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Abstract

Mononuclear Mo and W enzymes require a unique ligand known as molybdopterin (MPT). This
ligand binds the metal through a dithiolene chelate, and the dithiolene bridges a reduced
pyranopterin group. Pyran scission and formation has been proposed as a reaction of the MPT
ligand that may occur within the enzymes to adjust reactivity at the Mo atom. We address this
issue by investigating oxo-Mo(1V) model complexes containing dithiolenes substituted by pterin
or quinoxaline, and a hydroxyalkyl poised to form a pyran ring. hile the pterin-dithiolene model
complex exhibits a low energy, eversible pyran cyclization, here we report that pyran cyclization
does not spontaneously occur in the quinoxalyldithiolene model. However, protonating the
quinoxalyl-dithiolene model induces pyran cyclization forming an unstable, pyrano-quinoxalyl-
dithiolene complex which subsequently dehydrates and rearranges to a pyrrolo-quinoxlyl-
dithiolene complex that was previously characterized. The protonated pyrano-quinoxalyl-
dithiolene complex was characterized by absorption spectroscopy and cyclic voltammetry, and
these results suggest pyran cyclization leads to a significant change in the Mo electronic structure
exhibited as a strong ILCT transition and 370 mV positive shift of the Mo(V/1V) reduction
potential. The influence of protonation on quinoxaline reactivity supports the hypothesis that the
local protein environment in the second coordination sphere of Moco could control pyran
cyclization. The results also demonstrate that the remarkable chemical reactivity of the pterin
dithiolene ligand is subtlely distinct and not reproduced by the simpler quinoxaline analog that is
often used to replace pterin in synthetic Moco models.
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An investigation of oxo-Mo(IV) model complexes for the molybdenum cofactor that possess
dithiolene ligands substituted by pterin or quinoxaline reveals that pterin-dithiolene complexes
exhibit low energy, reversible pyran cyclization, whereas pyran cyclization does ot spontaneously
occur in a quinoxalyl-dithiolene complex. However, protonation of the quinoxalyl-dithiolene
model induces pyran cyclization t an unstable, pyranoquinoxalyl-dithiolene complex which
dehydrates and rearranges to a pyrroloquinoxlyldithiolene complex.

Introduction.

Transition metal ions play remarkable roles in the chemistry of living systems. Though first
row transition metals dominate bioinorganic chemistry, molybdenum (Mo) and tungsten (W)
enzymes are distinctive as the only second and third row transition metals with well-defined
functions in biology.? Furthermore, Mo and W enzymes have been implicated as the earliest
bioinorganic catalysts used by the last universal common ancestor (LUCA)?2, foreshadowing
the current knowledge that Mo or W enzymes are required by nearly all forms of life. In all
Mo and W mononuclear enzymes, the metal ion is chelated by one or two dithiolenes
substituted by a pterin and an alkylphosphate or dinucleotide (Fig. 1). The pterin-dithiolene
ligand is most frequently observed in the pyranopterin form, as depicted in Fig. 1, and is
commonly referred to as molybdopterin or MPT.

In molybdoenzymes, the catalytic site comprising Mo and MPT is called the molybdenum
cofactor (Moco), and the composition of Moco is used to categorize these enzymes into
three large families# capable of catalyzing a broad variety of hydroxylation and oxygen
atom transfer (OAT) reactions3 spanning a reduction potential range of approximately one
volt.® The ubiquity of Mo enzymes and the diversity of their substrates has been proposed to
result from variation in the Mo inner coordination sphere, the number of MPT ligands, and
bonding interactions between MPT and other parts of the enzyme.®

The synthesis and study of small molecule analogs for the catalytic site of metalloenzymes
have been a frequent strategy employed to better understand how a metal site catalyzes
chemical transformations. Efforts to model Moco using small molecule analogs have
evolved over decades in accordance with increasingly detailed knowledge about the ligand
environment for Mo in the catalytic site. Studies of small molecule analogs mimicking the
first coordination spheres of the different molybdoenzyme families have demonstrated how
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variation in the Mo inner coordination sphere is partly responsible for adjusting reactivity of
the oxidoreductases.”:8 The function of MPT, however, remains an enigma. Thus, the
development of target model complexes possessing aspects of the second coordination
sphere in Moco may reveal the function of the highly conserved pyranopterin dithiolene
chelate.

A dissection of Moco into individual parts (Mo, dithiolene, and pterin) reveals surprising
capability for redox activity. A total of eight electron equivalents are contained within the
Mo-dithiolene-pterin motif (Fig. 2). Mo participates in two electron redox chemistry upon
cycling between formal oxidation states (Mo(IV) and Mo(V1)), oxidation of the dithiolene to
a dithione yields two electron equivalents, and oxidation of a fully reduced tetrahydropterin
to an oxidized pterin provides four electron equivalents. However, the interplay between
each individual component of the motif has yet to be fully explored.

