-Coordinate
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Supporting Information, Figure S10, S11) new resonances at
5 =23.1 (4®"/ PEt;) and 33.5 ppm (5"/ PEt,) were observed,
respectively, together with the resonance of free PMe; (6 =
—63.1 ppm) and free PEt; (6 = —20.1 ppm). The low-field
resonances are assigned to the corresponding PEt; complexes
6™" and 7", The former was also prepared independently by
synthesis from 1% with PEt;, confirming the assignment.
Integration of the resonances assigned to 4%8u /6B and §Bv/
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7™ and the free phosphanes allows one to estimate the
equilibrium constants as Kyg; = 12 X 107 (4™"/6™") and Ki33
= 2 X 107 (5'™"/7™®"). Expectedly, the sterically less
encumbered PMe; complexes are favored due to the smaller
Tolman cone angle40 of PMe; (118°) as compared to that of
PEt, (132°), which is even more pronounced for the imido
complexes 5" and 7"

The five-coordinate oxido intermediate 8" has been
previously characterized by DFT,® and the corresponding
calculation of the imido intermediate 9" is presented here
(Scheme 2, Supporting Information). The largest calculated
N—Mo—N angles of the oxido complex 8" amount to 153.3°
and 123.5° describing a geometry between trigonal bipyramidal
and tetragonal pyramidal (7 = 0.50*"), while the corresponding
angles in the imido derivative 9" amount to 149.9° and 132.9°
describing a more tetragonal pyramidal geometry (7 = 0.28).

Complexes 1" and 2" react at different rates in the OAT
to PMe; with the sterically encumbered imido complex 2"
(via 9'*) reacting faster than the oxido complex 1" (via 8"
and then the p-oxido dimer 3™") as shown by NMR
spectroscopy. In a catalytic double OAT reaction*” from dmso
to PMe; giving dimethyl sulfide dms and OPMe; the imido
complex should be the faster catalyst. Initial rates were
determined under pseudo-first-order conditions ([1"], [2/"]
= 0.025 mM; [PMe;], = 0.25 mM in dmso) at 298 K (see
Supporting Information, Figures S12, S13). Indeed, rate
constants of kys = 1.5(1) X 107 57! (1™*) and kyy = 3.0(1)
X 107 57" (2") were determined, confirming the initial faster
overall double OAT reactions with the imido system. However,
product formation is quantitative only with the oxido but not
with the imido catalyst. These findings point to catalyst
inhibition during catalysis in the case of 2®". Proton and *'P
NMR spectroscopy reveal that during turnover of 2" the
phosphane complex 5" is formed in appreciable amounts,
which significantly slows down catalysis (substrate inhibition).
No evidence was obtained for formation of a dms complex
(product inhibition), which has been recently proposed for the
natural enzyme DMSO reductase in the course of turnover.*
Attempts to displace PMe; in 5" by a large excess dimethyl
sulfide failed. Furthermore, the phosphane complex 5®" is
shown to be stable in the presence of dmso ("H NMR, *'P{'H}
NMR) and thus is not a competent catalyst for oxygenation of
PMe; by dmso. Thus, the major reactivity difference between
intermediates 8" and 9™" is their affinity to the molybdenum-
(VI) catalyst itself (1"/2™") and to the substrate PMe;. The
five-coordinate oxido complex 8" strongly binds to 1", giving
the p-oxido dimer 3" while the five-coordinate imido species
9™ preferentially coordinates the substrate PMes,

The electronic structures of the green d* complexes 4®* and
5" were investigated by optical spectroscopy. Both complexes
teature several ligand field bands in the visible spectral region,
namely, at 4 = 715 (sh), 610 (sh), and 479 (1420) nm (4'®")
and at A = 735 (265), 594 (1000), and 490 (1490) nm (5™*) in
THF (Figure 8). TD-DFT calculations find low-energy
absorption bands at 728, 659, 453, and 435 nm (4") and
695, 598, 482, and 458 nm (5"), in reasonable agreement with
experiment (Figure 8). The bands are largely composed of d,,
— d,./d,; ligand field transitions with some admixture of the
chelate and the imido/oxido ligands (Figure 8).

