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ABSTRACT: In an effort to probe the feasibility of a model of Mo-Cu
CODH (CODH = carbon monoxide dehydrogenase) lacking a bridging
sulfido group, the new heterodinucleating ligand LH2 was designed and its
Cu(I)/Mo(VI) reactivity was investigated. LH2 ((E)-3-(((5-(bis(pyridin-
2-ylmethyl)amino)-2,7-di-tert-butyl-9,9-dimethyl-9H-xanthen-4-yl)imino)-
methyl)benzene-1,2-diol) features two different chelating positions bridged
by a xanthene linker: bis(pyridyl)amine for Cu(I) and catecholate for
Mo(VI). LH2 was synthesized via the initial protection of one of the amine
positions, followed by two consecutive alkylations of the second position,
deprotection, and condensation to attach the catechol functionality. LH2
was found to exhibit dynamic cooperativity between two reactive sites
mediated by H-bonding of the catechol protons. In the free ligand, catechol
protons exhibit H-bonding with imine (intramolecular) and with pyridine
(intermolecular in the solid state). The reaction of LH2 with [Cu-
(NCMe)4]

+ led to the tetradentate coordination of Cu(I) via all nitrogen donors of the ligand, including the imine. Cu(I) complexes
were characterized by multinuclear NMR spectroscopy, high-resolution mass spectrometry (HRMS), X-ray crystallography, and
DFT calculations. Cu(I) coordination to the imine disrupted H-bonding and caused rotation away from the catechol arm. The
reaction of the Cu(I) complex [Cu(LH2)]

+ with a variety of monodentate ligands X (PPh3, Cl
−, SCN−, CN−) released the metal

from coordination to the imine, thereby restoring imine H-bonding with the catechol proton. The second catechol proton engages in
H-bonding with Cu−X (X = Cl, CN, SCN), which can be intermolecular (XRD) or intramolecular (DFT). The reaction of LH2
with molybdate [MoO4]

2− led to incorporation of [MoVIO3] at the catecholate position, producing [MoO3(L)]
2−. Similarly, the

reaction of [Cu(LH2)]
+ with [MoO4]

2− formed the heterodinuclear complex [CuMoO3(L)]
−. Both complexes were characterized

by multinuclear NMR, UV−vis, and HRMS. HRMS in both cases confirmed the constitution of the complexes, containing molecular
ions with the expected isotopic distribution.

■ INTRODUCTION

Mo-Cu CO dehydrogenase (CODH) is an air-stable enzyme
from the carboxydotrophic bacteria Oligotropha carboxidovor-
ans that catalyzes oxidation of CO to CO2 according to the
following equation: CO + H2O → CO2 + 2e− + 2H+.1 The
active site and postulated reaction mechanism are presented in
Scheme 1. The resting state (I) features the Mo(VI) fragment
and the Cu(I) fragment linked through a single sulfido
bridge.2,3 The molybdenum center is coordinated by a
dithiolene ligand (part of a pyranopterindithiolene cofactor),
two oxo/hydroxo groups, and one sulfido group. The
copper(I) site is low-coordinate, bearing a cysteinate ligand,
a bridging sulfido group, and likely a weakly coordinating water
molecule. The unusual composition of this active site and its
implication in catalysis has prompted significant interest from
the inorganic community. The structural motifs that appear to
have an effect on the reactivity are (i) coordination of Mo(VI)
by a redox-active dithiolene ligand that stabilizes the formally

Mo(VI) oxidation state, (ii) several ligands multiply bonded to
Mo(VI), which increases the nucleophilic character of the
reactive oxo by decreasing the metal−oxo bond order,4,5 (iii)
coordinative unsaturation at the Cu(I) site, consistent with
substrate (CO) coordination,6,7 and (iv) the proximity of
Mo(VI) and Cu(I), enabled by the sulfido bridge. The
mechanism of CO oxidation was probed by spectroscopic and
computational studies.8−14 One of the leading current
mechanistic hypotheses, supported by DFT calculations,
suggests that the initial binding of CO to Cu(I) (I-CO) is
followed by a nucleophilic attack of Mo-oxo on the

Received: June 9, 2021
Published: September 14, 2021

Articlepubs.acs.org/IC

© 2021 American Chemical Society
14655

https://doi.org/10.1021/acs.inorgchem.1c01735
Inorg. Chem. 2021, 60, 14655−14666

D
ow

nl
oa

de
d 

vi
a 

M
A

C
A

LE
ST

ER
 C

O
LG

 o
n 

Ju
ly

 1
4,

 2
02

2 
at

 0
2:

28
:4

5 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Umesh+I.+Kaluarachchige+Don"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sudheer+S.+Kurup"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thilini+S.+Hollingsworth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cassandra+L.+Ward"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+L.+Lord"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+L.+Lord"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stanislav+Groysman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.1c01735&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01735?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01735?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01735?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01735?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01735?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/inocaj/60/19?ref=pdf
https://pubs.acs.org/toc/inocaj/60/19?ref=pdf
https://pubs.acs.org/toc/inocaj/60/19?ref=pdf
https://pubs.acs.org/toc/inocaj/60/19?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf


electrophilic carbon of CO to form intermediate II. The
subsequent oxidation of carbon and reduction of Mo (formally
oxo transfer) results in the formation of intermediate III, which
is reoxidized to I. This hypothesis assigns primarily a structural
(or structural/electronic) role to the bridging sulfide ligand.
We note, however, that other mechanistic hypotheses exist,
which propose that the bridging sulfido group also plays a
functional role in the oxidation of CO via the formation of a
direct chemical bond with the CO carbon and formation of
thiocarbonate intermediates.1

The validation of structure−function hypotheses described
above requires the prior design of appropriate structural
models. Significant efforts have been dedicated to modeling the
Mo-Cu active site in order to establish its structure−activity
relationship.15 Most of the models specifically pursuing a
“Mo−S−Cu” structural motif are displayed in Figure 1. Note

that the “Mo(O)2−S−Cu” motif appears to be inherently
unstable for complexes featuring coordinatively unsaturated
metals. Young and co-workers reported the [(Tp)MoVO-
(OAr)(μ2-S)Cu

II(Me3tacn)] complex A (Tp = tris(pyrazolyl)-
borate, Me3tacn = trimethyl-1,4,7-triazacyclononane) bridged
by a single sulfido group.16,17 Tatsumi and co-workers reported
the [(bdt)MoVIO(μ2-S)2Cu

I(SPh)] complex B (bdt =
benzenedithiolate and related ligands) in which the Mo(VI)
center was linked to Cu(I) via two sulfido bridges.18 As part of
their broader investigation on synthetic analogues of

molybdoenzymes,19,20 Holm and co-workers described the
synthesis of [(bdt)WVIO(μ2-S)2Cu

IR] (C, ;R = thiolate, N-
heterocyclic carbene, aryl) and related compounds.21 The
synthetic strategy toward C employed the reaction of a
previously reported analogue of the XOR active site,
[(bdt)WVIO2S](NEt4)2,

22,23 with low-coordinate Cu(I) com-
plexes.24,25 Fontecave and Mougel reported that the closely
related [(bdt)MoVIO(μ2-S)2Cu

I(CN)] complex D served as a
precatalyst for CO2 electroreduction.