Protein crystal structures suggest possible functions of MPT in Moco such as serving as an
electron transfer conduit to FeS clusters which are hydrogen-bound directly to the pterin and
creating a hydrogenbonded anchor for the metal.10-14 In addition, it has been suggested that
pterin protonation may have a role in catalysis,1>16 and that the pterin oxidation state1? may
tune the redox capabilities of the metal center. We have also demonstrated the affinity for
Mo to coordinate directly to pterin in several oxidation states.1”-18 The likely non-innocence
of MPT underscores the necessity of incorporating pterins or heteroaromatic substituents on
dithiolenes in synthetic models.1® Most small molecule analogs for Moco have used simple
aromatic systems to alleviate difficulties associated with pterin incorporation.”-8

We have developed a methodology to synthesize model compounds of the general formula
Tp*Mo(=X)(dithiolene-Het-R) where Tp* is the tridentate #7s(3,5-
dimethylpyrazolyl)hydroborate ligand, X is either an oxo or sulfido group, and dithiolene-
Het-R designates a dithiolene chelate substituted by a N-heterocycle and an alkyl group.
This methodology produced examples of model complexes containing pterin-dithiolenes and
quinoxaline-dithiolenes.20 We and others have employed quinoxaline as a replacement for
pterin in Moco models due to its synthetic accessibility and enhanced solubility versus
pterin. The structural relationship and numbering schemes for quinoxaline and pterin are
shown in Fig. 3.

In 2012 we reported the first Moco model (EtsN)[Tp*Mo(I1V)(O)(S,BMOPP)] (1)
incorporating the full pyranopterin-dithiolene structural motif.21 This model exhibits
reversible pyran cyclization where the predominant structure, 1, vs 1, is determined by the
solvent dielectric (Fig. 4, top).22 Subsequent studies of 1 revealed the significance of the
pyran cyclization in modulating communication between an oxidized pterin and the
dithiolene chelate which alters the electronic structure at Mo.23 These results prompted us to
reinvestigate the previously reported quinoxaline-dithiolene complex (Et4N)[Tp*Mo(IV)(O)
(S,BMOQO)] 224.25 to determine if reversible pyran cyclization occurs in 2, as was
demonstrated for 1. Here we report that pyran cyclization does rot spontaneously occur in 2,
providing an important example of how quinoxaline fails to adequately model the pterin
heterocycle in Moco. Under acidic conditions, however, 2 undergoes pyran cyclization to
yield an unstable pyrano-quinoxalyl-dithiolene complex which subsequently dehydrates and
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rearranges to yield a pyrrole ring. As part of the work described herein, a new complex,
(Et4sN)[Tp*Mo(IV)(0)(S,BDMQO)] 4 (Fig. 4, bottom), was synthesized to serve as a
control which precludes pyran cyclization.

Results and Discussion.

Synthesis.

Pterin and quinoxaline dithiolene model complexes are prepared by reacting a molybdenum
polysulfide (Et4N)[Tp*Mo(IV)(S)(S4)] with an alkyne appended to the desired heterocycle.
20 In the current work, a Sonogashira coupling reaction using 2-chloroquinoxaline and the
appropriate alkyne yields the quinoxalylalkynes, BMOQO and BDMQO (Scheme 1, A).
Subsequent reaction of the desired quinoxalylalkyne with (Et4N)[Tp*Mo(S)(S4)] produces
(EtsN)[Tp*Mo(1V)(S)(quinoxaline-R-dithiolene)] (Scheme 1, B). Hydrolysis of the terminal
sulfido ligand results in the target compounds (Scheme 1, C). This general reaction sequence
was previously employed to prepare 2,2425 however for the work presented here, small
changes in the procedure led to more stable material than was previously obtained.

There are a few notable differences between the reaction conditions producing (Et4N)
[Tp*Mo(1V)(0)(SoBMOQO)], 2 and (Et4N)[Tp*Mo(1V)(0)(S,BDMQO)], 4. A longer
reaction time and an increase in equivalents of alkyne are required to prepare BDMQO (vs.
BMOQO) due to the volatility of 3,3-dimethyl-1-butyne (Scheme 1, A), and both a longer
reaction time and elevated temperature is required for synthesis of 5 (Scheme 1, B). The
more forcing conditions required for 5 can be attributed to 1,3-allylic strain between the t-
butyl and quinoxaline which succumbs to a favorable intramolecular hydrogen bond in 3.
Subsequent hydrolysis of the terminal sulfido ligand in 3 and 5 is facilitated by the addition
of fri-n-butylphosphine which has been suggested to labilize the terminal sulfur in the
presence of adventitious water. Oxygen expedites the conversion albeit the reaction details
are not well understood.

Compounds 2 and 4 were characterized in the solid state by X-ray crystallography and in
solution by ESIMS, 1H NMR, HSQC, FTIR, absorption spectroscopy, and cyclic
voltammetry.

X-ray Crystallography of 2 and 4.

