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A B S T R A C T   

Molybdenum in redox non-innocent ligand environments features prominently in biological inorganic systems. 
While Holm and coworkers, along with many other researchers, have thoroughly investigated formally high- 
oxidation-state molybdenum (Mo(IV)-Mo(VI)) ligated by dithiolenes, less is known about molybdenum in 
other formal oxidation states and/or different redox-active ligand environments. This work focuses on the 
investigation of low-valent molybdenum in four different redox non-innocent nitrogen ligand type environments 
(mononucleating and dinucleating iminopyridine, mononucleating and dinucleating bis(imino)pyridine). The 
reaction of iminopyridine N-(2,6-diisopropylphenyl)-1-(pyridin-2-yl)methanimine (L1) with Mo(CO)3(NCMe)3 
produced Mo(L1)(CO)3(NCMe). Mo(L1)(CO)3(NCMe) undergoes transformation to Mo(L1)(CO)4 upon treatment 
with CS2 or prolonged stirring in dichloromethane. The reaction of the open-chain dinucleating bis(iminopyr
idine) ligand N,N′-(2,7-di-tert-butyl-9,9-dimethyl-9H-xanthene-4,5-diyl)bis(1-(pyridin-2-yl)methanimine) (L2) 
similarly produced an hexacarbonyl complex Mo2(L2)(CO)6(NCMe)2 which also underwent transformation to the 
octacarbonyl Mo2(L2)(CO)8. Both complexes featured anti-parallel geometry of the chelating units. The oxidation 
of Mo(L1)(CO)3(NCMe) with I2 resulted in Mo(L1)(CO)3I2. The reaction of mononucleating potentially tridentate 
bis(imino)pyridine ligand (L3) (N-mesityl-1-(6-((E)-(mesitylimino)methyl)pyridin-2-yl)methanimine) with both 
Mo(CO)3(NCMe)3 and Mo(CO)4(NCMe)2 produced complexes Mo(L3)(CO)3(NCMe) and Mo(L3)(CO)4 in which L3 

was coordinated in a bidentate fashion, with one imino sidearm unbound. The reaction of dinucleating 
macrocyclic di(bis(imino)pyridine) analogue (L4) led to the similar chemistry of Mo2(L4)(CO)6(NCMe)2 and 
Mo2(L4)(CO)8 complexes. Treatment of Mo(L3)(CO)3(NCMe) with I2 formed a mono(carbonyl) complex Mo(L3) 
(CO)I2 in which molybdenum was formally oxidized and L3 underwent coordination mode change to tridentate. 
The electronic structures of formally Mo(0) complexes in iminopyridine and bis(imino)pyridine ligand envi
ronments were investigated by density functional theory calculations.   

1. Introduction 

Over the last 20 years, there has been a considerable interest in 
complexes of nitrogen-based redox non-innocent ligands [1–4]. Due to 
their ability to delocalize d-electron density and to increase the acces
sibility of oxidation states of the overall metal-ligand system, redox non- 
innocent ligands have enabled development of sustainable base-metal 
alternatives to precious metal catalysts [1,5]. Redox non-innocent li
gands are also featured prominently in bioinorganic chemistry, 

particularly in the chemistry of molybdenum (dithiolene ligation) [6,7]. 
Among other redox non-innocent ligands, synthetically accessible imi
nopyridine and bis(imino)pyridine ligands are among the most thor
oughly studied. Typically, upon coordination to low-valent 3d metals (e. 
g. Ni(0) or Co(0)) bidentate iminopyridines can be reduced by up to two 
electrons [8–12], whereas tridentate bis(imino)pyridine allows an even 
wider range of accessible oxidation states [13–20]. However, while the 
electronic structures of the iminopyridine/bis(imino)pyridine 3d metal 
complexes have been carefully investigated, there has been significantly 
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less attention to the corresponding base 4d and 5d metals, particularly 
molybdenum [21,22]. This is in contrast to a comprehensive investi
gation of molybdenum (and other 4d/5d metal) dithiolene complexes, 
carried out by Holm, Gray, Eisenberg, and others [23–41]. In these 
complexes, the redox non-innocent dithiolene ligand environment was 
often mixed with additional redox-active ligands including carbonyl, 
leading to interesting ambiguities concerning oxidation states/elec
tronic structures of the complexes [42–47]. In contrast, studies focusing 
on a combination of nitrogen-based bidentate redox-active ligands (such 
as iminopyridines or diimines) with carbonyls at molybdenum and other 
heavier metals are less common. While several groups have reported the 
synthesis, structural characterization, and reactivity of formally Mo(0) 
carbonyl complexes ligated by iminopyridine ligands [48–53], in
vestigations of the electronic structures of these complexes are rare. In 
recent years, the Trovitch and Chirik groups have reported synthesis and 
selected catalytic applications of molybdenum complexes containing 
tridentate bis(imino)pyridine ligands [54–61]. 

We have previously reported the synthesis, characterization, and 
reactivity of mononuclear and dinuclear nickel and cobalt complexes 
ligated by redox non-innocent iminopyridine and bis(imino)pyridine 
ligands [62,63]. It was shown that iminopyridine [NN] serves as an 
accumulator of redox charges for the activation of a heteroallene (car
bon disulfide) mediated by nickel [64]. It was also demonstrated that bis 
(imino)pyridine [NNN] enables access to four different oxidation states 
of the metal-ligand assembly that are characterized by different coor
dination behavior of the ligand (most notably, bidentate vs. tridentate 
coordination) [65,66]. The most reduced state ({Ni[NNN]}1−) led to H+

and CO2 reduction [67]. Dinucleating open-chain bis(iminopyridine) 
ligands on a xanthene platform enabled formation of a 
diphenylacetylene-bridged dinickel assembly, which exhibited cooper
ative catalytic reactivity in cyclotrimerization [68]. A dinucleating 
macrocyclic di(bis(imino)pyridine) ligand formed cobalt carbonyl 
complexes, in which each bis(imino)pyridine chelate exhibited tri
dentate coordination to Co(II)/Co(I)/Co(0) centers [69]. These com
plexes did not exhibit reactivity with heteroallenes, and their 
cyclotrimerization reactivity was inferior compared to the open-chain 
dinickel complex. Following these studies, we became interested in an 
exploration of coordination chemistry and reactivity of respective 
complexes with the low-valent 4d metal, molybdenum. Herein we 
describe the coordination chemistry, electronic structure, and reactivity 
of mononuclear and dinuclear molybdenum‑carbonyl complexes sup
ported by mononucleating and dinucleating iminopyridine and bis 
(imino)pyridine complexes. The specific questions of interest in this 
study were: (1) What is the electronic structure (metal-ligand charge 
distribution) of the iminopyridine‑molybdenum? (2) What is the coor
dination mode of the bis(imino)pyridine ligand in low-valent molyb
denum complexes? (3) Given the coordination modes of mononuclear 
iminopyridine/bis(imino)pyridine complexes, what will be the geome
try (syn or anti) and metal-metal distance of the resulting dinuclear 
complexes? (4) Will the mononuclear or dinuclear complexes exhibit 
reactivity with heteroallenes? We emphasize that nearly all molyb
doenzymes feature molybdenum in redox-active (dithiolene) ligand 
environments. The iminopyridine ligand features similar (0/1−/2−) 
redox states to the dithiolene ligand, and thus the understanding of the 
electronic structure of molybdenum iminopyridine complexes is of 
relevance to the understanding of the electronic structures of molyb
doenzymes. We also note that while low-valent molybdenum bearing 
carbonyl ligand environments have not yet been discovered in nature, 
molybdenum carbonyl chemistry is of potential relevance to the reac
tivity of Mo–Cu carbon monoxide dehydrogenase, that catalyzes 
oxidation of carbonyl. 