26 The closest structural
model E, reported recently by Mankad and co-workers and
comprised of the W-based structural model of the Mo-Cu
CODH active site, features a single bridging sulfido group that
is supported by an additional oxo bridge.27 We note that
structural models usually do not demonstrate the ability of the
Cu(I) site to coordinate exogenous substrates (such as CO or
related ligands) due to their coordinative saturation and/or
surrounding steric bulk necessary for their stabilization.
Our laboratory has explored a different approach to the

model of Mo-Cu CODH, where the heterobimetallic site was
assembled with the aid of a heterobinucleating xanthene-
bridged ligand (Scheme 2).28 The ligand contains catecholate

as a dianionic redox-active chelate donor for the [MoVIO3]
fragment and iminopyridine as a soft donor for Cu(I). This
model did not pursue the bridging sulfido group, allowing us to
probe its structural vs functional role in a [Mo−S−Cu] unit.
The coordination of both metals in F triggered oxidation
reactivity in which a nucleophilic basal Mo(VI)-oxo function-
ality attacked a nearby electrophilic Cu(I)-coordinated
iminopyridine to produce G (Scheme 2). This reactivity
provided a possible explanation for the roles of the respective
metals even in the absence of the bridging sulfido group.
However, due to the hydroxylation of the imine, the
heterodinuclear complex proved unstable to isolation,
precluding further investigation. Herein we report our initial
studies on a new heterodinucleating ligand in which the fragile
iminopyridine position was replaced by bis(2-pyridylmethyl)-
amine. We show that the Cu(I) site demonstrates variable
coordination by the ligand which enables coordination of an
exogenous substrate. Most significantly, we demonstrate that
the new heterodinucleating ligand enables formation of a
relatively stable heterodinuclear Mo(VI)/Cu(I) complex,
which forms quantitatively and is characterized in solution
by 1H NMR spectroscopy, high-resolution mass spectrometry,
(HRMS), and UV−vis spectroscopy. This is the first Mo-Cu
CODH model where the metals are positioned in close
proximity, and the overall assembly is independent of the

Scheme 1. Active Site (I) and Possible Reaction Mechanism
of Mo-Cu CODH

Figure 1. Examples of Mo-Cu CODH models.

Scheme 2. In Situ Reactivity of the Mo(VI)-Cu(I) Complex
F, in Which the Metals Are Brought Together by a
Xanthene-Based Heterodinucleating Ligand
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presence of the bridging sulfido(s) group. As was mentioned,
such a model can help to probe the precise role of the sulfido
group in the reaction mechanism. Furthermore, a model
containing adjacent Mo(VI) and Cu(I) but lacking a bridging
sulfido group allows a test of the feasibility of alternative Mo-
Cu CODH mechanistic intermediates in which the metals are
not bridged by a sulfido group, such as thiocarbonate.1,2,12

■ EXPERIMENTAL SECTION
(E)-3-(((5-(Bis(pyridin-2-ylmethyl)amino)-2,7-di-tert-butyl-

9,9-dimethyl-9H-xanthen-4-yl)imino)methyl)benzene-1,2-diol
(LH2). 2,7-Di-tert-butyl-9,9-dimethyl-N,N-bis(pyridin-2-ylmethyl)-
xanthene-4,5-diamine (III; 1.00 g, 1.8 mmol) was added to a stirred
150 mL solution of 2,3-dihydroxybenzaldehyde (0.310 g, 2.2 mmol)
in ethanol. The reaction mixture was stirred for 24 h. The solvent was
removed in vacuo, and the product was purified by recrystallization
from a minimal amount of benzene. The product LH2 was obtained in
81% yield (0.896 g). 1H NMR (600 MHz, CD2Cl2): δ 14.46 (br s,
1H, catechol-OH), 8.90 (s, 1H, imine-H), 8.43 (d, 3JHH = 4.6 Hz, 2H,
α -H on pyridine), 7.42 (d, 4JHH = 2 Hz, 1H, o-H on pyridinyl
xanthene side), 7.36 (m, 3H, γ-H on pyridine, 4-H on catechol), 7.24
(d, 3JHH = 7.9 Hz, 2H, β′-H on pyridine), 7.19 (d, 4JHH = 2.3 Hz, 1H,
p-H on pyridinyl xanthene side), 7.07 (d, 4JHH = 2 Hz, 1H, p-H on
catechol xanthene side), 7.02 (m, 3H, 6-H on catechol, β-H on
pyridine), 6.82 (t, 3JHH = 7.7 Hz, 2H, 5-H on catechol), 6.78 (d, 4JHH
= 2 Hz, 1H, o-H on catechol xanthene side), 6.35 (br s, 1H, catechol-
OH), 4.55 (s, 4H, methylene-H), 1.68 (s, 6H, methyl-H), 1.40 (s, 9H,
tert-butyl-H on catechol xanthene side), 1.17 (s, 9H, tert-butyl-H on
pyridinyl xanthene side) ppm. 13C{1H} NMR (CD2Cl2, 150 MHz): δ
163.52, 159.67, 151.39, 149.10, 146.48, 146.08, 145.71, 142.98,
142.13, 137.97, 136.15, 135.31, 131.78, 130.33, 128.71, 123.35,
123.16, 122.01, 121.58, 120.52, 119.01, 118.90, 117.60, 116.68,
115.87, 58.86, 35.39, 35.08, 34.80, 32.18, 31.66, 31.46 ppm. HRMS
(ESI+): m/z 655.3645 (calculated m/z 655.3648 for [LH2 + H]+).
Mp: 168−170 °C.
Preparation of [Cu(LH2)](PF6) (1(PF6)). A 3 mL solution of

tetrakis(acetonitrile)copper(I) hexafluorophosphate [Cu(NCMe)4]-
(PF6) (8.5 mg, 0.023 mmol, 1.0 equiv) in acetonitrile and a 3 mL
solution of LH2 (15 mg, 0.023 mmol, 1.0 equiv) in acetonitrile were
prepared and cooled to −33 °C. The solution of cold LH2 was then
added dropwise to a stirred solution of cold [Cu(NCMe)4](PF6),
producing a red-brown solution. The reaction mixture was stirred for
1 h, upon which the volatiles were removed in vacuo. The product was
obtained as a red-brown solid. This solid was purified by
recrystallization from CH2Cl2/diethyl ether, which yielded red-
brown crystals of 1(PF6) (18.7 mg, 0.022 mmol, 95%). 1H NMR
(CD3CN, 600 MHz): δ 8.82 (s, 1H, imine-H), 8.55 (d, 3JHH = 4.9 Hz,
2H, α-H on pyridine), 7.62 (t, 3JHH = 7.7 Hz, 2H, γ-H on pyridine),
7.51 (d, 4JHH = 1.9 Hz, 1H, o-H on pyridinyl xanthene side), 7.44 (d,
4JHH = 1.6 Hz, 1H, p-H on pyridinyl xanthene side), 7.38 (t, 4JHH =
1.9 Hz, 1H, p-H on catechol xanthene side), 7.29 (t, 3JHH = 6.4 Hz,
2H, β-H on pyridine), 7.24 (d, 4JHH = 1.6 Hz, 1H, o-H on catechol
xanthene side), 7.14 (d, 3JHH = 7.7 Hz, 1H, 4-H on catechol), 7.03 (d,
3JHH = 7.7 Hz, 2H, β′-H on pyridine), 6.93 (d, 3JHH = 7.8 Hz, 1H, 6-H
on catechol), 6.88 (t, 3JHH = 7.8 Hz, 1H, 5-H on catechol), 4.54 (s,
4H, methylene-H), 1.70 (s, 6H, methyl-H), 1.39 (s, 9H, tert-butyl-H
on catechol xanthene side), 1.18 (s, 9H, tert-butyl-H on pyridinyl
xanthene side) ppm. 13C{1H} NMR (CD3CN, 150 MHz): δ 166.34,
158.05, 150.45, 149.64, 147.83, 146.50, 146.4, 145.22, 141.05, 139.14,
137.54, 135.34, 131.63, 130.77, 125.25, 124.92, 124.87, 124.20,
122.70, 120.05, 119.98, 119.24, 116.95, 68.26, 59.11, 35.58, 35.53,
35.26, 33.38, 31.60, 31.44, 26.22 ppm. HRMS (ESI+): m/z 716.2782
(calculated m/z for [Cu(LH)+ 716.2788). λmax, nm (εM, L mol−1

cm−1): 348 (sh, 8600), 268 (23000), 253 (22000). Anal. Calcd for
C42H46CuF6N4O3P·2H2O: C, 56.09; H, 5.60; N, 6.23. Found: C,
55.99; H, 5.25; N, 6.34.
Preparation of [Cu(LH2)](PF6) (1(PF6)) from [Cu(LH2)(Cl)] (4).