The solid state structures of 2 and 4 were determined by single crystal X-ray diffraction
studies (Table S1). Fig. 5 and 6 show the structures of the anionic complexes with line
drawings to aid interpretation. Complexes 2 and 4 are structurally similar to other Tp*-Mo-
dithiolene complexes?1:24:26 in terms of the metrical parameters associated with the Tp*
ligand and inner coordination sphere bond distances and angles. However, conformational
differences between 2 and 4 are observed when comparing the dihedral angle between the
quinoxaline and dithiolene planes. This angle is 53.98° in 2 and increases to 75.6° in 4. The
smaller dihedral angle in 2 coincides with the formation of an intramolecular hydrogen bond
between the hydroxyl group and the quinoxaline nitrogen atom, N8 (Fig. 5), consistent with
the O2-N8 distance of 2.768 A.
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A parameter of interest in metal dithiolene complexes is the dithiolene fold angle, which is
defined as the angle between two planes consisting of atoms Mo-S1-S2 and S1-C16-C17—-
$2.27 The fold angle magnitude has been found to correlate with metal oxidation state and d
electron count. X-ray crystal structures of metal dithiolene complexes reveal the fold angle
increases from ~9° to ~46° for d2 and d°, respectively. In 2 and 4 the dithiolene fold angle is
13.3° and 9.1°, respectively, consistent with the formal Mo(IV) oxidation state.

NMR Studies.

1H NMR and Heteronuclear Single-Quantum Correlation (HSQC) spectra were employed to
obtain information about the solution structures of 2 and 4. A comparison of 1H NMR
spectra of 2 in CD3CN and CDClj is shown in Fig. 7 for the range of 10 to 5 ppm to
highlight differences due to quinoxaline conformation. The 1H NMR spectrum of 2 in
CD3CN (Fig. 7, bottom), exhibits one resonance at 9.37 ppm corresponding to the
quinoxaline H3, four resonances at 8.03, 7.93, 7.77, and 7.71 ppm corresponding to
quinoxaline protons H5-H8, three resonances at 5.98, 5.94, and 5.42 ppm corresponding to
pyrazolyl H4 protons, and one resonance at 5.62 ppm corresponding to the hydroxyl group.
In contrast, in CDCl3 the IH NMR spectrum of 2 (Fig. 7, top), shows the hydroxyl
resonance has shifted more than 2 ppm downfield to 8.04 ppm and the quinoxaline H3
shifted 0.5 ppm downfield. All other resonances of the quinoxaline and the pyrazoyl protons
have minimal shifts of ~0.01 ppm. 1H-13C-HSQC experiments (Figs. S9-S12) confirm the
assignments of the hydroxyl proton in CD3CN and CDClj5 since the hydroxyl resonance
exhibits no crosspeak in either solvent, as expected for a proton on an oxygen atom. Boron is
the only other heteroatom with a proton for which assignments have previously been made.
20-22,25 Confirmation of the hydroxyl proton assignments in 2 is also obtained from
comparison to IH NMR spectra of 4 (Figs. S7, S8) which lacks a—OH group and exhibits no
resonance at 5.62 ppm in CD3CN or at 8.04 ppm in CDCls.

The large shift of the hydroxyl resonance in 2 between CD3CN and CDClj signals a
significant change in the -OH environment consistent with a change in quinoxaline
conformation. We speculate that in the nonpolar aprotic CDCl3, the —OH group forms an
intramolecular hydrogen bond with quinoxaline N8, such as is observed in the solid state
structure (Fig. 5), and this interpretation is consistent with the downfield 8.04 ppm
resonance typical for a deshielded proton involved in H-bonding. Changing the solvent to
CD3CN disrupts this H-bond, and the hydroxyl resonance shifts upfield to 5.62 ppm.

The most important information from the NMR studies is that which is absent: there is no
set of resonances corresponding to a pyranoquinoxaline form of the dithiolene ligand in 2.
Therefore, both in the solid state and in solution, the quinoxaline group in 2 does not behave
in the same way as the pterin in the analogous pterin-dithiolene model complex (EtsN)
[Tp*Mo(1V)(O)(S,BMOPP)] 1 (Fig. 4) where a pyranopterin structure readily forms in
solution and is the structure observed in the solid state.?122

Electronic Spectroscopy.

Absorption spectra of 2 and 4 in chloroform and acetonitrile have similar strong absorptions
in the region 320-340 nm but have significant differences at lower energy. In CHCl3, 2
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exhibits a broad strong band at 506 nm (4,960 M~1 cm™1) (Fig. 8) and this absorption in
CH3CN exhibits a blue shift and a small but significant decrease in the extinction coefficient
(490 nm, 3,484 M1 cm™1) (Fig. S13). Complex 4 is nearly featureless in the lower energy
region in both CHCl3 and CH3CN, except for an extremely broad and low intensity shoulder
centered at 468 nm (2,139 M~1 cm™1) in CHCI; that is largely unchanged in CH3CN (486
nm, 1,691 M~1ecm™)

Electrochemistry.

Cyclic voltammetry was used to probe the environment of the molybdenum atom by
measuring the Mo(V)/(1V) redox potential. The measurement was done in both chloroform
and acetonitrile under identical conditions of a 100 mV/sec scan rate, a Ag/AgCl reference
electrode and a Pt working electrode, with 0.1 M tetrabutylammonium perchlorate as the
electrolyte, using the ferrocenium/ferrocene couple as an internal standard. The Mo(V/1V)
couple is reversible for both 2 and 4 in both solvents and is shown in Fig. 9 for chloroform
and in Fig. S14 for acetonitrile. A large difference in the Mo(V/IV) couple is observed in
CHClIj3 for 2 vs 4, where the Mo couple in 2 is 115 mV more positive than that for 4. In
acetonitrile, the Mo(V/IV) couple in 2 is again more positive, albeit by a smaller 50 mV
margin.