2. Experimental 

2.1. General 

All reactions involving air-sensitive materials were carried out in a 
nitrogen-filled glovebox. 2,7-Di-tert-butyl-9,9-dimethyl-4,5-diaminox
anthene, 2,6-pyridine dicarboxaldehyde, 6-(2,4,6-triisopropylphenyl)- 
2-pyridinecarboxaldehyde, Mo(CO)3(NCMe)3 (1) and Mo(CO)4(NCMe)2 
(2) were synthesized using previously published procedures [88,89]. 
Carbon disulfide, phenyl isocyanate, 2,4,6-trimethyl aniline, 2-pyridine 
carboxaldehyde and pyridine N-oxide were purchased from Sigma and 
used as received. Silver hexafluorophosphate was purchased from Strem 
and used as received. Iodine was purchased from EMD and used as 
received. All non-deuterated solvents were purchased from Aldrich and 
were of HPLC grade. The non-deuterated solvents were purified using an 
MBraun solvent purification system. Dichloromethane‑d2, benzene‑d6 
and acetonitrile‑d3 were purchased from Cambridge Isotope Labora
tories. All solvents were stored over 3 Å molecular sieves. Compounds 
were generally characterized by 1H and 13C NMR spectroscopy 
(including 2D techniques such as 1H–1H COSY and HMBC), X-ray 
crystallography, IR spectroscopy and UV–vis spectroscopy. Satisfactory 
elemental analysis or high-resolution mass spectral data of the com
plexes examined herein could not be obtained due to oxygen sensitivity. 
Consequently, the complexes have been extensively characterized by 
NMR spectroscopy to establish bulk purity. Characterization was carried 
out at the Lumigen Instrument Center at Wayne State University. NMR 
spectra of the ligands and metal complexes were recorded on an Agilent 
DD2–600 MHz Spectrometer, a Varian VNMRS-500 MHz Spectrometer 
and an Agilent 400 MHz Spectrometer in CD2Cl2, C6D6 or CD3CN at 
room temperature. Chemical shifts and coupling constants (J) were re
ported in parts per million (δ) and Hertz respectively. Detailed assign
ments of the signals in 1H NMR are given in the ESI. UV–visible spectra 
were obtained on a Shimadzu UV-1800 spectrometer. IR spectra were 
obtained on a Shimadzu MIRacle-10 spectrometer. 

2.2. Preparation of Mo(L1)(CO)3(NCMe) (3) 

A 2 mL THF solution of (E)-N-(2,6-diisopropylphenyl)-1-(pyridin-2- 
yl)methanimine (L1, 25.0 mg, 0.094 mmol) was added to a stirring 2 mL 
THF solution of Mo(CO)3(CH3CN)3 (28.4 mg, 0.094 mmol). The solution 
color changed from yellow to blue. The reaction was stirred for 2 h, upon 
which the volatiles were removed in vacuo to afford 3 as a dark blue 
solid (44.4 mg, 0.091 mmol, 97%). X-ray quality crystals were obtained 
from layering of acetonitrile/ether solution at −35 ◦C. 1H NMR (CD3CN, 
600 MHz) δ 9.07 (d, 3JHH = 5.3 Hz, 1H, α-H on pyridine), 8.54 (s, 1H, 
imino-H), 8.04 (td, 3JHH = 7.7, 1.3 Hz, 1H, β-H on pyridine), 7.97 (d, 
3JHH = 7.6 Hz, 1H, δ-H on pyridine), 7.59 (t, 3JHH = 6.4 Hz, 1H, γ-H on 
pyridine), 7.27 (m, 3H, 3-H and 4-H on aniline), 3.20 (spt,3JHH = 6.9 Hz, 
1H, CH(CH3)2), 3.11 (spt, 3JHH = 6.9 Hz, 1H, CH(CH3)2), 1.95 (s, 3H, 
CH3 on coordinated MeCN), 1.33 (d,3JHH = 6.7 Hz, 3H, CH(CH3)2), 1.26 
(d, 3JHH = 6.7 Hz, 3H, CH(CH3)2), 1.11 (d,3JHH = 7.0 Hz, 3H, CH(CH3)2), 
1.06 (d, 3JHH = 6.7 Hz, 3H, CH(CH3)2) ppm; 13C{1H} NMR (CD3CN, 600 
MHz) δ 231.09, 229.31, 217.56, 167.80, 154.62, 152.75, 149.80, 
140.51, 138.67, 129.56, 128.30, 127.59, 124.95, 124.36, 28.55, 28.25, 
25.23, 23.80, 23.17 ppm. IR: vC≡O: 1898, 1782, and 1767 cm−1. λmax, 
nm (εM, L mol−1 cm−1): 598 (4150), 365 (sh, 2360), 315 (sh, 4540). 

2.3. Preparation of Mo(L1)(CO)4 (4) 

A 2 mL THF solution of L1 (25.5 mg, 0.096 mmol) was added to a 
stirring 2 mL THF solution of Mo(CO)4(CH3CN)2 (27.8 mg, 0.096 mmol). 
The solution color changed from yellow to red-purple (magenta). The 
reaction was stirred for 2 h, upon which the volatiles were removed in 
vacuo to afford 4 as a dark red solid (46.8 mg, 0.096 mmol, 99%). 1H 
NMR (CD3CN, 600 MHz) δ 9.11 (d,3JHH = 5.3 Hz, 1H, α-H on pyridine), 
8.51 (s, 1H, imino-H), 8.09 (td, 3JHH = 7.7, 1.3 Hz, 1H, β-H on pyridine), 
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8.05 (d, 3JHH = 7.6 Hz, 1H, δ-H on pyridine), 7.60 (ddd, 3JHH = 7.4, 5.5, 
1.5 Hz, 1H, γ-H on pyridine), 7.30 (m, 3H, 3-H and 4-H on aniline), 3.07 
(spt, 3JHH = 6.9 Hz, 2H, CH(CH3)2), 1.3 (1d,3JHH = 6.7 Hz, 6H, CH 
(CH3)2), 1.11 (d,3JHH = 7.0 Hz, 6H, CH(CH3)2) ppm; 13C{1H} NMR 
(CD3CN, 600 MHz) δ 224.55, 222.51, 204.84, 167.77, 154.46, 154.09, 
148.46, 139.95, 139.09, 130.46, 128.44, 127.99, 124.96, 28.60, 25.68, 
23.63 ppm. IR: vC≡O: 2014, 1890, 1867, and 1821 cm−1. λmax, nm (εM, L 
mol−1 cm−1): 545 (8900), 349 (sh, 5340), 301 (sh, 14,100), 285 (sh, 
23,250), 261 (sh, 36,900). 

2.4. Preparation of Mo(L1)(CO)3I2 (5) 

A 2 mL THF solution of I2 (12.7 mg, 0.050 mmol) was added to a 
stirring 2 mL THF solution of 4 (23.7 mg, 0.050 mmol). The solution 
color changed from red-purple to brown-purple. The reaction was stir
red for 24 h, upon which the volatiles were removed in vacuo to afford 5 
as a dark brown-purple solid (33.7 mg, 0.048 mmol, 96%). X-ray quality 
crystals were obtained from layering of dichloromethane/hexane solu
tion at −35 ◦C. 1H NMR (CD3CN, 600 MHz) δ 9.35 (d, 3JHH = 5.6 Hz, 1H, 
α-H on pyridine), 8.75 (s, 1H, imino-H), 8.26 (m, 1H, β-H on pyridine), 
8.23 (t, 3JHH = 7.6 Hz, 1H, γ-H on pyridine), 7.72 (ddd, 3JHH = 7.3, 5.7, 
1.6 Hz, 1H, para-H on aniline), 7.35 (m, 3H, meta-H and δ-H on pyri
dine), 2.05 (spt, 3JHH = 6.8 Hz, 2H, CH(CH3)2), 1.26 (d,3JHH = 6.5 Hz, 
6H, CH(CH3)2), 1.01 (d,3JHH = 6.7 Hz, 6H, CH(CH3)2) ppm; 13C{1H} 
NMR (CD3CN, 150 MHz) δ 171.89, 157.21, 154,08, 149.00, 141.99, 
141.26, 131.46, 129.40, 129.33, 125.19, 29.58, 26.12, 22.92. 1H NMR 
(C6D6, 600 MHz) δ 8.85 (d, 3JHH = 5.3 Hz, 1H, α-H on pyridine), 7.84 (s, 
1H, imino-H), 7.10 (m, 3H, meta-H and para-H on aniline), 6.53 (t, 3JHH 
= 7.3 Hz, 1H, β-H on pyridine), 6.47 (d, 3JHH = 7.6 Hz, 1H, δ-H on 
pyridine), 6.16 (t, 3JHH = 6.5 Hz, 1H, γ-H on pyridine), 3.62 (spt, 3JHH =

6.7 Hz, 2H, CH(CH3)2), 1.40 (d, 3JHH = 6.7 Hz, 6H, CH(CH3)2), 0.99 
(d,3JHH = 6.7 Hz, 6H, CH(CH3)2) ppm; 13C{1H} NMR (C6D6, 150 MHz) δ 
168.40, 155.98, 152.42, 149.23, 140.43, 139.42, 128.77, 128.38, 
128.29, 128.08, 127.92, 127.09, 124.80, 29.17, 26.22, 23.34. IR: vC≡O: 
2014, 1952, and 1921 cm−1. λmax, nm (εM, L mol−1 cm−1): 520 (5025.6), 
331 (sh, 7140), 277 (sh, 15,700), 248 (sh, 33,300). 