A 3 mL solution of 4 (20 mg, 0.026 mmol, 1.0 equiv) in CH3CN and
a 3 mL solution of thallium hexafluorophosphate (9.3 mg, 0.026

mmol, 1.0 equiv) in CH3CN were prepared and cooled to −33 °C.
The solution of cold thallium hexafluorophosphate was then added
dropwise to a stirred solution of cold 4, producing a red-brown
solution. The reaction mixture was stirred for 1 h, upon which the
solution was filtered. The filtrate was removed in vacuo. The product
(1(PF6)) was obtained as a red-brown solid, and its nature was
confirmed by 1H NMR spectroscopy (22.1 mg, 0.024 mmol, 91%).

Preparation of [Cu(LH2)(PPh3)](PF6) (2(PF6)). A 3 mL solution
of triphenylphosphine (7.6 mg, 0.029 mmol, 1.0 equiv) in CH3CN
was added dropwise to a stirred 5 mL solution of complex 1 (PF6)
(25 mg, 0.029 mmol, 1.0 equiv) in CH3CN. The reaction mixture was
stirred for 1 h, upon which the volatiles were removed in vacuo. This
solid was purified by recrystallization from CH2Cl2/diethyl ether,
which yielded orange-yellow crystals of [Cu(LH2)(PPh3)](PF6)
(2(PF6); 31.2 mg, 0.028 mmol, 95%). 1H NMR (CD2Cl2, 600
MHz): δ 14.07 (br s, 1H, catechol-OH), 8.75 (s, 1H, imine-H), 8.13
(d, 3JHH = 3.6 Hz, 2H, α-H on pyridine), 7.57 (t, 3JHH = 7.2 Hz, 2H,
γ-H on pyridine), 7.53 (s, 1H, o-H on pyridinyl xanthene side), 7.48
(m, 2H, p-H on pyridinyl xanthene side, p-H on catechol xanthene
side), 7.38 (m, 15H, H on triphenylphosphine), 7.18 (m, 3H, β-H on
pyridine, o-H on catechol xanthene side), 7.14 (d, 3JHH = 7.2 Hz, 1H,
4-H on catechol), 6.97 (d, 3JHH = 7.2 Hz, 3H, β′-H on pyridine, 6-H
on catechol), 6.90 (t, 3JHH = 6.8 Hz, 1H, 5-H on catechol), 5.10 (br s,
1H, catechol-OH), 4.80 (m, 4H, methylene-H), 1.67 (s, 6H, methyl-
H), 1.42 (s, 9H, tert-butyl-H on catechol xanthene side), 0.78 (s, 9H,
tert-butyl-H on pyridinyl xanthene side) ppm. 13C{1H} NMR
(CD2Cl2, 150 MHz): δ 164.68, 157.50, 149.70, 147.85, 146.74,
145.44, 145.37, 138.82, 134.92, 133.96, 133.86, 132.50, 132.27,
132.15, 131.15, 130.92, 129.62, 129.61, 129.54, 125.66, 124.43,
124.38, 123.66, 123.17, 122.14, 119.85, 118.39, 117.26, 115.82, 60.08,
35.26, 35.23, 34.64, 32.70, 31.60, 31.20, ppm. HRMS (ESI+): m/z
979.3772 (calculated m/z for [Cu(LH2)(PPh3)]

+ 979.3799).
Preparation of [Cu(LH2)(SCN)] (3). A 6 mL solution of

copper(I) thiocyanate (6.8 mg, 0.076 mmol, 2.0 equiv) in CH3CN
and a 3 mL solution of LH2 (25 mg, 0.038 mmol, 1.0 equiv) in
CH3CN were prepared and cooled to −33 °C. The solution of cold
LH2 was then added dropwise to a stirred solution of cold copper(I)
thiocyanate, producing a pale brown solution. The reaction mixture
was stirred for 1 h, upon which the volatiles were removed in vacuo.
The product [Cu(LH2)(SCN)] (3) was obtained as a red-brown
solid (28.1 mg, 0.036 mmol, 95%). 1H NMR (CD2Cl2, 600 MHz): δ
14.35 (br s, 1H, catechol-OH), 8.78 (s, 1H, imine-H), 8.72 (d, 3JHH =
3.9 Hz, 2H, α-H on pyridine), 7.89 (s, 1H, o-H on pyridinyl xanthene
side) 7.53 (t, 3JHH = 7.2 Hz, 2H, γ-H on pyridine), 7.47 (s, 1H, o-H
on catechol xanthene side), 7.30 (s, 1H, p-H on pyridinyl xanthene
side), 7.28 (t, 3JHH = 6.1 Hz, 2H, β-H on pyridine), 7.19 (s, 1H, p-H
on catechol xanthene side), 7.13 (d, 3JHH = 7.2 Hz, 1H, 4-H on
catechol), 6.99 (d, 3JHH = 7.6 Hz, 1H, 6-H on catechol), 6.90 (t, 3JHH
= 7.8 Hz, 1H, 5-H on catechol), 6.83 (d, 3JHH = 7.6 Hz, 2H, β′-H on
pyridine), 5.32 (br s, 1H, catechol-OH), 4.50(s, 4H, methylene-H),
1.70 (s, 6H, methyl-H), 1.42 (s, 9H, tert-butyl-H on catechol
xanthene side), 1.20 (s, 9H, tert-butyl-H on pyridinyl xanthene side)
ppm. 13C{1H} NMR (CD2Cl2, 150 MHz): δ 164.27, 157.37, 150.65,
149.77, 147.22, 146.93, 146.11, 145.71, 141.11, 137.46, 135.97,
135.04, 131.12, 130.81, 127.98, 124.15, 124.05, 123.50, 122.14,
122.00, 119.57, 118.79, 118.01, 115.39, 59.23, 35.18, 34.93, 32.80,
31.63, 31.45 ppm. HRMS (ESI+): m/z 388.6381 (calculated m/z for
{[Cu(LH2)(SCN)] + 2H}2+ 388.6387).

Preparation of [Cu(LH2)(Cl)] (4). A 3 mL solution of copper(I)
chloride (6.1 mg, 0.061 mmol, 1.0 equiv) in CH3CN and a 3 mL
solution of LH2 (40 mg, 0.061 mmol, 1.0 equiv) in CH3CN were
prepared and cooled to −33 °C. The solution of cold LH2 was then
added dropwise to a stirred solution of cold copper(I) chloride,
producing a pale brown solution. The reaction mixture was stirred for
1 h, upon which the volatiles were removed in vacuo. The product was
obtained as a brown solid. This solid was purified by recrystallization
from CH2Cl2/CH3CN, which yielded red-brown crystals of [Cu-
(LH2)(Cl)] (4; 44.3 mg, 0.059 mmol, 96%). 1H NMR (CD2Cl2, 600
MHz): δ 14.32 (br s, 1H, catechol-OH), 8.79 (s, 1H, imine-H), 8.75
(s, 2H, α-H on pyridine), 7.91 (s, 1H, o-H on pyridinyl xanthene
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side), 7.48 (t, 3JHH = 7.6 Hz, 2H, γ-H on pyridine), 7.46 (d, 4JHH = 1.3
Hz, 1H, o-H on catechol xanthene side), 7.24 (s, 1H, p-H on pyridinyl
xanthene side), 7.22 (t, 3JHH = 6.4 Hz, 2H, β-H on pyridine), 7.19 (d,
4JHH = 1.3 Hz, 1H, p-H on catechol xanthene side), 7.12 (d, 3JHH = 7.9
Hz, 1H, 4-H on catechol), 7.01 (d, 3JHH = 7.6 Hz, 1H, 6-H on
catechol), 6.88 (t, 3JHH = 7.7 Hz, 1H, 5-H on catechol), 6.84 (d, 3JHH
= 7.2 Hz, 2H, β′-H on pyridine), 5.64 (br s, 1H, catechol-OH), 4.48
(s, 4H, methylene-H), 1.69 (s, 6H, methyl-H), 1.41 (s, 9H, tert-butyl-
H on catechol xanthene side), 1.16 (s, 9H, tert-butyl-H on pyridinyl
xanthene side) ppm. 13C{1H} NMR (CD2Cl2, 150 MHz): δ 164.16,
157.57, 150.79, 149.86, 147.01, 146.78, 146.02, 145.86, 141.35,
139.78, 136.99, 135.97, 135.61, 131.30, 130.40, 124.12, 123.69,
123.37, 122.02, 120.96, 119.44, 118.90, 118.04, 115.38, 59.07, 35.20,
35.16, 35.08, 32.67, 31.65, 31.45 ppm. HRMS (ESI+): m/z 376.6311
(calculated m/z for {[Cu(LH2)(Cl)]+H}