The spectroscopic and electrochemical results from 2 and 4 described above are quite
similar to those obtained for two closely related pterin-dithiolene complexes (Fig. 10).23 Ina
detailed analysis of 1 and 6, it was determined that the strong low energy transition was a
dithiolene to pterin intraligand charge transfer. On basis of the similarity of the spectra for 2
and 4to 1 and 6, it is likely that an analogous dithiolene to quinoxaline intraligand charge
transfer (ILCT) transition is the origin of the 506 nm absorption observed for 2 in
CHCI5.2325.28 The |oss of absorption intensity near 500 nm when 2 is dissolved in CH3CN
likely reflects the disruption of the intramolecular H-bond that pins the quinoxaline
conformation more nearly co-planar with the dithiolene, thereby facilitating electronic
delocalization between dithiolene and quinoxaline. As was reported for 6,23 the much
attenuated 468 nm absorption of 4 correlates with the steric requirements of the tert-butyl
group causing the quinoxaline to rotate further away from planarity with the dithiolene,
effectively decoupling electronic delocalization from dithiolene to quinoxaline.

The Mo(V)/(IV) reduction potential in 2 is significantly more positive (115 mV) than in 4.
In a parallel manner, the Mo couple in 1 is more positive than that for 6, an observation that
was attributed to electronic delocalization from the dithiolene sulfur atoms to the pterin ring
that has a stabilizing effect for reduced Mo(1V). Similarly, we interpret the more positive
Mo(V)/(1V) couple in 2 as due to delocalization of electron density from the dithiolene to
the quinoxaline in response to the intramolecular H-bond formation, favoring the reduced
Mo(IV). For 4 as for 6, the steric repulsion between the -y tert-butyl group and the N-
heterocycle (quinoxaline or pterin) prevents planarity between the dithiolene and
quinoxaline subunits and electronically decouples the dithiolene from the heterocycle.
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Quinoxaline Protonation.

It has been established that protonation of N-heterocyclic substituents on dithiolenes causes
significant changes in the electronic structure of the entire ligand and affects the properties
of the dithiolene ligand as well as those of coordinated metal.28-31 On this basis, we
explored the outcome of adding acid to complexes 2 and 4.

Upon addition of trifluoroacetic acid (TFAA) to 2 in acetonitrile, the solution color
immediately changes from magenta to red as an absorption at 505 nm grows in having a
five-fold increase in intensity (Fig. 11). Monitoring the reaction over 24 hours shows a
decrease in the intensity of the 505 nm absorption in parallel with the appearance of a new
band at 619 nm resulting in a color change of the solution from red to deep blue. This
second reaction occurs cleanly as indicated by an isosbestic point at 539 nm. A similar
reaction sequence was observed when TFAA was added to 2 in CHCI3 (Fig. S19).

In order to identify the red and blue species formed when 2 is protonated, the reaction
progress was monitored by TH NMR spectroscopy. The series of spectra in Fig. 12 were
collected over 25 hours. Addition of 1 eq TFAA instantly results in loss of the quinoxaline
H3 resonance at 9.37 ppm in CD3CN (Fig. 12, spectrum A) as the H3 signal shifts upfield to
two new resonances at 6.26 and 6.28 ppm (Fig. 12, spectrum B), consistent with the
formation of a pyrano-quinoxaline complex, 7 (Fig. 12, top). Simultaneously, the
quinoxaline H5-H8 protons shift as a group from the 7.8-8.0 ppm region upfield to reside
between 6.7-7.4 ppm. Subsequently, over 25 hours the 1H NMR spectral series indicates a
decay of the quinoxaline H3 and H5-H8 resonances at 6.26 and 6.28 ppm in parallel with the
growth of a new H3 resonance at 9.42 ppm and H5-H8 signals between 7.7-8.2 ppm (Fig.
12, spectra C-E).

Our interpretation of the 1lH NMR data monitoring the protonation of 2 is shown in Fig. 12.
The initial change in the quinoxaline H3 signal is consistent with its new environment in a
pyranoquinoxaline dithiolene structure 7 where the appearance of two upfield H3 resonances
are consistent with pyran cyclization and correspond to R- and S-isomers. This assignment is
based on comparable changes in the corresponding proton (H7) during pyran cyclization in
pterin models.?2 The second transformation yields spectroscopic data that match the known
1H NMR spectra of a pyrrologuinoxaline complex 8, previously reported by us.? Significant
thione-thiolate character contributes to electronic ground state configurations for the
dithiolene chelate of 8 based on observed differences in Mo-S and C-S bond lengths in the
X-ray crystal structure of 8 which was consistent with a detailed electronic structure analysis
(Fig. 13).242532 Here, we speculate the protonated pyranoquinoxaline, 7, also has a
significant amount of the thione, thiolate character (Fig. 13).