2.5. Preparation of Mo2(L2)(CO)6(NCMe)2 (6) 

A 2 mL acetonitrile solution of (1E,1′E)-N,N′-(2,7-di-tert-butyl-9,9- 
dimethyl-9H-xanthene-4,5-diyl)bis[1-(pyridin-2-yl)-methanimine] (L2, 
16.4 mg, 0.031 mmol) was added to a stirring 2 mL acetonitrile solution 
of Mo(CO)3(CH3CN)3 (18.7 mg, 0.062 mmol). The solution color 
changed from pale yellow to blue. The reaction was stirred for 48 h, 
upon which the volatiles were removed in vacuo to afford 6 as a dark 
blue solid (29.8 mg, 0.031 mmol, 99%). X-ray quality crystals were 
obtained from a concentrated CH3CN solution at room temperature. 1H 
NMR (CD3CN, 600 MHz) δ 8.84, (d, 3JHH = 5.3 Hz, 2H, α-H on pyridine), 
8.75 (s, 2H, imino-H), 7.70 (s, 2H, ortho-H on aniline), 7.67 (d, 3JHH =

2.4 Hz, 2H, δ-H on pyridine), 7.62 (t, 3JHH = 7.7 Hz, 2H, γ-H on pyri
dine), 7.55 (s, 2H, para-H on aniline), 7.23 (t, 3JHH = 7.6 Hz, 2H, β-H on 
pyridine), 1.95 (s, 3H, CH3 on coordinated MeCN), 1.83 (s, 6H, CH3 on 
xanthene), 1.41 (s, 18H, C(CH3)3) ppm; 13C{1H} NMR (CD3CN, 150 
MHz) δ 231.05, 228.81, 218.26, 168.22, 154.69, 152.43, 146.44, 
139.05, 138.36, 137.54, 130.98, 129.68, 128.19, 124.07, 122.93, 35.65, 
35.18, 33.90, 31.37 ppm. IR: vC≡O: 1898, 1782, and 1767 cm−1. λmax, 
nm (εM, L mol−1 cm−1): 600 (5300), 360 (sh, 6170), 312 (12580). 

2.6. Preparation of Mo2(L2)(CO)8 (7) 

A 2 mL THF solution of L2 (14.3 mg, 0.027 mmol) was added to a 
stirring 2 mL THF solution of Mo(CO)4(CH3CN)2 (15.6 mg, 0.054 mmol). 
The solution color changed from yellow to red-purple (magenta). The 
reaction was stirred for 24 h, upon which the volatiles were removed in 
vacuo to afford 5 as a dark red solid (25.3 mg, 0.027 mmol, 99%). X-ray 
quality crystals were obtained from dichloromethane/hexane solution 

at −35 ◦C. 1H NMR (CD3CN, 600 MHz) δ 8.92, (d,3JHH = 5.3 Hz, 2H, α-H 
on pyridine), 8.55 (s, 2H, imino-H), 7.64 (t, 3JHH = 7.6 Hz, 2H, ortho-H 
on aniline), 7.60 (d, 3JHH = 2.1 Hz, 2H, δ-H on pyridine), 7.57 (d, 3JHH =

2.3 Hz, 2H, γ-H on Ppyridine), 7.40 (d, 3JHH = 7.6 Hz, 2H, para-H on 
aniline), 7.29 (t, 2H, β-H on pyridine), 1.81 (s, 6H, CH3 on xanthene), 
1.38 (s, 18H, C(CH3)3) ppm; 13C{1H} NMR (CD3CN, 150 MHz) δ 224.61, 
222.12, 204.85, 202.33, 167.63, 154.02, 153.96, 146.83, 139.00, 
138.91, 137.53, 131.62, 129.16, 128.31, 124.14, 122.93, 35.85, 35.22, 
33.45, 31.31 ppm. IR: vC≡O: 2014, 1898, 1859, and 1829 cm−1. λmax, nm 
(εM, L mol−1 cm−1): 544 (13730), 388 (sh, 8750), 339 (sh, 12,930), 302 
(sh, 23,150). 

2.7. Preparation of Mo(L3)(CO)3(NCMe) (8) 

A 2 mL THF solution of (1E,1′E)-1,1′-(pyridine-2,6-diyl)bis(N-mesi
tylmethanimine) (L3,12.4 mg, 0.034 mmol) was added to a stirring 2 mL 
THF solution of Mo(CO)3(CH3CN)3 (10.2 mg, 0.034 mmol). The solution 
color changed from yellow to blue. The reaction was stirred for 12 h, 
upon which the volatiles were removed in vacuo to afford 6 as a dark 
blue solid (20.3 mg, 0.034 mmol, 99%). X-ray quality crystals were 
obtained from a concentrated CH3CN solution at room temperature. 1H 
NMR (CD2Cl2, 600 MHz) δ 9.38 (br s, 1H, bound imino-H), 8.54 (br s, 
2H, β-H in pyridine on bound side and unbound imino-H), 8.05 (t, 3JHH 
= 7.6 Hz, 1H, γ-H on pyridine), 7.84 (d,3JHH = 5.3 Hz, 1H, β-H in pyr
idine on unbound side), 6.98 (d,3JHH = 14.7 Hz, 2H, meta-H on bound 
aniline arm), 6.96 (d, 3JHH = 14.7 Hz, 2H, meta-H on unbound aniline 
arm), 2.33 (br s, 3H, para-methyl on bound aniline), 2.31 (br s, 3H, para- 
methyl on unbound aniline), 2.26 (br s, 6H, ortho-methyl on bound 
aniline), 2.24 (br s, 6H, ortho-methyl on unbound aniline), 1.99 (s, 3H, 
H on coordinated MeCN); 1H NMR (CD3CN, 600 MHz) δ 9.35 (br s, 1H, 
bound imino-H), 8.62 (br s, 1H, β-H in pyridine on bound side), 8.52 (br 
s, 1H, unbound imino-H), 8.16 (t, 3JHH = 7.8 Hz, 1H, γ-H on pyridine), 
7.99 (br s, 1H, β-H in pyridine on unbound side), 6.96 (br s, 4H, meta-H 
on both bound and unbound aniline arms), 2.29 (br s, 6H, para-methyl 
on both bound and unbound aniline), 2.21 (br s, 12H, ortho-methyl on 
both bound and unbound aniline), 1.95 (s, 3H, CH3 on coordinated 
MeCN); 13C{1H} NMR (CD3CN, 150 MHz) δ 228.91, 218.09, 204.62, 
168.98, 164.68, 164.06, 155.47, 139.46, 139.03, 131.03, 129.68, 
129.61, 127.83, 127.59, 125.69, 123.61, 28.22, 20.75, 18.40, 18.26 
ppm. IR: vC≡O: 1906, 1805, and 1767 cm−1. λmax, nm (εM, L mol−1 

cm−1): 579 (3240), 366 (sh, 4840), 288 (sh, 14,170). 