One-Electron Oxidation of Molybdenum(lV) Com-
plexes to Molybdenum(V) Complexes. Outer-sphere one-
electron oxidation of oxido phosphane complexes 4% (R =
OSiMe,) with ferrocenium salts has been previously reported
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Figure 8. UV—vis spectra of 4™ and 5™ in THF; calculated low-
energy transitions of 4" and 5™ as a stick representation; frontier
molecular orbitals of 4 (contour value 0.1 au) and 5" (contour value
0.07 au).

by us.”? It was observed that the larger the coordinated
phosphane ligand PMe,Ph,_, (n = 1-3) the more facile the
phosphane dissociates from the Mo" complex.” Similarly, the
oxido phosphane complex 4" features only an irreversible
oxidation wave in the cyclic voltammogram with E, = —0.29 V
vs FcH/FcH" with a rereduction peak (E, = —0.85 V) clearly
associated with a different chemical species (Figure 9, top, left).
Higher scan rates or the presence of PMe; (100 equiv) do not
alter the appearance of this cyclic voltammogram significantly.
Chemical oxidation of 4™ with ferrocenium hexafluorophos-
phate gives EPR-active d' Mo" species with an average g, =
1.9459 and A, ,(***7 Mo) = 49.8 G (I(**”*” Mo) = 5/2). No
superhyperfine coupling of the unpaired electron to phospho-
rus (IG'P) = 1/2) is observed, which points to facile
dissociation of PMe; after electron transfer to Mo' also in
this case (Figure 9, top, right). The EPR spectrum in frozen
solution at 77 K shows a signal with g, ; = 1.9618, 1.955S, and
1.9362 lacking obvious hyperfine splitting (for simulation see
Supporting Information, Figure S14) comparable to that of the
previously reported Mo(V) complex with L™ chelate
ligands (g,,; = 1.9703, 1.9503, 1.9413).° Unrestricted DFT
geometry optimization on five-coordinate (477 suggests a
geometry between trigonal-bipyramidal and tetragonal pyrami-
dal (largest angles 155.1°, 127.7% 7 = 0.46"). Calculated
principal g values g;,; = 1.9740, 1.9638, and 1.9593 are in
reasonably good agreement with the experiment (UB3LYP,
WTBS basis set for Mo/EPR-II basis set for C, H, N).
However, the presence of other species, e.g,, like a THF adduct,
or different stereoisomers cannot be excluded on the basis of
the EPR spectrum. Such species could also be responsible for
the additional peaks in the spectrum, which hampers a reliable
simulation of the spectrum (Figure 9, top).

On the other hand, the imido phosphane complex 5®* is
reversibly oxidized in the cyclic voltammogram at E, ,, = —0.71
V vs FcH/FcH" (Figure 9, bottom, left). Simple outer-sphere
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Figure 9. Cyclic voltammograms of 4™ and 5" (left) and X-band CW-EPR spectra of 4™ and 5" oxidized with [FcH](PF) at 298 K.

one-electron oxidation of 5" should retain the stoichiometry

and also the OC-6-4-3 stereochemistry. Thus, under these
conditions the kinetic six-coordinate Mo" product [5"]* with
OC-6-4-3 configuration should be formed. This metastable
complex should be unable to isomerize to another stereoisomer
as trigonal twists are usually quite energy demanding in six-
coordinate complexes as long as dissociation is prevented.**
According to unrestricted DFT calculations the thermodynami-
cally most stable stereoisomer [$7]* is the OC-6-4-4 isomer,
followed by the OC-6-4-3 isomer (6.3 kJ mol™), the OC-6-3-4
isomer (11.1 kJ mol™), and the OC-6-3-3 isomer (162 kJ
mol™"). To confirm the assumption of formation of the kinetic
OC-6-4-3 product 5™ is chemically oxidized with ferrocenium
hexafluorophosphate to the Mo" complex [5™"](PF4). The
isotropic CW EPR spectrum of the product reveals a doublet
signal at g, = 1.9810 with A, (*'P) = 28.7 G and A;,(**’*” Mo)
=40.3 G (Figure 9, bottom, right). This doublet signal remains
stable for days in solution at room temperature. In frozen THF
solution the coupling of the unpaired electron to the *'P
nucleus is also discernible. Simulation®* of the rhombic
spectrum yields g;,; = 1.9825, 19785, and 1.9615 and
A;,3("P) = 23, 33, and 29 G (see Supporting Information,
Figure S15). To probe the direct nuclear environment around
the central d' molybdenum ion it is necessary to measure the
weak hyperfine couplings (HFC) that are not resolved in the
CW EPR spectra. To this end, X-band HYSCORE spectra*>*®
of [5™"](PFs) (Figure 10) in frozen THF solution were
recorded at 20 K and analyzed. Experimental details can be
found in the Supporting Information. Several off-diagonal cross
peaks are detected both in the (—,+) and in the (+,+) quadrant.
The HYSCORE data could be satisfactorily simulated**®
assuming anisotropic couplings to several N nuclei Two
weak '*N hyperfine and quadrupolar couplings (see Supporting
Information) and one distinctly larger HFC can be inferred
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Figure 10. X-band HYSCORE spectrum of [5®"](PF,) at 20 K as
measured on the maximum of the low-temperature, echo-detected
EPR spectrum. 'H coupling region is marked by a tilted green
rectangle, the weak "N coupling region is marked by a dashed red
rectangle, and the main features of the strongly coupled '*N nucleus
are marked by black ovals. Detailed spectra and their simulations are
shown in Figure S16 in the Supporting Information.