Further probing of the protonation of 2 by cyclic voltammetry reveals a large (~370 mV)
positive shift of the reversible MoV/ Mo'V couple in 7 (Fig. 14). This positive shift indicates
the Mo ion is now more electron deficient, and therefore, more easily reduced. This electron
deficiency at Mo is consistent with the proposed thione, thiolate character of the chelating
ligand, since this resonance structure effectively increasing the electron withdrawing
capacity of the quinoxaline moiety. Once the pyran ring is cyclized, the quinoxaline is more
co-planar with the dithiolene facilitating delocalization of electron density from the sulfur
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atoms to the N-heterocycle, as has been reported for the pyrano-pterin-dithiolene in 1.23 This
redistribution of electron density away from the S atoms decreases their w-base donor
character.33 A second, more negative reduction is also observed upon acid addition. This
non-reversible redox event is initially being attributed to reduction of the quinoxaline based
on previous work,34 but further analysis is currently underway.

Protonation of 4 yields a smaller positive shift of the MoY/ Mo'V which becomes non-
Nerstian (Figs. S17 & S18). A second non-Nerstian wave is also observed due to a
quinoxaline-based reduction. In contrast to the sequence of two intramolecular cyclization
reactions induced by the protonation of 2, when TFAA is added to 4, 1H NMR spectra
exhibit only broadening of all pyrazoyl and quinoxaline proton resonances. This broadening
suggests either degradation of 4 or formation of paramagnetic Mo(V) species due to
oxidation of the metal center. Initial observations by cyclic voltammetry favor the latter, and
further investigation is underway.

Conclusions.

A reinvestigation of a molybdenum quinoxalyl-dithiolene model for Moco has shown that a
quinoxalyl-dithiolene ligand exhibits its own unique chemistry distinct from that observed
for a closely related pterin dithiolene model complex. The quinoxalyl-dithiolene ligand in
this study does not undergo a spontaneous and reversible pyran cyclization as has been
demonstrated for a comparable pterin dithiolene model complex.22 The difference in
reactivity between pterin and quinoxaline in these two systems is consistent with the well-
documented ability for pterins to undergo covalent addition of water, alcohols, and other
small molecules across the 7,8-N=C bond.3° The larger number of nitrogen atoms in the
pterin ring system, compared with only two N atoms in the quinoxaline ring system,
significantly increases the electron deficient character of the pterin system and increases the
electrophilic character of the ring carbon atoms. The electron deficient pterin system favors
covalent addition of water, or in the case of model complex 1, favors the addition of the side
chain hydroxy! group leading to formation of a pyran ring. Protonation of the quinoxaline at
one or both N atoms likely induces pyran ring formation by increasing the electrophilicity of
the adjacent C atom, thereby promoting addition of the hydroxyl group across the N=C
bond. However, this pyranoquinoxaline species is unstable towards loss of the hydroxyl
group in a dehydration reaction. Dehydration results in a second intramolecular cyclization
yielding a pyrrologuinoxaline ligand on a Mo complex whose characterization was
previously reported.24:25 This study has underscored that the remarkable chemical reactivity
of the pterin dithiolene ligand is subtly distinct and not reproduced by the simpler
quinoxaline analog that is often used to replace pterin in synthetic Moco models.

The work described here yields the first example of a small molecule analog of Moco where
quinoxaline protonation induces pyran cyclization with an associated significant change in
the Mo electronic structure exhibited as a strong ILCT transition. As such, these results
support the hypothesis that the local protein environment in the second coordination sphere
of Moco could control pyran cyclization.8:36:37 Our results suggest a critical role for amino
acid protonation and how that may control pyran formation. Further degradation of 2 to form
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a pyrrolo-quinoxaline system points to the unique aspects of a Mo-dithiolenepterin moiety to
be critical to cofactor stability.

Materials and Methods.

The synthesis of (EtsN)[Tp*Mo(S)(S4)] was performed using a previously published
procedure.2> All other reagents, chemicals, and deuterated solvents were purchased from
Sigma-Aldrich and used as received unless otherwise noted. All solvents for syntheses were
purchased from Pharmco-AAPER and were deaerated with N, gas over activated neutral
alumina before use. ESI-MS analyses were performed using a Waters Micromass-ZQ mass
spectrometer via infusion of samples as acetonitrile solutions. All NMR experiments were
performed on a Bruker 400 MHz FT-NMR. Infrared spectra were obtained using a
PerkinElmer Frontier FT-IR on samples prepared as KBr pellets. Electronic absorption
spectra were obtained using an Agilent 8453 spectrophotometer on samples in deaerated,
anhydrous solvents. Electrochemical analyses were performed using a BASi Epsilon-EC
potentiostat using 0.1 M tetrabutylammonium perchlorate (TBAP) as the electrolyte in
anhydrous solvents, platinum working and auxiliary electrodes, and a Ag/AgCl reference
electrode. All potentials were measured in reference to an internal ferrocene potential at
+0.40 V vs. the Ag/AgCl electrode.

Synthesis of 2-(3-Butynyl-2-methyl-2-ol)-quinoxaline (BMOQO).