2+ 376.6317). Anal. Calcd
for C42H46ClCuN4O3·0.5CH2Cl2: C, 64.10; H, 5.95; N, 7.04. Found:
C, 64.34; H, 5.55; N, 7.09.
Preparation of [Cu2(LH2)(CN)2] (5). A 6 mL solution of

copper(I) cyanide (6.8 mg, 0.076 mmol, 2.0 equiv) in CH3CN and
a 3 mL solution of LH2 (25 mg, 0.038 mmol, 1.0 equiv) in CH3CN
were prepared and cooled to −33 °C. The solution of cold LH2 was
then added dropwise to a stirred solution of cold copper(I) cyanide,
producing a pale brown solution. The reaction mixture was stirred for
1 h, upon which the volatiles were removed in vacuo. The product was
obtained as a red-brown solid. This solid was purified by
recrystallization from CH2Cl2/hexane, which yielded red-brown
crystals of [Cu2(LH2)(CN)2] (5; 30.2 mg, 0.036 mmol, 95%). 1H
NMR (CD2Cl2, 600 MHz): δ 14.25 (br s, 1H, catechol-OH), 8.77 (s,
1H, imine-H), 8.70 (br s, 2H, α-H on pyridine), 7.94 (s, 1H, o-H on
pyridinyl xanthene side), 7.52 (t, 3JHH = 6.8 Hz, 2H, γ-H on pyridine),
7.48 (s, 1H, o-H on catechol xanthene side), 7.34 (s, 1H, p-H on
pyridinyl xanthene side), 7.28 (br t, 2H, β-H on pyridine), 7.18 (s,
1H, p-H on catechol xanthene side), 7.13 (d, 3JHH = 6.9 Hz, 1H, 4-H
on catechol), 7.00 (d, 3JHH = 7.2 Hz, 1H, 6-H on catechol), 6.89 (t,
3JHH = 7.2 Hz, 1H, 5-H on catechol), 6.83 (d, 3JHH = 6.9 Hz, 2H, β’-H
on pyridine), 5.48 (br s,1H, catechol−OH), 4.54 (s, 4H, methylene-
H), 1.71 (s, 6H, methyl-H), 1.41 (s, 9H, tert-butyl-H on catechol
xanthene side), 1.21 (s, 9H, tert-butyl-H on pyridinyl xanthene side)
ppm. 13C{1H} NMR (CD2Cl2, 150 MHz): δ 164.42, 157.55, 150.53,
149.70, 147.31, 146.83, 145.76, 145.73, 141.04, 137.75, 136.12,
135.25, 131.06, 130.96, 128.13, 123.98, 123.93, 123.46, 122.23,
122.14, 119.62, 118.86, 118.19, 115.49, 59.59, 35.26, 35.19, 32.87,
31.64, 31.58 ppm. HRMS (ESI+): m/z 744.2969 (calculated m/z for
[Cu(LH2)(CN)]

+ 744.2975).
Preparation of (Et4N)2[MoO3(L)] ((Et4N)26). A 3 mL solution of

tetraethylammonium molybdate (NEt4)2[MoO4] (12.8 mg, 0.031
mmol, 1.0 equiv) in CH3CN and a 3 mL solution of LH2 (20 mg,
0.031 mmol, 1.0 equiv) in CH3CN were prepared and cooled to −33
°C. The solution of cold LH2 was then added dropwise to a stirred
solution of cold (NEt4)2[MoO4]. The reaction mixture was stirred for
30 min, after which the volatiles were removed in vacuo to produce a
dark yellow solid of (Et4N)2[MoO3(L)] ((Et4N)26; 26.5 mg, 0.029
mmol, 94%). 1H NMR (CD2Cl2, 600 MHz): δ 9.09 (s, 1H, imine-H),
8.41 (d, 3JHH = 4.3 Hz, 2H, α -H on pyridine), 7.40 (d, 3JHH = 3.6 Hz,
4H, γ-H on pyridine, β′-H on pyridine), 7.31 (d, 3JHH = 7.6 Hz, 1H,
4-H on catechol), 7.23 (d, 4JHH = 1 Hz, 1H, o-H on pyridinyl
xanthene side), 7.02 (m, 3H, p-H on catechol xanthene side, β-H on
pyridine), 6.97 (d, 4JHH = 1 Hz, 1H, p-H on pyridinyl xanthene side),
6.75 (d, 4JHH = 0.7 Hz, 1H, o-H on catechol xanthene side), 6.49 (d,
3JHH = 7.2 Hz, 1H, 6-H on catechol), 6.23 (t, 3JHH = 7.6 Hz, 1H, 5-H
on catechol), 4.62 (s, 4H, methylene-H), 3.17 (q, 3JHH = 7.1 Hz, 16H,
methylene-H on tetraethylammonium), 1.64 (s, 6H, methyl-H), 1.37
(s, 9H, tert-butyl-H on catechol xanthene side), 1.15 (m, 33H, tert-
butyl-H on pyridinyl xanthene side, methyl-H on tetraethylammo-
nium) ppm. 1H NMR (CD3CN, 600 MHz): δ 8.98 (s, 1H, imine-H),
8.39 (d, 3JHH = 4.6 Hz, 2H, α-H on pyridine), 7.46 (t, 3JHH = 7.8 Hz,
2H, β-H on pyridine), 7.43 (d, 3JHH = 7.8 Hz, 2H, β′-H on pyridine),
7.28 (d, 4JHH = 2 Hz, 1H, o-H on pyridinyl xanthene side), 7.17 (d,
3JHH = 7.9 Hz, 1H, 4-H on catechol), 7.05 (m, 3H, p-H on catechol

xanthene side, γ-H on pyridine), 6.98 (d, 4JHH = 2 Hz, 1H, p-H on
pyridinyl xanthene side), 6.86 (d, 4JHH = 1.6 Hz, 1H, o-H on catechol
xanthene side), 6.36 (d, 3JHH = 6.2 Hz, 1H, 6-H on catechol), 6.5 (t,
3JHH = 7.6 Hz, 1H, 5-H on catechol), 4.67 (s, 4H, methylene-H), 3.17
(q, 3JHH = 7.2 Hz, 16H, methylene-H on tetraethylammonium), 1.61
(s, 6H, methyl-H), 1.38 (s, 9H, tert-butyl-H on catechol xanthene
side), 1.16 (m, 33H, tert-butyl-H on pyridinyl xanthene side, methyl-
H on tetraethylammonium) ppm. 13C{1H} NMR (CD2Cl2, 150
MHz): δ 160.80, 160.00, 159.38, 149.00, 146.04, 145.03, 143.33,
142.73, 142.39, 138.06, 136.65, 130.80, 130.71, 123.49, 121.95,
120.12, 119.06, 118.19, 115.96, 115.08, 114.27, 113.63, 113.02, 58.69,
54.24, 52.81, 52.79, 52.77, 35.37, 35.02, 34.77, 31.88, 31.84, 31.51,
7.81 ppm. IR (cm−1): 895 (s), 848 (vs), 825 (vs). HRMS (ESI−): m/
z 799.2346 (calculated m/z for [7 + H]− 799.2393). λmax, nm (εM, L
mol−1 cm−1): 406 (9300), 294 (14000), 252 (26000).