[A1,2,3(14Nsmall,A) =13, 14, 17 G Aiso(14Nsma]l,A) =15 G
Ay ("Nypap) = 08, 08, 09 G, A,(“Nyup) = 08 G
As("Nig) = 15, 20, 38 G, A ("Nig) = 24 Gl
Furthermore, indirect indications for one strongly coupled
proton that may be coupled via a nitrogen atom could be found
with A, ,3('"H) = 3.4, 4.1, and 5.0 G and A,,,('H) = 42 G (see
Supporting Information**®). Note that the 'H couplings are not
directly observed in Figure 10 but by the double-quantum
transitions of "H and a "*N nucleus. This can be explained by
cross-suppression of the 'H coupling through nuclei with large
modulation amplitudes such as "*N and is explained in detail in
ref 46¢c. All hyperfine and quadrupole couplings derived from
the simulations are summarized in Table S1 in the Supporting
Information.

dx.doi.org/10.1021/ic202588u | Inorg. Chem. 2012, 51, 4180—4192



Inorganic Chemistry

Table 3. Characteristic EPR Data Calculated for the Stereoisomers of [5"]" and Experimental Data for [5™"](PF;)

Siso 8123
0C-6-4-4 1.9755 1.9813, 1.9766, 1.9686
OC-6-4-3 1.9728 1.9822, 1.9759, 1.9603
0C-6-3-4 1.9748 1.9813,1.9733, 1.9700
0C-6-3-3 1.9822 1.9845, 1.9824, 1.9798
exp 1.9810 1.9825,1.9785, 1.9615

4,(C'P)/G Ao (NT) /G Ai('H)/G (largest)
22.9 33 12/1.7 (H”, H'?)
25.2 4.0 2.1 (H'")
27.7 34 12/1.5 (H”, H')
284 3.1 22 (H")
28.7° 2.4% 42¢

“A;q is extracted from the X-band CW EPR spectrum. b4, is calculated as the average value of the full hyperfine coupling matrix extracted from the
HYSCORE spectrum, not taking into account quadrupolar couplings. “This value is inferred from the double-quantum transitions of one '*N and

one 'H from the HYSCORE spectrum.**

EPR parameters g, £123 AP, N, 'H) have been
calculated by DFT (UB3LYP, WTBS basis set for Mo, 6-311+
+G(2d,2p) basis set for P and EPR-II basis set for C, H, N) for
the four different isomers of [5"]" (Table 3). Calculated g,
values of the stereoisomers are very similar, impeding any
reliable assignment, while the anisotropic data fit best to the
OC-6-4-3 isomer. In all stereoisomers the imido nitrogen
nucleus N™% is strongly coupled to the unpaired electron with
A (MN™M) = 3140 G, while the other nitrogen atoms of
the chelate ligands give rise to smaller couplings with
Ao("*N'P) = 02-2.1 G. This compares nicely with the
experimental HFC data but does not allow distinguishing
between the isomers with certainty. Significant couplings to
protons with A, ,(*"H) > 1.0 G are calculated for protons of one
pyrrolato ring (H”, H'”, H'"") with the largest ones found for
the OC-6-4-3 and OC-6-3-3 isomers (A,,("H, H'") > 2.0 G).
This assignment is in accord with the suggested stereoisomer
0C-6-4-3.