Synthesized by a modification of previously described procedures.2>
Bis(triphenylphosphine)palladium (1) dichloride (0.1023 g, 0.1457 mmol), copper (1) iodide
(0.0342 g, 0.180 mmol), and 2-chloroquinoxaline (1.8129 g, 11.015 mmol) were combined
in a magnetically stirred triethylamine (72.6 g, 717 mmol) and dimethylsulfoxide (DMSQO)
(44 g, 560 mmol) mixture previously dried over activated 3 A molecular sieves. The mixture
was stirred for 10 minutes before addition of 2-methyl-3-butyn-2-ol (1.1 g, 13 mmol) via
syringe under N5 gas using standard Schlenk techniques. The resulting orange mixture was
stirred for 6 hours at room temperature and subsequently chilled (4 °C) for 90 minutes to
freeze the DMSO layer. The triethylamine layer was decanted and distilled water (100 mL)
was added to the thawed DMSO layer. The organic layer was extracted with methylene
chloride (30 mL) and washed with distilled water (3 x 30 mL). All aqueous layers were
combined and back-extracted with methylene chloride (3 x 30 mL). All organic layers were
combined and washed with saturated sodium chloride (2 x 20 mL) and dried over
magnesium sulfate. The resulting solution was rotary evaporated to produce a mocha solid.
Recrystallization of the residual solid from acetonitrile and diethyl ether yields BMOQO
(1.9842 g, 84.9 %) as sandy tan crystals. 1H NMR (CDCls3) &: 8.71 (1H, s, pyrazine H),
7.92-7.89 (2H, m, ArH), 7.58-7.26 (2H, m, ArH), 4.99 (1H, s, OH), 1.61 (6H, s, -C(CH3)>).
FT-IR (KBr pellet, cm™1): «{(O-H) 3377, Y(C=C) 2232, {C=N) 1542. Melting point range:
88.9-89.2.

Synthesis of (Et4N)[Tp*Mo(IV)(S)(S,BMOQO)] (3).

Synthesized by a modification of the procedure described by Matz et al.2> (Et4N)
[Tp*Mo(1V)(S)(S4)] (0.2267 g, 0.3316 mmol) and BMOQO (0.0912 g, 0.430 mmol) were
magnetically stirred for 18 hours in acetonitrile (40 mL) at room temperature to produce a
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brown solution under N5 gas. Vacuum concentration followed by addition of diethyl ether
precipitated a dark brown solid that was subsequently filtered and dried under vacuum to
yield 3 (0.2250 g, 81.6 %). FT-IR (KBr): «{Mo=S) 483. ESI*MS: m/z: [M+2TEA]: 963;
ESI"MS: m/z:[M]: 703.

Synthesis of (Et4;N)[Tp*Mo(IV)(O)(S2BMOQO)] (2).

Synthesized by a modification of the procedure described by Matz et al.?> Under N5 gas, a
solution of (EtsN)[Tp*M(IV)(S)(S,BMOQO)] (0.2486 g, 0.2989 mmol) in wet acetonitrile
(20 mL, 0.1 % H,0 v/v) was treated with tributylphosphine (0.64 g, 3.2 mmol) drop-wise.
The brown solution turned dark pink upon injection of 120 mL of air over the course of 30
minutes and proceeded to react for one hour post air addition. The sample was then
concentrated under vacuum and precipitated with the addition of diethyl ether resulting in a
carmine solid that was filtered and dried under vacuum to yield 2 (0.2043 g, 83.6 %). 1H
NMR (CD3CN) 6: 9.37 (1H, s, pyrazine H), 8.03-8.01 (1H, dd, ArH), 7.93-7.91 (1H, dd,
ArH), 7.77-7.73 (1H, td, ArH), 7.71-7.67 (1H, td, ArH), 5.98 (1H, s, Tp* C-H), 5.94 (1H, s,
Tp* C-H), 5.62 (1H, s, -OH), 5.42 (1H, s, Tp* C-H), 2.72 (3H, s, -CH3), 2.62 (3H, s, CH3),
2.48 (3H, s, -CH3), 2.46 (3H, s, -CH3), 2.19 (3H, s, -CH3), 2.14 (6H, s, -C(CH3)>), 1.96 (3H,
s, -CHg). FT-IR (KBr): Y(M0=0) 920. ESI*MS: m/z: [M+2TEA]: 947; ESI"MS: m/z: [M]:
687. UV/vis (CH3CN), nm (e, M~ cm™1): 325 (13,303), 490 (3,484). HRESI"MS M =
CgH3402NgB1M01S,: m/z: [M]: 687.14146. Calcd for M: m/z: 687.13878.

Synthesis of 2-(3-Butynyl-2,2-dimethyl)-quinoxaline (BDMQO).

Bis(triphenylphosphine)palladium (11) dichloride (0.1018 g, 0.1450 mmol), copper (I) iodide
(0.0400 g, 0.210 mmol), and 2-chloroquinoxaline (1.8002 g, 10.937 mmol) were combined
in a magnetically stirred triethylamine (72.6 g, 717 mmol) and dimethylsulfoxide (DMSO)
(44 g, 560 mmol) mixture previously dried over activated 3 A molecular sieves. The mixture
was stirred for 10 minutes before addition of 3,3dimethyl-1-butyne (1.6 g, 19 mmol) via
syringe under N, gas using standard Schlenk techniques. The resulting orange mixture was
stirred for 24 hours at room temperature and subsequently chilled (4 °C) for 90 minutes to
freeze the DMSO layer. The triethylamine layer was decanted and distilled water (100 mL)
was added to the thawed DMSO layer. The organic layer was extracted with methylene
chloride (30 mL) and washed with distilled water (3 x 30 mL). All aqueous layers were
combined and back-extracted with methylene chloride (3 x 30 mL). All organic layers were
combined and washed with saturated sodium chloride (2 x 20 mL) and dried over
magnesium sulfate. The resulting solution was rotary evaporated to yield BDMQO (2.0336
g, 88.4 %) as a burnt umber 0il.23 IH NMR (CDCl5) 6: 8.77 (1H, s, pyrazine H), 8.02-7.99
(2H, m, ArH), 7.72-7.65 (2H, m, ArH), 1.36 (9H, s, -C(CH3)3). FT-IR (liquid, cm™1):
WC=C) 2232, YC=N) 1541.