Preparation of (Et4N)[CuMoO3(L)] ((Et4N)7). A 3 mL solution
of [Cu(LH2)] (PF6)] (1(PF6); 20 mg, 0.023 mmol, 1.0 equiv) in
CH3CN and a 3 mL solution of tetraethylammonium molybdate
(NEt4)2[MoO4] (9.7 mg, 0.023 mmol, 1.0 equiv) in CH3CN were
prepared and cooled to −33 °C. The solution of cold 1(PF6) was then
added dropwise to a stirred solution of chilled (NEt4)2[MoO4],
producing a red-brown solution. Monitoring the reaction by 1H NMR
and HRMS demonstrated the clean formation of (Et4N)7.

1H NMR
(CD3CN, 400 MHz): δ 8.63 (s, 1H, imine-H), 8.15 (d, 3JHH = 4.7 Hz,
2H, β′-H on pyridine), 7.53, 7.50 (m, 4H, γ-H on pyridine, α-H on
pyridine), 7.28 (d, 4JHH = 2 Hz, 1H, o-H on pyridinyl xanthene side),
7.21 (d, 4JHH = 2 Hz, H, p-H on pyridinyl xanthene side,), 7.17 (d,
4JHH = 1.6 Hz, 1H, p-H on catechol xanthene side), 7.06 (d, 4JHH = 2
Hz, 1H, o-H on catechol xanthene side),7.02 (m, 3H, β-H on
pyridine, 6-H on catechol) 6.68 (d, 3JHH = 7 Hz, 1H, 4-H on
catechol), 6.44 (t, 3JHH = 7.6 Hz, 1H, 5-H on catechol), 5.12 (br s,
4H, methylene-H), 3.16 (q, 3JHH = 7.4 Hz, 8H, methylene-H on
tetraethylammonium), 1.52 (s, 6H, methyl-H), 1.36 (s, 9H, tert-butyl-
H on catechol xanthene side), 1.20 (m, 21H, tert-butyl-H on pyridinyl
xanthene side, methyl-H on tetraethylammonium) ppm. HRMS
(ESI+) m/z 862.1748 (calculated m/z for [7 + H]−862.1689). λmax,
nm (εM, L mol−1 cm−1): 424 (5300), 330 (9600), 292 (15000), 242
(27000). (Et4N)7 decomposes in solution to produce an orange
precipitate, which was investigated by HRMS and XPS. HRMS
(ESI+): m/z 1560.4371 (calculated m/z for [MoO2Cu2L2]

+

1560.4433), 862.1714 (calculated for [7 + H]− 862.1689),
780.2214 (calculated for [MoO2Cu2L2]

2+ 780.2186), 716.2803
(calculated m/z for [Cu(LH)]+ 716.2788).

Preparation of (Et4N)[CuMoO3(L)] ((Et4N)7) from [Cu(LH2)-
(Cl)] (4). A 3 mL solution of 4 (20 mg, 0.026 mmol, 1.0 equiv) in
CD3CN and a 3 mL solution of tetraethylammonium molybdate
(NEt4)2[MoO4] (11.16 mg, 0.026 mmol, 1.0 equiv) in CD3CN were
prepared and cooled to −33 °C. The solution of cold 4 was then
added dropwise to a stirred solution of chilled (NEt4)2[MoO4],
producing a red-brown solution. The nature of the product ((Et4N)7)
was confirmed by 1H NMR spectroscopy.

■ RESULTS AND DISCUSSION
Ligand Synthesis. The abbreviated synthesis of LH2 (LH2

= (E)-3-(((5-(bis(pyridin-2-ylmethyl)amino)-2,7-di-tert-butyl-
9,9-dimethyl-9H-xanthen-4-yl)imino)methyl)benzene-1,2-
diol) is presented in Figure 2. Xanthene diamine (2,7-di-tert-
butyl-9,9-dimethyl-4,5-xanthene diamine) has been extensively
used as a linker for various homodinucleating and, less
commonly, heterodinucleating ligands.29−42 Hess and co-
workers reported the synthesis of a heterodinucleating
xanthene-based ligand featuring bis(2-pyridylmethyl)amine
and iminopyridine sites, via the intermediacy of compounds
I and II (obtained as a mixture and separated by column
chromatography).43 Similar to the strategy reported by Hess
and co-workers, our synthetic strategy toward LH2 involved
initial tert-butoxycarbonyl (Boc) protection of one of the
amine positions, followed by alkylation of the second position
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to give the previously reported compound I. Carrying out the
second alkylation step for a significantly longer period of time
(72 h) and using a different solvent mixture (CH3CN/H2O)
allowed us to obtain compound II in 62% yield. Following the
synthesis of II, it was deprotected and condensed with 2,3-
dihydroxybenzaldehyde to give the final product LH2 in 28%
overall yield. A detailed synthetic scheme is provided in
Scheme S1 in the Supporting Information.
LH2 was characterized by 1H and 13C NMR spectroscopy,

high-resolution mass spectrometry (HRMS), and X-ray
crystallography. The protons were assigned with the help of
2D 1H−1H COSY spectroscopy (see the Supporting
Information for details). Among other characteristic spectro-
scopic features, the xanthene tert-butyl groups give rise to two
different peaks (1.40 and 1.17 ppm in CD2Cl2), consistent with
the nonsymmetric substitution pattern of LH2. In contrast, a
single set of resonances is obtained for the xanthene methyl
groups and 2-methylpyridyl groups, consistent with an effective
Cs symmetry of the ligand. Notably, catechol protons give rise
to two NMR signals featuring drastically different chemical
shifts: 14.46 and 6.35 ppm. The downfield chemical shift
(14.46 ppm) suggests strong intramolecular hydrogen
bonding.44,45 The lack of a 13C resonance around 180 ppm
indicates that the compound is not in the enaminoketone
form.46 The X-ray structure of the ligand (Figure 2) confirms
the overall connectivity and reveals intramolecular H-bonding
between O2H2 and a nearby imine (N4). In contrast,
intermolecular H-bonding is observed between O3H3 and
the pyridine of the neighboring ligand. Both hydrogens were
identified from the difference map and isotropically refined.
Synthesis and Reactions of Cu(I) Complexes. Follow-

ing the synthesis of the ligand, its reactivity with Cu(I) was
explored (Scheme 3). The reaction of LH2 with [Cu-
(NCMe)4](PF6) produced the copper(I) complex [Cu(LH2)]-
(PF6) (1(PF6)), isolated as red-brown crystals in 95% yield.
1(PF6) was characterized by 1H and 13C NMR spectroscopy,
UV−vis spectroscopy, HRMS, and X-ray crystallography.

HRMS demonstrates the presence of [Cu(LH2) − H]+ ion
in the positive mode (see the Supporting Information); the
peak attributed to [Cu(LH2) − H]+ is consistent with the
expected isotopic distribution. The 1H NMR spectrum
suggests metal coordination via the bis(2-pyridylmethyl)amine
site: while the catechol aryl protons chemical shifts are largely
unaffected by Cu(I) coordination, there is a significant shift in
the resonances of the pyridine protons. Notably, despite the
expected coordination of both 2-pyridylmethyl arms to Cu(I),
the methylene protons of [CH2C5H5N] appear as a singlet, as
in the spectrum of the free ligand. Catechol OH protons were
not observed in the 1H NMR spectrum.
The X-ray structure of 1(PF6), obtained from CH2Cl2/ether

(Figure 3, left), confirms copper(I) incorporation at the
designated site and provides a rationale for the spectroscopic
observations. The structure demonstrates metal coordination
by all four nitrogens of the ligand, including the imine nitrogen
(N4). Both pyridines and the imine bind relatively strongly
(bond distances of 2.06(1), 2.01(1), and 2.02(1) Å,
respectively). In contrast, only a borderline interaction
between Cu(I) and the central amine (N1) is observed
(2.43(1) Å). The distance between Cu(I) and the xanthene
oxygen is 2.63(1) Å, which is significantly larger than the sum
of the ionic radii.47 We postulate that the Cu(I) coordination
to the imine weakens the coordination of the amine nitrogen.
The resulting dynamic behavior equilibrates the AB protons of
the methylene arms, resulting in their appearance as a singlet in
the 1H NMR spectrum. The catechol site does not participate
in metal coordination. Furthermore, as the imine nitrogen is
not available for hydrogen bonding, the catechol rotates away
from the metal and engages in hydrogen bonding with two
ether molecules. A different polymorph of 1 (PF6) (1′(PF6);
Figure 3, right), obtained from THF/ether, demonstrates very
similar structural features: Cu−N2 and Cu−N3 (pyridine)
bonds of 2.022(5) and 2.033(4) Å, a Cu−N4 (imine) bond of
2.031(4) Å, and a long Cu−N1 (amine) distance of 2.432(4)
Å. The major difference between the structures is that in

Figure 2. Synthesis and structure of LH2 with 50% probability
ellipsoids. Hydrogen atoms (except for the catechol hydrogens) and
the cocrystallized benzene molecule are omitted for clarity.