Fortunately, crystals of [5®"](PFs) grown from THF/
petroleum ether 40—60° solution were suitable for X-ray
crystallographic analyses (Table 1). The salt [5™"](PFq)
crystallized in the orthorhombic space group Pbca with
additional THF solvent molecules in the unit cell. As expected,
the OC-6-4-3 stereoisomer is observed in the crystal (Figure
11).

Figure 11. Molecular structure of [5™"](PF¢) in the crystal (CH
hydrogen atoms omitted for clarity).

Upon oxidation of 5™ to [5™"](PF;) the Mol—P1 bond
length is elongated from 2.4532(6) to 2.549(1) A (Table 2),
while the Mo1=N™° distance remains almost constant (5%
1.743(2) A; [5™"](PFy), 1.739(3) A). In the cation the Mol=
Nimido_cimide anole s slightly more bent (172.8(3)°) than in
the neutral complex (178.8(2)°). The calculated Mo=N-C
bending deformation potential for the d' Mo" complex is very
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similar to that of the d* Mo'" complex, suggesting steric rather
than electronic reasons for the ligand coordination mode in this
system (see Supporting Information, Figure S1).

The magnetic susceptibility y of [5®"](PF4) was measured in
dg-THF at room temperature by the Evans method.*”*® The
experimental magnetic moment . = 2.828 (yT)"? = 1.71 +
0.0S uB corresponds to one unpaired electron (S = 1/2;
Hefipspectea = § X (S(S + 1)) = 1.716 uB™).

In the UV—vis spectrum of [5®"](PF4) in THF several low-
energy absorptions can be distinguished, namely, at 787 (e =
905 M~ em™') and 532 (sh, 1165 M™' cm™) nm, which
account for the dark color (Figure 12). TD-DFT calculation on
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Figure 12. UV—vis spectrum of [5™"](PF4) in THF; calculated low-
energy transitions of 5" as a stick representation; relevant frontier
molecular orbitals of 5 (contour value 0.07 au).

[SM]* assigns the stronger low-energy absorption (A4 = 792
nm) mainly to a ligand-to-metal charge transfer from the L’
chelate ligand (MO no. 130b) to the singly occupied d,,, orbital
(MO no. 132b). The second low-energy absorption band is
assigned to a ligand field transition from the singly occupied d,,
orbital (MO no. 132a) to the d,, orbital (z* orbital, MO no.
133a) with some contribution of N™° (1, . = 523 nm).

B CONCLUSIONS

Molybdenum(VI) dioxido (1) and mixed imido/oxido
complexes (2®") were prepared and fully characterized with
respect to stereochemistry (OC-6-4-4), optical properties, and
reactivity toward phosphanes as oxygen atom acceptors.
Counterintuitively, the sterically more demanding imido ligand
promotes a faster overall reaction. The final molybdenum(IV)
products 4™ and 5" of the OAT reactions were isolated, and
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their OC-6-4-3 stereochemistry was confirmed by NMR
analysis, X-ray diffraction, and DFT calculations. In a catalytic
double OAT reaction*” from dmso to PMe; giving dms and
OPMe, the imido complex 2" is initially approximately twice
as fast as the oxido complex 1", However, inhibition by the
substrate prevents full conversion with the imido catalyst 2",
The optical properties of the d* complexes 4™ and 5" were
analyzed by TD-DFT calculations, and the low-energy
absorptions were assigned d,, — d,./d,, transitions with
some admixture of the chelate and the imido/oxido ligands.
One-electron oxidation gives the corresponding d'
molybdenum(V) complexes. The oxido phosphane complex
is unstable with respect to dissociation of coordinated
phosphane ([4™"]*), while the imido phosphane complex
[5™"]" has been isolated and fully characterized. The higher
stability of the Mo—P bond in 5" and [5"]* as compared to
4™ and [4™"]* is most likely due to electronic rather than
steric reasons. The OC-6-4-3 stereochemistry is retained in the
molybdenum(V) complex. The unpaired electron in [5®"]*
couples to the metal center (°***’Mo), to the coordinated *'P
nucleus (CW EPR), as well as to *N and 'H of the ligands
(HYSCORE). The optical absorption bands of [5®"]* are
assigned to ligand field and charge transfer transitions. In
conclusion, the imido/oxido 7-donor ligands dramatically
control the reactivity and stability of the reported Schiff base
molybdenum complexes. The reactivity of the novel six-
coordinate imido phosphane Mo" and Mo" complexes is
currently investigated in greater detail, especially with respect to
exploiting the latent free coordination site by removing the

phosphane.
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