2.8. Preparation of Mo(L3)(CO)4 (9) 

A 2 mL THF solution of L3 (13.2 mg, 0.036 mmol) was added to a 
stirring 2 mL THF solution of Mo(CO)4(CH3CN)2 (10.4 mg, 0.036 mmol). 
The solution color changed from yellow to red-purple. The reaction was 
stirred for 24 h, upon which the volatiles were removed in vacuo to 
afford 9 as a red solid (20.5 mg, 0.035 mmol, 99%). X-ray quality 
crystals were obtained from layering of dichloromethane/hexane solu
tion at room temperature. 1H NMR (C6D6, 600 MHz) δ 9.68 (br s, 1H, 
bound imino-H), 8.14 (d, 3JHH = 7.6 Hz, 1H, β-H in pyridine on bound 
side), 7.23 (br s, 1H, unbound imino-H), 6.85 (br s, 2H, meta-H on 
bound aniline arm), 6.80 (t, 3JHH = 7.6 Hz, 1H, γ-H on pyridine), 6.74 
(br s, 2H, meta-H on unbound aniline arm), 6.53 (d, 3JHH = 7.0 Hz, 1H, 
β-H in pyridine on unbound side), 2.36 (br s, 6H, ortho-methyl on bound 
aniline), 2.18 (br s, 6H, ortho-methyl on unbound aniline), 2.14 (br s, 
3H, para-methyl on bound aniline), 2.12 (br s, 3H, para-methyl on un
bound aniline); 1H NMR (CD2Cl2, 600 MHz) δ 9.23 (br s, 1H, bound 
imino-H), 8.59 (br s, 1H, β-H in pyridine on bound side), 8.48 (br s, 1H, 
unbound imino-H), 8.12 (t, 3JHH = 7.8 Hz, 1H, γ-H on pyridine), 7.94 (br 
s, 1H, β-H in pyridine on unbound side), 7.01 (br s, 2H, meta-H on bound 
aniline arm), 6.96 (br s, 2H, meta-H on unbound aniline arm), 2.34 (br s, 
3H, para-methyl on bound aniline), 2.31 (br s, 3H, para-methyl on un
bound aniline), 2.28 (br s, 6H, ortho-methyl on bound aniline), 2.23 (br 
s, 6H, ortho-methyl on unbound aniline); 13C{1H} NMR (CD2Cl2, 150 
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MHz) δ 223.15, 222.23, 203.78, 201.60, 166.39, 162.90,157.92, 
154.87, 148.89, 137.82, 136.53, 134.58, 130.33, 129.69, 129.32, 
129.21, 127.99, 127.13, 125.71, 30.05, 20.89, 18.41 ppm. IR: vC≡O: 
2014, 1906, 1875, and 1829 cm−1. λmax, nm (εM, L mol−1 cm−1): 533 
(6900), 374 (8350), 286 (16250), 253 (sh, 35,170). 

2.9. Preparation of Mo(L3)(CO)I2 (10) 

A 2 mL THF solution of I2 (12.2 mg, 0.048 mmol) was added to a 
stirring 2 mL THF solution of 9 (27.8 mg, 0.048 mmol). The solution 
color changed from red-purple to green. The reaction was stirred for 24 
h, upon which the volatiles were removed in vacuo to afford 10 as a dark 
green solid (35.4 mg, 0.047 mmol, 99%). X-ray quality crystals were 
obtained from layering of THF/ether solution at −35 ◦C. 1H NMR (C6D6, 
600 MHz) δ 7.22 (s, 2H, bound imino-H), 6.90 (d, 3JHH = 7.6 Hz, 2H, β-H 
in pyridine), 6.82 (t, 3JHH = 7.6 Hz, 1H, γ-H on pyridine), 6.69 (s, 2H, 
meta-H on aniline), 6.55 (s, 2H, meta-H on aniline), 2.64 (s, 6H, ortho- 
methyl on aniline), 1.93 (s, 6H, ortho-methyl on aniline), 1.65 (s, 6H, 
para-methyl on aniline); 13C{1H} NMR (CD3CN, 150 MHz) δ 191.70, 
156.64, 149.22, 140.21, 138.43, 132.66, 131.50, 130.81, 129.37, 
128.29, 127.66, 121.87, 23.45, 20.97, 18.41 ppm. IR: vC≡O:1867 cm−1; 
λmax, nm (εM, L mol−1 cm−1): 518 (sh, 11,900), 439 (sh, 3030), 399 (sh, 
3550), 271 (sh, 8500). 

2.10. Preparation of Mo2(L4)(CO)6(NCMe)2 (11) 

A 2 mL dichloromethane solution of (2E,5E,8E,11E)-42,47,102,107- 
tetra-tert-butyl-49,49,109,109-tetramethyl-49H,109H-3,5,9,11-tet
raaza-1,7(2,6)-dipyridina-4,10(4,5)-dixanthenacyclododecaphane- 
2,5,8,11-tetraene (L4, 15.2 mg, 0.017 mmol) was added to a stirring 2 
mL dichloromethane solution of Mo(CO)3(CH3CN)3 (10.2 mg, 0.034 
mmol). The solution color changed from yellow to blue. The reaction 
was stirred for 15 min, upon which the volatiles were removed in vacuo 
to afford 11 as a dark blue solid (21.9. mg, 0.016 mmol, 96%). X-ray 
quality crystals were obtained from a concentrated CH3CN solution at 
−35 ◦C. 1H NMR (CD2Cl2, 600 MHz) δ 9.67 (s, 2H, bound imino-H), 8.80 
(s, 2H, unbound imino-H), 7.87 (t, 3JHH = 4.7 Hz, 2H, γ-H on pyridine), 
7.82 (d,3JHH = 4.4 Hz, 4H, ortho-H on bound aniline and β-H on pyridine 
bound side), 7.71 (d,3JHH = 2.3 Hz, 2H, para-H on bound aniline), 7.48 
(d, 3JHH = 2.3 Hz, 2H, β-H on pyridine unbound side), 7.44 (d, 3JHH =

2.1 Hz, 2H, ortho-H on unbound aniline), 7.14 (d, 3JHH = 2.1 Hz, 2H, 
para-H on unbound aniline), 1.91 (s, 6H, inside xanthene CH3), 1.68 (s, 
6H, outside xanthene CH3), 1.55 (s, 6H, CH3 on coordinated MeCN), 
1.44 (s, 18H, C(CH3)3 on bound aniline), 1.31 (s, 18H, C(CH3)3 on un
bound aniline) ppm. 

2.11. Preparation of Mo2(L4)(CO)8 (12) 

A 2 mL THF solution of L4 (21.6 mg, 0.024 mmol) was added to a 
stirring 2 mL THF solution of Mo(CO)4(CH3CN)2 (13.9 mg, 0.048 mmol). 
The solution color changed from yellow to red-purple. The reaction was 
stirred for 24 h, upon which the volatiles were removed in vacuo to 
afford 12 as a dark red solid (31.5 mg, 0.024 mmol, 99%). X-ray quality 
crystals were obtained from layering of THF/ether solution at −35 ◦C. 
1H NMR (CD3CN, 600 MHz) δ 9.19 (s, 2H, bound imino-H), 8.83 (s, 2H, 
unbound imino-H), 8.02 (d, 3JHH = 7.0 Hz, 2H, β-H on pyridine bound 
side), 7.99 (t,3JHH = 7.6 Hz, 2H, γ-H on pyridine),7.80 (dd, 3JHH = 7.6, 
1.4 Hz, 2H, β-H on pyridine unbound side), 7.54 (d, 3JHH = 2.3 Hz, 2H, 
ortho-H on bound aniline), 7.47 (d, 3JHH = 2.3 Hz, 2H, ortho-H on un
bound aniline), 7.39 (d, 3JHH = 2.3 Hz, 2H, para-H on bound aniline), 
7.02 (d, 3JHH = 2.0 Hz, 2H, para-H on unbound aniline), 1.86 (s, 6H, 
methyl-H on xanthene inside), 1.65 (s, 6H, methyl-H on xanthene 
outside), 1.39 (s, 18H, H on methyl group of t-butyl bound aniline), 1.32 
(s, 18H, H on methyl group of t-butyl unbound aniline) ppm. 1H NMR 
(CD2Cl2, 600 MHz) δ 9.33 (s, 2H, bound imino-H), 8.80 (s, 2H, unbound 
imino-H), 7.87 (m, 4H, γ-H on pyridine and β-H on pyridine unbound 

side), 7.82 (d, 3JHH = 7.6 Hz, 2H, β-H on pyridine bound side), 7.47 (d, 
3JHH = 2.3 Hz, 2H, ortho-H on bound aniline), 7.45 (d, 3JHH = 2.3 Hz, 
2H, ortho-H on unbound aniline), 7.42 (d, 3JHH = 2.1 Hz, 2H, para-H on 
bound aniline), 6.95 (d, 3JHH = 2.3 Hz, 2H, para-H on unbound aniline), 
1.92 (s, 6H, inside CH3 on xanthene), 1.61 (s, 6H, outside CH3 on xan
thene), 1.41 (s, 18H, C(CH3)3 on bound aniline), 1.31 (s, 18H, C(CH3)3 
on unbound aniline) ppm; 13C{1H} NMR (CD2Cl2, 150 MHz) δ 222.61, 
221.22, 203.28, 200.76, 166.50, 159.52, 157.01, 154.65, 146.68, 
145.93, 142.36, 139.43, 138.57, 137.53, 137.42, 132.37, 130.97, 
128.61, 124.45, 121.07, 120.66, 120.34, 114.64, 35.60, 34.68, 34.57, 
34.06, 31.13, 31.05, 27.13 ppm. IR: vC≡O: 2014, 1883, and 1836 cm−1. 
λmax, nm (εM, L mol−1 cm−1): 538 (11900), 385 (20300), 339 (sh, 
17,600). 