Scheme 3. Synthesis and Reactions of the Cu(I) Complex
with LH2
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1′(PF6) one of the ethers is replaced by THF as an H-bond
acceptor.
DFT calculations were performed at the BP86/def2SVP

level of theory with no ligand simplifications (see the
Supporting Information for full computational details).
Optimization of 1+ without the counterion produced a
structure with Cu−Nimine = 2.057 Å, Cu−Npyridine = 2.043/
2.067 Å, and Cu−Namine = 2.488 Å. These compare well with
the crystallographically determined distances. Unsurprisingly,
an analysis of the frontier orbitals does not show any significant
covalent Cu−L bonding interactions, given the d10 config-
uration of the Cu(I) ion. Rotation about the Cimine−Ccatechol

bond allows us to explore what effect a hydrogen bond to the
imine nitrogen would have on this structure (1a+). While such
a species is a well-defined minimum, the formation of that
hydrogen bond is not enough to disrupt the Cu−Nimine

interaction, though it does elongate to 2.143 Å. The hydrogen
bond is relatively weak with a long H···N distance of 1.877 Å
(vide inf ra) and is due to the nonplanarity (dihedral angle 18°)
of the pseudo-six-membered ring involving that hydrogen
bond. Collectively, this causes 1a+ to be 2.85 kcal/mol higher
in free energy than 1+, consistent with experimental
observations even in the absence of coordinating solvent
molecules interacting with the catechol hydroxyl groups.

Tetradentate coordination of Cu(I) by LH2 creates a
potential obstacle for the coordination of small molecules
(including CO) to the copper site. To probe the ability of the
copper site to coordinate exogenous ligands, we have explored
the formation of triphenylphosphine, thiocyanate, chloride,
and cyanide complexes (Scheme 3). The complexes [Cu-
(LH2)(PPh3)](PF6) (2(PF6)), [Cu(LH2)(SCN)] (3), and
[Cu(LH2)(Cl)] (4) were synthesized by the addition of the
respective monodentate ligand to 1(PF6) or by the reaction of
LH2 with the respective precursor CuX. In the case of the
cyanide ligand, the reaction of the [CuCN]n precursor with
LH2 led to isolation of the dicopper dicyanide complex
([Cu2(LH2)(CN)2], 5). This reaction outcome is ascribed to
an excess of CuCN used in the reaction and to the well-known
ability of cyanide to serve as a bridging ligand.
We have also attempted the reaction of 1(PF6) with CO.

Replacing the atmosphere of solution 1(PF6) by an
atmosphere of CO resulted in a color change to blood red,
and the initial NMR spectra collected under CO suggested the
formation of a new compound (Figure S33). However, this
NMR decays quickly to the familiar NMR spectrum of 1(PF6)
in the absence of CO. Furthermore, the IR spectrum of the
sample lacking the CO atmosphere indicated the lack of a CO
band. The crystallization attempt produced the crystals of
1′(PF6). Thus, it is feasible that CO coordination initially takes

Figure 3. (left) The structure of 1(PF6) with 50% probability ellipsoids. (right) The structure of 1′(PF6) with 50% probability ellipsoids. PF6
counterions, hydrogen atoms (except for the catechol hydrogens), and cocrystallized solvent (except for the H-bonded ether/THF molecules) are
omitted for clarity.

Figure 4. (left) X-ray structure of 2(PF6) with 50% probability ellipsoids. The alternate conformation of parts of 2(PF6), H atoms (other than
catechol OH hydrogens), PF6 counterions, and cocrystallized solvent were omitted for clarity. (right) Structure of 4 with 50% probability ellipsoids.
Only one of the two independent molecules present in the asymmetric unit is shown. H atoms (other than catechol OH hydrogens), the PF6
counterion, and cocrystallized solvent molecules are omitted for clarity.
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place, similar to the coordination of PPh3. We hypothesize
that, since CO is a weaker donor for Cu(I), the product
quickly converts back to 1(PF6).
All complexes were obtained as red-orange crystalline solids

and were characterized by 1H and 13C NMR spectroscopy,
HRMS, and X-ray crystallography (except for 3). All
complexes exhibited the molecular peak ([Cu(LH2)(X)]

+) in
HRMS, consistent with coordination of the exogenous ligand.
The 31P NMR spectrum of 2(PF6) contains a signal at 2.66
ppm (CD3CN, vs −5.90 ppm for free PPh3) consistent with
PPh3 coordination to the metal. Several notable features were
observed in the proton NMR spectra of 2−5. Similar to 1, the
methylene protons of 3−5 appear as a singlet, suggesting a
weak bond to the central amine. The methylene protons of 2,
however, appear as a broad doublet. In sharp contrast to
1(PF6), all complexes exhibit characteristic catechol proton
signals at around 5−6 and 14−15 ppm. The latter downfield
signal suggests strong intramolecular hydrogen bonding
between the catechol OH and imine, similar to the catechol
H-bonding pattern observed for LH2. As such a pattern would
require free imine, it is likely that coordination of the
exogenous ligand breaks the Cu(I)−imine bond.
X-ray crystallography carried out on 2(PF6) (Figure 4, left),

4 (Figure 4, right), and 5 (Figure 5) confirmed their structures

and corroborated the spectroscopic findings. All structures
demonstrate coordination of an exogenous ligand to the metal
that triggers the metal release from imine ligation and ensuing
rotation of the bis(pyridine)amine site away from the xanthene
linker. In contrast, the catechol rotates back and forms an
intramolecular H-bond with the imine (N4). We were able to
identify the positions of the H-bonded catechol hydrogen (H2;
see Figures 4 and 5) from the difference map in the structures
of complexes 2(PF6), 4, and 5. The observed H-bonding
pattern between the catechol OH and the imine is further
supported by the syn-coplanar arrangement of the imine and
the catechol in both structures and drastically different
chemical shifts of catechol OH protons (2(PF6), 14.07 and
5.10 ppm; 5, 14.25 and 5.48 ppm).
2(PF6) and 4 exhibit mononuclear structures featuring

tetracoordinate copper(I) centers. Two slightly different
conformers of [Cu(LH2)(Cl)] occupy the asymmetric unit
of 4. While the overall structural features of the two different
conformers of 4 are similar, their copper sites exhibit
somewhat different metrics, consistent with the structural

lability of copper(I). As an example, the distances between the
metal and central amine are 2.374(6) and 2.468(6) Å,
suggesting borderline coordination in both conformers. The
bond distance between the metal and the central amine in
2(PF6) is shorter (2.281(7) Å). Stronger bonding between the
metal and the amine is consistent with the lack of equilibration
of the NCH2C5H5N (methylene) protons in the spectrum of
2(PF6). Copper-bound chloride serves as an intermolecular H-
bond acceptor in the structure of 4 (with the second catechol
proton, H3), resulting in the formation of chains.
Complex 5 contains two distinct copper sites (Figure 5).