Synthesis of (Et4;N)[Tp*Mo(IV)(S)(S2BDMQO)] (5).

(Et4N)[Tp*Mo(1V)(S)(S4)] (0.4201 g, 0.6145 mmol) and BDMQO (0.35 g, 1.7 mmol) were
magnetically stirred in acetonitrile (40 mL) to produce a brown solution that was heated for
50 hours at 45 °C under N5 gas. Vacuum concentration followed by addition of diethyl ether
precipitated a dark brown solid that was subsequently filtered and dried under vacuum to
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yield 5 (0.4937 g, 96.6 %). FT-IR (KBr): (Mo=S) 475. ESI*MS: m/z: [M+2TEA]: 961;
ESI"MS: m/z: [M]: 701.

Synthesis of (Et4N)[Tp*Mo(IV)(O)(S,BDMQO)] (4).
Under N> gas, a solution of (Et;N)[Tp*Mo(1V)(S)(S;BDMQO)] (0.3600 g, 0.4328 mmol) in
wet acetonitrile (25 mL, 0.1 % H»0 v/v) was treated with tributylphosphine (0.81 g, 4.0
mmol) drop-wise. The brown solution was stirred for two hours at room temperature,
concentrated under vacuum, and precipitated by the addition of diethyl ether resulting in a
seal brown solid that was filtered and dried under vacuum to yield 4 (0.3185 g, 90.2 %). 1H
NMR (CD3CN) 6: 8.91 (1H, s, pyrazine H), 8.04-8.02 (1H, dd, ArH), 7.98-7.95 (1H, dd,
ArH), 7.76-7.74 (1H, td, ArH), 7.72-7.69 (1H, td, ArH), 5.98 (1H, s, Tp* C-H), 5.90 (1H, s,
Tp* C-H), 5.43 (1H, s, Tp* C-H), 2.74 (3H, s, -CH3), 2.58 (3H, s, CH3), 2.48 (3H, s, -CHJ3),
2.45 (3H, s, -CHg), 2.26 (3H, s, -CH3), 2.19 (3H, s, -CH), 1.26 (9H, s, -C(CH)3)3). FT-IR
(KBr): {Mo=0) 917. ESI*MS: m/z: [M+2TEA]: 945; ESI- MS: m/z: [M]: 685. UV/vis
(CH3CN), nm (e, M~1 cm™1): 323 (9,315), 460 (1,871). HRESI*MS:
M=C29H3701N8B1M01S2: m/z: [M+H as Mo5+]: 686.16810. Calcd for M: m/z:
686.16734.

Timecourse study of trifluoracetic acid protonation of 2 monitored by *H NMR

The initial 1H NMR spectrum was obtained from a sample of 2 (0.0054 g, 0.0066 mmol) in
CD3CN (0.400 mL). To this sample was added 0.050 mL of TFAA in CD3CN (0.131 M,
0.00655 mmol TFAA, 0.99 eq). Spectra were obtained at intervals of 1, 2, 4, 6, 8, 11, 13 and
25 h after the initial addition, a period over which the sample color changed from strong red
to bright blue.

X-ray Crystallography.
X-ray structural analysis for 2 and 4: Pink, rectangular crystals of 2 were grown by vapor

diffusion of diethyl ether into a solution of 2 in 1,2-dichloroethane. Brown rectangular
crystals of 4 were grown by the slow evaporation of a solution of 4 in tetrahydrofuran-d®.

Crystals were mounted using viscous oil onto a plastic mesh and cooled to the data
collection temperature. Data were collected on a Bruker-AXS APEX 1l DUO CCD
diffractometer with graphite monochromated Mo-Ka radiation (A = 0.71073 A). Unit cell
parameters were obtained from 36 data frames, 0.5° w, from three different sections of the
Ewald sphere.38 The systematic absences in the diffraction data are consistent, uniquely,
with Pben. The data were treated with multi-scan absorption corrections.3” The structures
were solved using intrinsic phasing methods3® and refined with full-matrix, least-squares
procedures on .39

Initial solutions for 2 suggested a disordered di-1,2-chloroethane of solvation. The data sets
were treated with Squeeze to model the solvent in 2 and other residual solvent accessible
voids as diffused electron density contributions.*!