2.12. Computational details 

Geometry optimizations were carried out using density functional 
theory (DFT) at the BP86/def2-SVP level of theory as implemented in 
Gaussian09 (compounds that have L3) or Gaussian16 (compounds with 
L1) using density fitting and ultrafine grids.[70–76] Starting geometries 
with intraligand bond lengths corresponding to Mo(0)/L(0) and Mo(I)/L 
(–I) were employed with corresponding guess wavefunctions. These 
optimizations converged to the same structures that were confirmed to 
be minima based on analysis of the harmonic frequencies.[77] The final 
wavefunctions were confirmed to be stable.[78] UV–Vis spectra were 
generated by calculating the first 50 excited states using TD-CAM- 
B3LYP/def2-TZVP using the SMD solvation model to represent either 
CH2Cl2 or CH3CN depending on the experimental conditions. 
[73,79–85]. 

3. Results and discussion 

3.1. Synthesis and reactions of mononuclear molybdenum carbonyl 
complexes with mononucleating iminopyridine ligand L1 

Our initial investigation focused on the reactivity of molybdenum 
carbonyl complexes with mononucleating iminopyridine ligand L1 

(Scheme 1). L1 was synthesized as previously described.[86] We initially 
targeted a Mo(0) complex featuring at least one labile position, which 
could enable its subsequent reactivity with heteroallenes. Mo(CO)3(N
CMe)3 (1),[87,88] featuring labile NCMe ligands, was chosen as a mo
lybdenum(0) precursor. Syntheses and reactivity of molybdenum 
carbonyl complexes with L1 are presented in Scheme 1. The reaction of 
L1 with 1 produced dark blue-violet complex 3 [Mo(L1)(CO)3(NCMe)]. 3 
was characterized by 1H and 13C NMR spectroscopy, IR and UV–vis 
spectroscopy, and X-ray crystallography. 1H NMR (CD3CN) suggested 
effective C1 symmetry in solution, containing two different iPr methine 
septets (3.20 and 3.11 ppm) and 4 different Me signals. The IR spectrum 
of 3 contained three carbonyl signals, at 1767, 1782, 1898 cm−1. (See 
Table 1.) 

Treatment of 3 with carbon disulfide (CS2) produced red-purple 
complex 4 [Mo(L1)(CO)4], in which the acetonitrile ligand was 
replaced by an additional carbonyl ligand; no incorporation of CS2 was 
observed. A relatively high yield of 4 (~70%) suggested the following 
reaction stoichiometry: [Mo(L1)(CO)3(NCMe)] → ¾ [Mo(L1)(CO)4] +

additional products. [Mo(L1)(CO)4] (4) was previously reported [48], 
and can be obtained directly from the reaction of Mo(CO)4(NCMe)2 (2) 
and L1. In contrast to the proton spectrum of 3, the proton spectrum of 4 
is consistent with an effective Cs symmetry in solution, based on a single 
iPr methine septet (3.07 ppm) and two methyl peaks. The IR spectrum of 
4 contains 4 different CO signals, at 2014, 1890, 1867, 1821 cm−1. We 
were not able to obtain direct evidence concerning the nature of the 
additional products. However, formation of dark solid was also observed 
in this reaction. The solid was not soluble in common organic solvents. 
XPS (X-ray Photoelectron Spectroscopy) analysis of the solid revealed 
the presence of various molybdenum sulfides (MoS2 as well as 
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subsulfides), in addition to a small amount of molybdenum oxide, likely 
generated by atmospheric oxidation of the XPS sample. No reaction 
between 3 and phenyl isocyanate (PhNCO) took place. 4 did not react 
with either CS2 or PhNCO. 

The structure of 3 is provided in Fig. 1 (left); the structure of 4 was 
previously reported [48], and was confirmed by the unit-cell determi
nation in this work. 3 is octahedral, demonstrating fac coordination of 
the carbonyls. The resulting C1 symmetry in the solid state is consistent 
with the observed C1 symmetry in solution. In contrast, the presence of 
four carbonyls in 4 leads to Cs symmetry both in the solid-state and 
solution. Comparison of the imine C––N bond (1.283(3) Å) and the C 
(imine)-C(pyridine) bond (1.458(4) Å) with the respective fully 
oxidized iminopyridine [8,64] indicates only small degree of imino
pyridine reduction, consistent with the presence of numerous redox- 
active carbonyls. The electronic structure of these complexes was 
further investigated by DFT (vide infra). 

The UV–vis spectrum of complex 3 contains an intense peak in the 
visible region (λmax = 598 nm), in addition to two peaks in the UV re
gion, at 365 and 315 nm (Fig. 2). Similarly, the previously reported 
UV–vis spectrum of 4 contains an intense peak at 545 nm, in addition to 

Scheme 1. Synthesis and reactions of formally Mo(0) and Mo(II) complexes with L1.  

Table 1 
Designation of compounds described in this manuscript, and their corresponding 
IR carbonyl stretching frequencies (cm−1). The structures of L1-L4 are provided 
in Schemes 1-4.  

Mo(CO)3(NCMe)3 1 1783, 1915 
Mo(CO)4(NCMe)2 2 1833, 1881, 1912, 2023 
Mo(L1)(CO)3(NCMe) 3 1767, 1782, 1898 
Mo(L1)(CO)4 4 1821, 1867, 1890, 2014 
Mo(L1)(CO)3I2 5 1921, 1952, 2014 
Mo2(L2)(CO)6(NCMe)2 6 1767, 1782, 1898 
Mo2(L2)(CO)8 7 1829, 1859, 1898, 2014 
Mo(L3)(CO)3(NCMe) 8 1767, 1805, 1906 
Mo(L3)(CO)4 9 1829, 1875, 1906, 2014 
Mo(L3)(CO)I2 10 1867 
Mo2(L4)(CO)6(NCMe)2 11 n.a.a 

Mo2(L4)(CO)8 12 1836, 1883, 2014  

a The complex was not isolated in a pure state and therefore its IR spectrum 
was not collected. 

Fig. 1. X-ray structures (50% probability ellipsoids) of 3 (left) and 5 (right). Selected bond distances (Å) for 3: Mo C1 1.946(3), Mo C2 1.948(3), Mo C3 1.957, Mo N1 
2.261(2), Mo N2 2.257(2), Mo N3 2.218(2), N1 C10 1.283(3), C10 C11 1.458(4). Selected bond distances (Å) for 5: Mo C1 2.01(1), Mo C2 2.00(1), Mo C3 2.00(1), 
Mo I1 1.839(1), Mo I2 1.827(1), Mo N1 2.23(1), Mo N2 2.22(1), N1 C10 1.29(1), C10 C11 1.45(1). 
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several peaks in the UV (Fig. 2) [48]. The observed bathochromic shift of 
the corresponding λmax values in the spectrum of 4 compared to 3 is 
responsible for the observed color differences. The computational sec
tion (vide infra) discusses the origin of these transitions. 

The BP86/def2-SVP optimized structure of 3 agrees well with the 
experimental crystal structure (see ESI). It is important to note that no 
unpaired electron density at the ligand was calculated even with ge
ometries pre-disposed toward broken-symmetry solutions. The pre
dicted structure of 4 shows similar intraligand bond lengths of 1.314 vs. 
1.321 Å, 1.446 vs. 1.442 Å, and 1.378 vs. 1.382 Å for Cim-Nim, Cim-Cpy, 
and Cpy-Npy, respectively. These values suggest comparable redox- 
activity of the iminopyridine ligand in both complexes. A frontier 
orbital analysis of 3 shows that the HOMO (Highest Occupied Molecular 
Orbital), HOMO-1, and HOMO-2 are d-π in character, and the LUMO 
(Lowest Unoccupied Molecular Orbital) is the π* of the iminopyridine 

ligand (Fig. 3). There is minimal iminopyridine ligand character in the 
occupied orbitals, and minimal metal character in the lowest energy 
unoccupied orbital. A similar picture is seen for the frontier orbitals of 4 
(see ESI). Based on these frontier orbitals and the intraligand bond 
lengths, we conclude that these species are best characterized as Mo(0) 
complexes similar to other Mo(0)‑carbonyl species. 