Similar to the structures of other [Cu(LH2)X] complexes, the
Cu1 site is tetracoordinate and exhibits stronger coordination
by the pyridines (2.04(1) and 2.02(1) Å), weaker bonding
with the central amine (2.33(1) Å), and coordination to the
carbon of the proximal cyanide ligand (1.86(2) Å). The same
cyanide is bridging to the second, two-coordinate copper site
Cu2 through N5 (1.83(1) Å). The coordination environment
of Cu2 is accomplished by C-coordination of the distal
cyanide. The nitrogen end of the distal cyanide serves as an
intermolecular catechol H-bond acceptor.
The spectroscopic and structural findings presented above

paint a clear picture of the dynamic behavior of the
bifunctional ligand LH2. Two reactive sites of LH2 exhibit
cooperative behavior mediated by intramolecular hydrogen
bonding of the catechol and the imine. In the free ligand,
strong intramolecular H-bonding is observed between one of
the catechol protons and the imine, enforcing the syn-coplanar
conformation of the catechol. Copper(I) coordination by LH2
engages the imine donor, releasing it from the hydrogen
bonding and enabling the catechol to rotate away and
participate in hydrogen bonding with external acceptors.
Coordination of an exogenous ligand to copper(I) decoordi-
nates the imine. As a result, the copper site swings away from
the imino/xanthene linker, while catechol rotates back and
establishes the observed intramolecular H-bonding with the
imine. For one specific ligand (chloride), this behavior is
reversible: removal of the chloride (using TlPF6) from
[Cu(LH2)(Cl)] (4) restores the complex [Cu(LH2)(PF6)]
(1(PF6)) (Scheme 3). Notably, the second catechol proton
participates in the interaction with the exogenous (Lewis
basic) ligand at the copper site (Cl− and CN−; see Figure S47).
While the crystallographically observed interaction is inter-
molecular, one cannot preclude an intramolecular H-bonding
for the complex in solution. To probe this and other questions
concerning the solution structure of this species, we conducted
DFT calculations.
The DFT optimization of 4 involved a number of structural

variables in the starting structure: (i) rotation about the
Cxanthene−Namine bond, (ii) rotation about the Cimine−Ccatechol
bond, (iii) conformational flexibility in the methylpyridine
arms, and (iv) syn/anti forms of the catechol hydroxyl groups.
Shown in Figure 6 are the four lowest free energy optimized
structures: 4a (0.00 kcal/mol), 4b (0.68 kcal/mol), 4c (4.66
kcal/mol), and 4d (7.84 kcal/mol). 4b is most similar to the
crystallographically observed structure, but the lack of an
intermolecular Cl···HO hydrogen bond likely makes it less
favorable than 4a in our computational model. Both of these
isomers and 4d demonstrate strong intramolecular bonding to
the imine with OH···N distances of 1.582, 1.577, and 1.585 Å
for 4a, 4b, and 4d, respectively. 4a and 4d display
intramolecular Cl···HO hydrogen bonding between catechol
and chloride. Simulated spectral features (IR and 1H NMR)

Figure 5. X-ray structure of 5 with 50% probability ellipsoids. H
atoms (except for catechol OH hydrogens) and cocrystallized solvent
molecules are omitted for clarity.
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did not provide a clear fingerprint that would allow us to
distinguish 4a and 4b, but simulated 1H chemical shifts
reinforce the assignment of the catechol protons and rule out
significant concentrations of any isomer with catechol rotated
such that the intramolecular imine hydrogen bond cannot form
(see Table S2).
Synthesis and Characterization of Mo(VI) and

Heterodinuclear Cu(I)/Mo(VI) complexes. Following the
structural, spectroscopic, and computational investigation of
[Cu(LH2)] complexes, we turned to studying the incorpo-
ration of molybdenum(VI) (Scheme 4). Treatment of a cold

(−33 °C) acetonitrile solution of (Et4N)2[MoO4] with an
acetonitrile solution of LH2 led to the formation of
(Et4N)2[MoO3(L)] ((Et4N)26), isolated as a dark yellow
solid. (Et4N)26 was characterized by 1H and 13C NMR
spectroscopy, UV−vis spectroscopy, IR spectroscopy, and
HRMS. Our multiple attempts to crystallize (Et4N)26 failed to
produce X-ray-quality crystals, generally leading to the
formation of a yellow microcrystalline material. However, the
nature of (Et4N)26 was unequivocally established by 1H and
13C NMR spectroscopy and especially HRMS. HRMS (ESI+)
demonstrates the presence of the molecular peak at m/z

799.2346, consistent with [MoO3(L) + H]+ (Figure 7). The
isotopic distribution of the signal correlates with the expected

distribution for [MoO3(L) + H]+. 1H NMR (CD2Cl2) contains
no catechol OH protons, consistent with its deprotonation.
Moreover, an upfield shift is observed for the aryl (catecholate)
protons in comparison with the free ligand or with copper(I)
complexes, again suggesting deprotonation and molybdate
incorporation. In contrast, the pyridine protons resonate at
chemical shifts close to those of the free ligand, suggesting the
lack of metal coordination at this site. We also note that
(Et4N)26 appears to be indefinitely stable in solution at RT: no
visible change in the 1H NMR spectrum was observed after 6
days (see Figure S28). This is in contrast to the fate of the
previously reported (Et4N)2[MoO3(L′)] (where L′ was the
iminopyridine-based heterodinucleating ligand; see Scheme 2),
which underwent disproportionation in solution to
(Et4N)2[MoO2(L′)2] and (Et4N)2[MoO4].

28 It is hypothe-
sized that (Et4N)26 is more stable due to the overall bulkier
nature of the ligand and possible weak stabilizing interaction of
the pyridines with the Mo(VI) center.
Dropwise addition of a cold acetonitrile solution of 1(PF6)

to (Et4N)2[MoO4] produced a red-brown solution. Monitor-
ing the reaction by 1H NMR spectroscopy demonstrated the
clean formation of a new species consistent with the
heterodinuclear (Et4N)[CuMoO3(L)] complex (Et4N)7
(Scheme 5). In addition, the formation of H2O and
(Et4N)(PF6) was also observed; the formation of (Et4N)(PF6)
was further confirmed by X-ray crystallography (unit cell
determination). The reaction of [Cu(LH2)(Cl)] (4) with
(Et4N)2[MoO4] leads to the formation of the same
heterobimetallic product (Et4N)7, along with(Et4N)Cl.

1H
NMR of (Et4N)7 (Figure S29) demonstrates a shift in the aryl
catecholate protons consistent with the incorporation of
[MoO3]. Thus, the three aryl catechol protons (CD3CN) in
1(PF6) appear at 7.14, 6.92, and 6.88 ppm, whereas (Et4N)26
gives rise to signals at 7.17, 6.36, and 6.15 ppm. The
corresponding protons are observed at 7.02, 6.67, and 6.44
ppm for (Et4N)7. Cu(I) coordination by (Et4N)7 (including
the imine donor) is suggested by the appearance of
[CH2C5H5N] methylene protons as a broad resonance. In
contrast, [CH2C5H5N] give rise to a sharp singlet in (Et4N)26,
which does not have bound Cu(I). UV−vis spectroscopy
demonstrates the formation of new species with spectral
features combining those of (Et4N)26 and 1(PF6) (see Figure
S51). Thus, (Et4N)26 displayed signals at 406, 294, and 252
nm and 1(PF6) demonstrated peaks at 348, 268, and 253 nm.

Figure 6. Optimized structures of 4a (top left), 4b (top right), 4c
(bottom left), and 4d (bottom right). Relative free energies are given
in kcal mol−1.