To better understand the bathochromic shift in the UV–Vis experi
ments, spectral simulations were performed at the TD-CAM-B3LYP/ 
def2-TZVP level of theory. These simulations reproduce well the 
maximum low-energy absorption wavelengths of 585 and 480 nm for 3 
and 4 compared to the experimentally observed values of 598 and 545 
nm, respectively (Fig. 4). Unsurprisingly based on the frontier orbital 
diagram shown in Fig. 3, the LUMO in compounds 3 and 4 does not 
change much in energy from one compound to the other due to its 
ligand-based character. However, the highest occupied orbitals are 
stabilized in 4 by the additional π-backbonding of the fourth carbonyl 
ligand, especially in the HOMO-1 and HOMO-2 due to the axial ligand 
character. This creates a larger occupied/unoccupied energy gap and 
thus the experimentally observed bathochromic shift. 

As the formally Mo(0) tricarbonyl complex 3 did not produce 
isolable complexes with heteroallenes, leading instead to the formation 
of the tetracarbonyl product 4, we investigated removal of the carbonyl 
ligands. Treatment of metal carbonyls (including Mo(CO)6) with an oxo- 
transfer reagent is well known to produce CO2 and a vacant position on 
the metal [89–93]. The combination of 3 with pyridine N-oxide in the 
presence of CS2 resulted again in the formation of 4, along with free 
ligand L1, in an approximately 3:1 ratio, as indicated by 1H NMR spec
troscopy. In addition, the formation of dark bluish-grey solid was 
observed. XPS analysis of this solid demonstrated the presence of Mo(IV) 
sulfide (MoS2) and Mo suboxides/sulfides. In contrast to the previous 
case (a sample from the reaction of 3 with CS2), the sample also con
tained a significant amount of Mo(VI) oxide (MoO3), likely resulting 
from oxidation by pyridine N-oxide. The reaction of 3 with pyridine N- 
oxide produced complex 4, free ligand L1 (both observed by NMR) and 
an off-white solid. The XPS characterization of this solid revealed a 
mixture of Mo(IV) and Mo(VI) oxides; no molybdenum sulfides were 
observed in this case. No reaction was observed between 4 and pyridine 
N-oxide. Therefore, we conclude that the oxo-transfer reagent affects 
oxidation of the metal instead of the carbonyl ligand. 

Next, reactivity of 3 with I2 was investigated. Generally, Mo(II) 
diiodo complexes (or their zwitterionic analogues) can be generated by 
the combination of Mo(0) carbonyl precursors with I2 [94–102]. Mo
lybdenum(II) mixed iodo carbonyl complexes with a tridentate PNP 
ligand have been shown to exhibit diverse structural chemistry, 

Fig. 2. The UV–Vis spectra of compounds 3 (red), 4 (green), 6 (yellow), and 7 
(blue). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 3. Frontier orbital diagram (isosurface cutoff = 0.05 au) for 3. Orbital 
energy levels are qualitative and not placed on an energetic scale. 

Fig. 4. Simulated UV–Vis spectra for 3 (black) and 4 (grey) at the TD-CAM- 
B3LYP/def2-TZVP level of theory. 
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including seven-coordinate [Mo{PNP}(CO)3I]+ and [Mo{PNP}(CO)2I2], 
and six-coordinate [Mo{PNP}(CO)I2] [100]. The respective Mo(II) 
chemistry with bidentate ligands including iminopyridine and phos
phineamine ligands has been less investigated [103]. Treatment of 3 or 4 
with one equivalent of iodine produced the dark purple Mo(II) complex 
5. The structure of 5 was established by NMR spectroscopy and X-ray 
crystallography. X-ray structure determination reveals a seven- 
coordinate molybdenum center ligated by two approximately trans 
iodo groups (<I-Mo-I angle of 154.24(4) ◦), three carbonyls in an 
approximately facial arrangement, and the iminopyridine ligand L1 

(Fig. 1). Similar to the Mo(0) complex 3, diagnostic iminopyridine bond 
distances in 5 suggest only a slight reduction of the iminopyridine ligand 
(for selected bond distances, see Fig. 1). The seven-coordinate, non-rigid 
stereochemistry of 5 is consistent with an effective Cs symmetry of the 
iminopyridine ligand (single type of iPr substituent) in solution. The IR 
spectrum of 5 contains three different carbonyl peaks, at 1921, 1952, 
and 2014 cm−1. 

Treatment of 5 with AgPF6 (slight excess) in CH2Cl2 in the presence 
of CS2 led to a mixture of products in the 1H NMR spectrum (light brown 
solution), along with the formation of a pale yellow-ash color solid. 
Similarly, the reaction of 5 with AgPF6 produced a mixture of new 
products. Careful examination of the NMR spectra reveals similar, but 
not identical, products of these two reactions. Thus, one of the major 
products in the reaction of 5 with AgPF6 in the absence of CS2 appears to 
be a minor product in the reaction of 5 with AgPF6/CS2. Based on 1H 
NMR analysis, none of these products appears to be the free ligand L1 or 
complex 4. In contrast, treatment of 5 with excess AgPF6 and PhNCO 
produced complex 4. Our attempts to separate these mixtures by frac
tional crystallization were unsuccessful. 

3.2. Synthesis and structures of dinuclear molybdenum carbonyl 
complexes with dinucleating open-chain bis(iminopyridine) ligand L2 

We previously demonstrated that xanthene-bridged open-chain 
dinucleating bis(iminopyridine) ligand L2 (L2 = N,N′-(2,7-di-tertbutyl- 
9,9-dimethyl-9H-xanthene-4,5-diyl)bis(1-(pyridin-2-yl)methanimine)) 
is capable of forming a dinickel complex in which the metals were syn 
and bridged by an additional ligand, acetylene [68]. Treatment of L2 

with two equivalents of Mo(CO)3(NCMe)3 in acetonitrile produced a 
blue-violet dinuclear complex [Mo(L2)(CO)6(NCMe)2] (6, Scheme 2). 
The X-ray structure of 6 (Fig. 5, right) demonstrates approximate (non- 
crystallographic) C2 symmetry, in which the metals are positioned in an 
anti-parallel configuration. The xanthene linker is nearly planar (Fig. 5), 
as has been previously observed for di‑zinc complexes with a xanthene 
linker in which there was no interaction between the metals [104]. In 
contrast, the xanthene linker was found to be bent in the di‑nickel 
complex of L2, where the metals interacted strongly via bridging alkyne 
ligand [68]. The molecular geometry and bond metrics at each molyb
denum site are similar to those of 3. The UV–vis spectrum of 6 is also 
highly reminiscent of the spectrum of 3, containing peaks at 600, 360, 
and 312 nm (Fig. 2). The 1H NMR spectrum of 6 demonstrates a single 
type of a molybdenum site, consistent with the overall C2 symmetry of 
the complex, and suggesting a lack of other isomers in solution. 

The combination of 6 with phenyl isocyanate exhibited no color 
change for 24 h; no change in the NMR spectrum was observed as well. 
In contrast, treatment of 6 with carbon disulfide produced red-purple 
[Mo2(L2)(CO)8] (7), in a transformation similar to 3 → 4. 7 can also 
be obtained by reacting L2 with two equivalents of Mo(CO)4(NCMe)2. 7 
was characterized by NMR, IR, and UV–vis spectroscopy, and X-ray 
crystallography. The complex features crystallographic C2 symmetry, 
with two equivalent pseudo-octahedral molybdenum sites closely 
related to the structure of 4. As in all previously described structures, 
only slight reduction of the iminopyridine is observed (for selected bond 

Scheme 2. Synthesis of dinuclear complexes 6 and 7.  
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distances, see Fig. 5). Both the UV–vis and the IR spectra of 7 were very 
similar to the corresponding spectra of 4. Thus, 7 demonstrates a 
prominent peak at 544 nm (545 in 4, Fig. 2), and the IR spectrum of 7 

contains four peaks attributable to carbonyl vibrations at 2014, 1898, 
1859, and 1829 cm−1, compared with signals at 2014, 1890, 1867, 
1821cm−1 for 4. 

Scheme 3. Synthesis and reactions of molybdenum carbonyl complexes with L3.  

Fig. 5. X-ray structure (50% probability ellipsoids) of 6 (right) and 7 (left). Selected bond distances for 6: Mo1 C1 1.90(1), Mo1 C2 1.94(1), Mo1 C3 1.90(1), N2 C10 
1.28(1), C10 C11 1.47(1), Mo2 C4 1.94(1), Mo2 C5 1.91(1), Mo2 C6 1.94(1), N5 C12 1.29(1), C12 C13 1.43(1). Selected bond distance for 7: Mo C1 1.964(2), Mo C2 
2.060(2), Mo C3 1.970(2), Mo C4 2.024(2), N1 C10 1.285(2), C10 C11 1.456(3). 
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To explore whether the coordination chemistry and the relative ge
ometry of the molybdenum sites in the complexes of L2 can be changed, 
the reactivity of 6 with I2 was also investigated. Treatment of 6 with I2 
produced brown-purple solution containing a mixture of products, ac
cording to 1H NMR spectroscopy. Based on the chemical shifts of the 
imine and pyridine hydrogens, this product is likely similar to 5. The IR 
spectrum of the product mixture contained only two carbonyl peaks, 
suggesting removal of some of the carbonyl ligands via oxidation. Our 
attempts to further characterize these products were not successful. 

3.3. Synthesis and reactions of mononuclear molybdenum carbonyl 
complexes with mononucleating bis(imino)pyridine ligand L3 

All reactions of molybdenum carbonyl precursors with bidentate 
iminopyridine chelates [NN] described above led to the formation of the 
electronically favorable fac-[Mo(CO)3] structural unit that proved 
resistant to our attempts to remove a carbonyl. Thus, we turned our 
attention to mononucleating and dinucleating ligands featuring a tri
dentate bis(imino)pyridine chelate [NNN]. As the bis(imino)pyridine is 
expected to bind in a meridional fashion, it should lead to the formation 
of a mer-[Mo(CO)3] unit, which should be more amenable to removal of 
at least one carbonyl due to the trans effect. Stirring L3 with Mo 
(CO)3(NCMe)3 in THF or CH2Cl2 for a relatively short time produced 
dark blue 8 [Mo(L3)(CO)3(NCMe)]. The X-ray structure of 8 (Fig. 6) 
revealed bidentate coordination of the potentially tridentate ligand L3 to 
the molybdenum center, with one imino sidearm unbound. The coor
dination environment at the metal is accomplished by three carbonyls 
and one acetonitrile ligand, resulting in a pseudo-octahedral structure 
similar to complex 3. While the coordinated and uncoordinated arms 
exhibit slight numerical differences in the C=N/C-C bond distances, 
relatively high esd (estimated standard deviation) values for this struc
ture make these differences statistically insignificant. Not surprisingly, 
the UV–vis spectrum of 8 manifests similar features to 3. 1H NMR 
spectrum (CD2Cl2) demonstrates a pattern consistent with two different 
side arms, including two different peaks for the mesityl para-methyl 
groups (2.33 and 2.31 ppm), and two different peaks for the mesityl 
ortho-methyl groups (2.26 and 2.24 ppm). Interestingly, most signals 

appear as broad singlets, except for the hydrogen in the 4′ position of the 
pyridine that appears as a sharp triplet. As all the hydrogens except for 
this position can undergo exchange, such broadening suggests there is a 
relatively slow sidearm equilibration process in 8. 1H NMR spectrum 
taken in CD3CN exhibits overall similar features, aside from the unre
solved methyl groups that appear as two broad resonances in a 2:1 ratio. 
Such a finding is consistent with faster equilibration of the side arms in 
the coordinating acetonitrile solvent. The IR spectrum contained three 
carbonyl peaks at 1767, 1805, 1906 cm−1. 

Prolonged stirring of 8 (24 h) in the presence or absence of CS2/ 
PhNCO (CH2Cl2) formed a red purple tetracarbonyl complex [Mo(L3) 
(CO)4] (9), similar to what was observed with 3. The attempt to expel 
one of the carbonyls and transform bidentate coordination of bis(imino) 
pyridine to tridentate by heating 8 in toluene to 90 ◦C for two days [105] 
led to complex decomposition and the observation of the free ligand by 
1H NMR spectroscopy. 9 can be obtained directly in a nearly quantita
tive yield by the reaction of L3 with Mo(CO)4(NCMe)2. We note that the 
closely related complex (bearing 2,6-diisopropylphenyl-substituted bis 
(ketimino)pyridine) was obtained by the reaction of Mo(CO)6 and bis 
(imino)pyridine ligand 1,1′-(pyridine-2,6-diyl)bis(N-(2,6-diisopropyl
phenyl)ethan-1-imine) [106]. That reaction also produced a partially 
hydrogenated by-product in which one of the imino arms was trans
formed into amine; no additional by-products were observed in the 
present synthesis. 9 replicates most of the structural and spectroscopic 
features of 8, and the coordination environment around the molybde
num center is similar to the coordination environment of 4. 1H NMR 
spectrum again suggests two different mesitylimino sidearms, contain
ing two sets of broadened mesityl and imino resonances, while the 
unique 4′ pyridine hydrogen gives rise to a sharp triplet. The UV–vis 
spectrum of 9 contains four peaks, at 533, 374, 286, and 253 nm. The 
structure of 9 and its selected bond metrics are provided in Fig. 6. The 
structure of 9 was of higher quality than 8, providing more reliable bond 
distances. Due to the stronger trans influence, Mo-CO bonds that are 
trans to each other (Mo–C2 and Mo–C4) are significantly longer than 
the Mo-CO bonds trans to the nitrogen donors (Mo–C1 and Mo–C3). A 
slight increase in the imino bond distance (N1-C10 vs. N3-C12, 1.279(2) 
vs. 1.268(2)) bond and the more significant decrease in the imino- 
pyridine bond (C10-C11 vs. C12-C13, 1.454(2) vs. 1.480(2)) between 
the bound and the unbound arms are suggestive of some reduction of the 
coordinate iminopyridine arm, similar to the results described above for 
complexes 3–6. 

Due to the potential extended conjugation provided by the second 
imine arm in L3 that could lower the LUMO and make L3 more redox 
active than L1, 8 and 9 were optimized with BP86/def2-SVP and agree 
well with the experimental crystal structures (see electronic supple
mentary material). Despite both compounds showing signs of ligand 
reduction based on the experimental bond lengths, no unpaired elec
trons at the ligand were observed in the optimized structure of these 
complexes despite multiple starting geometries and electronic configu
rations (including broken-symmetry wavefunctions). A frontier orbital 
analysis of 8 shows that the three highest occupied orbitals are d-π in 
character, and the LUMO is the ligand π* (Fig. 7), similar to what was 
observed for 3. Analogous orbitals are observed for 9 (see electronic 
supplementary material). Based on these orbital diagrams, and the 
experimental and computed structural information, we conclude that 
these species are best characterized as Mo(0) complexes. 

Treatment of red-purple 9 with I2 in THF led to a color change to 
brown. Filtration and recrystallization of the crude product yielded 
green-brown 10. 10 was characterized by X-ray crystallography and 1H 
NMR, UV–vis, and IR spectroscopy. In contrast to all previous com
plexes, the IR spectrum demonstrated a single carbonyl stretch at 1867 
cm−1. X-ray crystallography reveals formally molybdenum(II) octahe
dral complex in which the previously bidentate bis(imino)pyridine 
ligand L3 now binds in a tridentate fashion, with one iodide trans to 
pyridine and the other iodide trans to carbonyl (Fig. 8). In addition to the 
three nitrogen donors of L3, the molybdenum center is surrounded by 

Fig. 6. X-ray structures of 8 (left) and 9 (right), 50% probability ellipsoids. 
Selected bond distances (Å) for 8: Mo C1 1.946(7), Mo C2 1.947(7), Mo C3 
1.935(7), Mo N1 2.232(6), Mo N2 2.327(6), Mo N4 2.216(5), N1 C10 1.278(7), 
C10 C11 1.456(7), N3 C12 1.268(7), C12 C13 1.470(7). Selected bond distances 
(Å) for 9: Mo C1 1.965(2), Mo C2 2.036(2), Mo C3 1.956(2), Mo C4 2.039(2), 
Mo N1 2.219(2), Mo N2 2.324(2), N1 C10 1.279(2), C10 C11 1.454(2), N3 C12 
1.268(2), C12 C13 1.480(2). 
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two iodides and a single carbonyl ligand, consistent with a single 
carbonyl stretch in IR. The rigid octahedral structure of 10 in solution 
featuring tridentate binding of L3 is further supported by NMR spec
troscopy. Unlike 8 or 9, 10 gives rise to sharp peaks suggesting the lack 
of a dynamic process. Additionally, the pyridine ring now gives rise to 
two signals: 3′ protons appear as one doublet, and the 4′ proton appears 
as a triplet. Different chemical environments below and above the 
[NNN] plane result in three different peaks for the mesityl methyls, and 
two different peaks for the mesityl aryl protons. 