Scheme 4. Synthesis of (Et4N)26

Figure 7. HRMS (ESI+) of (Et4N)26. The black lines represent the
observed spectrum and the red lines the calculated spectrum for
[MoO2(OH)L]

+.
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(Et4N)7 exhibits peaks at 424, 330 (shoulder), 292, and 242
nm. Most significantly, the identity of (Et4N)7 was established
by high-resolution mass spectrometry. The HRMS spectrum
contains the expected peak for the heterodinuclear molecular
ion at m/z 862.1748, consistent with the [CuMoO2(OH)(L)]

+

formulation (Figure 8). Furthermore, the observed isotopic
distribution pattern matches well with the expected isotopic
distribution of the heterodinuclear Cu(I)-Mo(VI) complex
[CuMoO2(OH)(L)]

+.
DFT optimization of 7− produced multiple rotational

isomers similar to 4 (see the Supporting Information for full

details), but one isomer was much lower (6.54 kcal/mol from
next closest isomer) in free energy than the others. The
structure of the geometry-optimized structure of 7− is shown in
Figure 9. The Cu(I) ion has short Cu−Npyridine = 2.009/2.051

Å and Cu−Nimine = 2.026 Å distances. The Cu−Namine bond is
elongated by ∼0.1 Å relative to the optimized structure of 1 at
2.585 Å, suggesting that Cu(I) is three-coordinate in this
structure. MoO3 is bound to catecholate with short and long
Mo−O distances of 2.115 and 2.476 Å. Such a large difference
in the Mo−Ocatecholate bond lengths is due to a significant
distortion from the idealized square-planar geometry, which
results in only one of the oxo groups exerting a trans influence
at a Mo−catecholate bond. Holm and co-workers have
demonstrated that a similar isomer of (Et4N)2[WO3(Cl2bdt)]
also exhibited a difference between the W−SCl2bdt bonds as a
result of a trans influence, although the difference was
significantly smaller (∼0.1 Å).22 Significantly larger
Mo−Ocatecholate bond length differences of up to 0.25 Å were
reported in octahedral [MoO2(catecholate)2]

2−, where only
one of the two catecholate oxygens was trans to oxo.48−50 The
catecholate is rotated away from the Cu center about the
Cimine−Ccatecholate bond. All optimized isomers demonstrated
similar coordination environments for the Cu(I)/Mo(VI) ions.
The simulated UV−vis spectrum of 7− in acetonitrile shows a
peak at 450 nm and is similar to the experimental spectrum
(Figure S55). This transition is a catecholate π → imine π*
transition. This explains why the lowest energy feature of the
experimental spectrum for 6 shifts from 406 to 424 nm upon
binding of Cu, since the copper ion lowers the imine π* orbital
energy that results in the red shift. Unfortunately, the
simulated spectra of the rotational isomers of 7− are similar;
thus, this does not allow us to distinguish the dominant isomer
in solution, other than ruling out 7d−. The simulated 1H NMR
shifts are also in reasonable agreement with experiment (Table
S5).
(Et4N)7 exhibits limited stability in solution that is

concentration-dependent. At ∼12 mM, the initially transparent
solution demonstrates the formation of an orange precipitate
after approximately 30 min. At a lower concentration (∼4
mM), the solution remains transparent at RT (no change in
the proton spectrum) for at least 2 h. However, concentration
of the solution under vacuum increases the decomposition

Scheme 5. Reactions of Cu(I) Complexes 1(PF6) and 4 with
(Et4N)2[MoO4] to Produce the Complex (Et4N)7

Figure 8. HRMS (ESI) of (Et4N)7. The black lines represent the
observed spectrum and the red lines the calculated spectrum for
[CuMoO2(OH)L]

+.

Figure 9. Optimized structure of 7−.
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rate, as formation of the precipitate is observed. We have
followed the decomposition of the sample of (Et4N)7 by 1H
NMR spectroscopy (see Figure S31) for 24 h. The
decomposition follows second order kinetics with k = 2.2 ×
10−6 M−1 s−1 (Figure S32). The resulting orange precipitate
was characterized by 1H NMR, HRMS, and XPS. The
precipitate was not soluble, or only sparingly soluble, in most
organic solvents (benzene, THF, dichloromethane, acetoni-
trile, DMSO, DMF). NMR characterization of the orange
precipitate in DMF-d7, benzene-d6, or DMSO-d6 demonstrated
poorly resolved spectra. High-resolution mass spectrometry,
however, revealed the presence of positive ions attributed to
the trimetallic [MoO2Cu2L2] (8; Scheme 5), including peaks
at m/z 1560.4371 (expected m/z 1560.4433 for
[MoO2Cu2L2]

+) and 780.2214 (expected m/z of 780.2186
for [MoO2Cu2L2]

2+) with the isotopic distribution matching
singly and doubly charged species, accordingly (Figures S42−
S44). The peak at m/z 749.7625 likely corresponds to the
doubly charged bimetallic species [MoO2CuL2]

2+. The
attempted reactions of (Et4N)7 with an additional 1 equiv of
LH2 or 1(PF6) (to isolate the corresponding bimetallic and
trimetallic complexes [MoO2CuL2]

− and [MoO2Cu2L2])
produced mixtures of compounds featuring broad NMR
spectra. However, their high-resolution mass spectra were
generally in line with the expectations, demonstrating the
corresponding trimetallic and bimetallic complexes. X-ray
photoelectron spectroscopy (see the Supporting Information)
revealed the presence of both copper and molybdenum in the
precipitate, along with carbon, nitrogen, and oxygen. The
amount of copper was significantly higher in comparison with
molybdenum. Although Mo(VI) was the predominant
oxidation state, Mo(IV) was also detected. We postulate that
the reactive molybdenum trioxo mono(catecholate) complex
[MoO3CuL]

− ((Et4N)7) undergoes disproportionation to
form the molybdenum dioxo bis(catecholate) complex
[MoO2Cu2L2] (8), along with molybdate. A similar
disproportionation was previously reported for the related
monometallic molybdenum trioxo mono(catecholate) spe-
cies28 and is likely driven by the nucleophilicity of
molybdenum trioxo. Following their initial formation, both 8
and molybdate could undergo additional reactions, including
the formation of μ-oxo bridges, which could be responsible for
the formation of the insoluble material. In our future work, we
will aim to prevent this disproportionation by transforming one
of the oxos in [MoO3CuL]

− into the bulkier and less
nucleophilic alkoxo/siloxo functionalities. It is emphasized
that, in stark contrast to F, which could not be directly
observed and was only postulated as part of the reaction
mechanism, (Et4N)7 forms quantitatively (by 1H NMR), is
directly observed, and exhibits at least moderate stability in
solution under ambient conditions. This could enable its
reactivity studies in the future.

■ SUMMARY AND CONCLUSIONS
The active site of Mo-Cu carbon monoxide dehydrogenase
features a [MoVIO2(μ2-S)Cu

I] disposition, in which two nearby
metals are bridged with a single sulfido bridge. While the
sulfido bridge plays an important structural function, by
holding the two metals together, its functional role is less clear.
An understanding of the precise functional role of the bridging
sulfido may be of importance in the future design of
biomimetic heterobimetallic CO/CO2 interconversion cata-
lysts. To probe the feasibility of the Mo-Cu CODH model

lacking a bridging sulfido group, we have previously designed
and synthesized a xanthene-bridged heterodinucleating ligand,
which combined catecholate and iminopyridine sites. While
that ligand enabled separate coordination of Mo(VI) and
Cu(I) at the designated positions, the reactive nature of the
iminopyridine precluded the isolation of the heterodinuclear
species. Our present work described the synthesis of a new
heterodinucleating ligand and its stable Cu(I), Mo(VI), and
directly observable and relatively stable heterodinuclear Cu(I)/
Mo(VI) complex. We have demonstrated that the Cu(I) site is
capable of coordinating exogenous monodentate ligands,
including PPh3, Cl

−, SCN−, and CN−. Furthermore, we have
shown that the imine position plays the role of a mediator
between the two ligand sites. In the absence of an additional
ligand at Cu(I), it serves as a Cu(I) donor. Upon coordination
of Cl− or other ligands to Cu(I), it releases Cu(I) and serves as
an H-bond acceptor to one of the catechol protons, enforcing
its syn-coplanar stereochemistry. We also demonstrated that
the second catechol proton forms an H-bond with the Cu−Cl
function. It is noted that this particular coordination behavior
is specific to the mononuclear (Cu) complexes, as upon Mo
coordination, the overall assembly will lack the H bonds.
However, it is still feasible that the imine may exhibit
coordination/decoordination behavior in the corresponding
heterodinuclear complex: for example, upon installation of the
exogenous and/or bridging ligand. Given the ability of the
present system to (i) coordinate an additional ligand to Cu(I),
(ii) form relatively stable Cu(I)/Mo(VI) species, and (iii)
demonstrate cooperativity between the metal binding sites, this
could enable a study of its reactivity in the future.
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