We also investigated the reactivity of complex 10 with AgPF6 in the 
presence or absence of CS2. Treatment of 10 with AgPF6 in the presence 
of CS2 formed green-brown solution and pale yellow-ash color solid. The 
1H NMR spectrum of the soluble phase (CD3CN) suggested formation of 
a mixture of compounds. The reaction of 10 with AgPF6 in the absence of 
CS2 produced yellow-brown solution and pale yellow-ash color solid. 
The 1H NMR of the product was very similar to the NMR spectrum of the 
reaction with CS2, suggesting that CS2 does not participate in the reac
tion. In both cases, the products were not soluble in the low-polarity 
solvent (C6D6). Based on the above, we postulate that the reaction 
produces ionic complexes incorporating acetonitrile, [Mo(L3)(CO)(I)2- 

n(NCMe)n]. 

3.4. Synthesis of dinuclear molybdenum carbonyl complexes with 
dinucleating di(bis(imino)pyridine) ligand L4 

We previously reported synthesis and reactivity of macrocyclic 
xanthene-bridged di(bis(imino)pyridine) L4 with a cobalt(0) carbonyl 
precursor, Co2(CO)8 [69]. This “double-decker” ligand was found to lead 
to dinuclear/tetranuclear cobalt carbonyl complexes in which each of 
the bis(imino)pyridine chelates invariably demonstrated tridentate co
ordination (Scheme 4). Related macrocyclic di(bis(imino)pyridine) li
gands also generally demonstrate tridentate coordination with 3d 
metals, including Fe, Co, Ni, and Zn [107–110]. Treatment of L4 with Mo 
(CO)3(NCMe)3 (1) in CH2Cl2 formed blue-violet dinuclear complex 
[Mo2(L4)(CO)6(NCMe)2] 11, which was identified by 1H NMR spec
troscopy and X-ray crystallography (co-crystallized with 12, Scheme 5 
and Fig. 9). Although at short reaction times (~15 min) a relatively 
clean proton NMR of complex 11 can be obtained, it is unstable in so
lution and converts to red-purple complex 12. 11 and 12 constitute 
dinuclear analogues of complexes 8 and 9, and the reaction is likely to 
proceed via a similar route. 

The X-ray structures of complexes 11 and 12 are presented in Fig. 9. 
Our attempts to crystallize freshly prepared 11 led to a crystal structure 
containing both 11 and 12 in the asymmetric unit (11/12, Fig. 7). Pure 
12, however, can be crystallized separately from 11; its independent 
structure is provided in the supporting information. The solid-state 
structure of 12 from 11/12, and independent 12, demonstrate similar 
structural parameters. Despite the potentially tridentate rigid chelating 
site that has been previously demonstrated to coordinate metal carbonyl 
in a tridentate fashion (Scheme 4), L4 in all cases coordinates molyb
denum in a bidentate (iminopyridine) fashion, with one of the imines 
unbound. Due to the anti relative disposition of the pyridine nitrogen 
and the unbound imine nitrogen, the xanthenes are further apart from 
each other compared with the complexes where both imines were co
ordinated to the metal [69]. There is a wider angle between the imi
nopyridine chelate planes (Mo[NCCN]) in 11 (47◦) vs. 12 (33◦ in both 
structures), likely because of the presence of bulkier acetonitrile ligands 
between the planes. Due to the same reason, the chelating iminopyr
idines occupy alternating positions in each complex, thereby positioning 
the [Mo(CO)3(NCMe)]/[Mo(CO)4] fragments not directly on top of each 
other, and leading to the (non-crystallographic) C2 symmetry for both 
complexes. Metal coordination environments in complexes 11 and 12 
are closely related to the coordination environments in 3 and 4, 6 and 7, 
and 8 and 9, respectively. Bond metrics in both structures follow the 
same trends discussed above for the structures of 3 and 4, 6 and 7, and 8 
and 9. 

1H NMR of free L4 is consistent with a “bowl” structure of C2v sym
metry, containing four identical tert-butyl groups, two different methyl 
groups (“in” and “out”), two different resonances for the xanthene aryl 
protons, and a single resonance for the four imino hydrogens [69]. In 
contrast, the spectrum of pure 12 suggests effective C2 symmetry in 
solution, consistent with the solid-state structure. The spectrum contains 
two different tert-butyl groups, two different methyl groups, and two 
different imine hydrogens. Significantly, the xanthene aryl protons 
appear as four doublets. As only the transient spectrum of 11 was ob
tained, it will not be discussed in details. The attempted reactivity 
studies of 12 with I2 failed to result in an isolable product, and the re
action of transient 11 with CS2 led mostly to the formation of complex 
12. 

4. Summary and conclusions 

We have conducted a comprehensive investigation of the reactivity 
of Mo(0) carbonyl precursors Mo(CO)3(NCMe)3 and Mo(CO)4(NCMe)2 
with mononucleating and dinucleating iminopyridine and bis(imino) 
pyridine ligands. The products of the reactions were characterized by X- 
ray crystallography, NMR spectroscopy, UV–vis spectroscopy, and IR 
spectroscopy. Invariably, the reactions were found to lead to the 

Fig. 7. Frontier orbital diagram (isosurface cutoff = 0.05 au) for 8. Orbital 
energy levels are qualitative and not placed on an energetic scale. 

Fig. 8. X-ray structures of 10, 50% probability ellipsoids. Selected bond dis
tances (Å): Mo I1 2.864(1), Mo I2 2.684(1), Mo C1 2.07(1), Mo N1 2.13(1), Mo 
N2 2.11(1), Mo N3 2.13(1), N1 C2 1.30(1), C2 C3 1.40(1), N3 C4 1.30(1), C4 
C5 1.42(1). 
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bidentate coordination of both iminopyridine and bis(imino)pyridine 
ligand to the formally Mo(0) center to produce Mo[κ2-NN](CO)3(N
CMe). The electronic structure of this persistent structural motif was 
investigated by DFT calculations. In all cases the complexes were best 
characterized as Mo(0), based on inspection of the frontier orbitals that 
were highly localized. Thus, in contrast to the behavior of the low-valent 
3d metals, which typically exhibit substantial delocalization of the 
reducing equivalents into the redox-active iminopyridine/bis(imino) 
pyridine framework, the corresponding low-valent 4d metal retains a 
“classical” [Mo(CO)n]0/neutral [NN] ligand electron distribution. It is 
noted that the π-acidic (carbonyl) ligands undoubtedly accept some of 
the electron density from Mo(0). However, the corresponding 3d metals 
bearing both iminopyridine/bis(imino)pyridine and π-acidic ligands 
usually display substantial transfer of reducing equivalents into the 
redox-active ligand framework [1–5]. We also note that redox non- 
innocence of Mo was demonstrated in other ligand systems, bearing a 

formally high-oxidation state metal [111–113]. 
Upon treatment with selected heteroallenes (CS2, PhNCO), or upon 

prolonged stirring in solution, Mo[κ2-NN](CO)3(NCMe) was found to 
transform into another persistent “Mo(0)” motif, Mo[κ2-NN](CO)4, for 
both iminopyridines and bis(imino)pyridines. No formation of putative 
“Mo[NNN]mer-(CO)3 occurred upon various forcing reaction conditions. 
Similar molybdenum carbonyl chemistry was observed with dinucleat
ing xanthene-bridged open-chain bis(iminopyridine) and macrocyclic di 
(bis(imino)pyridine) ligands. While the relative geometry of the mo
lybdenum centers for the different dinuclear species was different, no 
interaction between the metals in either case was observed. Treatment 
of the molybdenum carbonyl complexes with an oxo-transfer agent did 
not result in the oxidation of CO, but oxidized the metal instead. The 
combination of formally Mo(0) carbonyl precursors with I2 affected 
their oxidation, producing formally Mo(II) complexes. For I2, the paths 
of iminopyridine and bis(imino)pyridine complexes diverged. In the 

Scheme 4. Reactivity of L4 with Co2(CO)8.  

Scheme 5. Formation of dinuclear molybdenum carbonyl complexes 11 and 12.  
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case of the iminopyridine ligand, the oxidation of Mo[NN](CO)3(NCMe) 
(3) or Mo[NN](CO)4 (4) leads to the formation of 7-coordinate tri‑car
bonyl Mo[NN](CO)3I2 (5). In contrast, treatment of the corresponding 
bis(imino)pyridine precursors Mo[NNN](CO)3(NCMe) (8) or Mo[NNN] 
(CO)4 (9) with I2 leads to the formation of a 6-coordinate mono‑carbonyl 
complex Mo[NNN](CO)I2 (10). While all Mo-iodo complexes undergo 
reactions with Ag+, these reactions failed to form isolable products. 
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