Non-hydrogen atoms were refined with anisotropic displacement parameters. H-atoms were
treated as idealized contributions with geometrically calculated positions and with U, equal
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1.2 Uy (1.5 Ugq for methyl) of the attached atom. Atomic scattering factors are contained
the SHELXTL program library.40

The structures have been deposited at the Cambridge Structural Database under the

fo

Supplement

llowing depositary numbers: CCDC 1891122-1891123.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

The minimal coordination environment of the molybdenum cofactor (Moco) illustrating the
pyranopterin dithiolene chelate. Remaining coordination sites are occupied by oxo, sulfido
or selenido groups, and a variety of amino acids. P is a phosphate in eukaryotic proteins but
can be one of several dinucleotides in certain prokaryotic proteins.
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Figure2.
(Top) Three plausible oxidation states of the pterin moiety found in Moco. The most

thermodynamically stable tautomer of the semi-reduced form is shown. (Bottom) The
sequential two electron reduction of 1,2-dithione to ene-1,2-dithiolate.®
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Figure 3.
The structural relationship between pterin and quinoxaline, numerically labeled.
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Pterin dithiolene model complex which exhibits ring-chain tautomerism

[TEA][Tp*Mo(O)(S,BMOPP)]

1,, open-form

[TEA][Tp*Mo(O)(S,BMOQO))]
2

Figure 4.

[TEA][Tp*Mo(O)(S,BMOPP)]

1p, pyrano-form

Quinoxaline dithiolene model complexes studied in this work

[TEA][Tp*Mo(O)(S;BDMQO)]
4

(Top) Pterin dithiolene model complex 1 which was previously reported to undergo
reversible pyran cyclization. (Bottom) Quinoxaline dithiolene complexes studied in this
work. Complex 2 was partially characterized in an earlier report, while 4 is a new complex

synthesized for the current study.
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Figure5.
Line drawing of the anionic complex 2 (left) illustrating the intramolecular H-bond between

02 and N8 in the molecular structure (right) with 50% probability ellipsoids. H-atoms are
depicted with arbitrary radii. Countercation (Et4N) and disordered solvent molecules are
omitted for clarity. Selected bond distances (A) for 2: Mo1-01 1.718(3), Mo1-S1 2.3655(9),

Mo-S2 2.3622(10), S1- C16 1.794(3), S2-C17 1.776(3), C16-C17 1.344(5), C16-C21
1.480(4), N8-C21 1.319(4), C21-C22 1.426(5), N7-C22 1.318(5), N8-02 2.768(5).
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Figure 6.
Line drawing of the anionic complex, 4 (left), corresponding to the molecular diagram and

labeling scheme (right) with 50% probability ellipsoids. Steric repulsion from the t-butyl in
4 forces the quinoxaline to rotate out of plane with respect to the dithiolene. H-atoms are
depicted with arbitrary radii. Countercation (Et4N) and disordered solvent molecules are
omitted for clarity. Selected bond distances (A) for 4: Mo1-01 1.688(2), Mo1-S1 2.3733(9),
Mo-S2 2.3624(10), S1-C16 1.804(4), S2-C17 1.799(4), C16-C17 1.332(5), C16-C18
1.477(5), N7-C18 1.305(4), C18-C19 1.428(5), N8-C19 1.319(5).
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Figure 7.

1H NMR of 2in (B) CDCl3 and in (C) CD3CN showing the solvent dependent -OH
resonance (blue) due to hydrogen bonding of the hydroxyl group illustrated in (A).
Resonances for H, and Hy, from Tp* are denoted accordingly, and the resonance from H3 of
the quinoxaline is highlighted in red. H3 also shifts due to the changing local environment
upon hydrogen bonding of the hydroxyl.
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Electronic Spectra of 2 (blue) and 4 (red) in CHCl3 at 3.00 x 107> M.
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Figure9.
Cyclic voltammograms of the MoVY/Mo!V couple of 2 (blue) and 4 (red). The

voltammograms are plotted versus the potential of reference electrode Ag/AgCI in (/+BugN)
(ClO,)/CHCI; at a scan rate of 100 mV/s using a Pt working electrode. MoV/Mo!V
potentials: 2 -565 mV, 4 -681 mV, vs Fc/Fc*.
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[TEA][Tp*Mo(O)(S,BMOQO)] [TEA][Tp*Mo(O)(S,BMOPP)]

[TEA][Tp*Mo(O)(S,BDMQO)] [TEA][Tp*Mo(O)(S,BDMPP)]
4 6

Figure 10.
The structural relationship of 2 and 4 to two pterin-dithiolene models 1 and 6.
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Figure11.

UV-Vis spectroscopic monitoring of reactions resulting from the protonation of 2 over 69
hours upon addition of 1 eq. of TFAA. Black line: initial spectrum of a 15 uM solution of 2.
Red solid line: 505 nm absorption associated with the initial product and is assigned as the
ILCT transition from formation of a short-lived pyrano-quinoxaline complex 7 (Fig. 12).
Red dashed line: decay of 505 nm absorption of 7. Blue dashed line: growth of a 619 nm
ILCT absorption of a previously reported pyrrologuinoxaline complex 8 (Fig. 12). Blue solid
line: complete formation of 8 from 7.
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Figure 12.
1H NMR spectra of a solution of 2 (spectrum A) in CD3CN over a 25 hr time course

following addition of 0.99 eq of TFAA (spectra B-E). Spectrum A: 2 in absence of TFAA.
Spectrum B after 0.99 equivalents of TFAA were added. Spectra C-E: after 4, 8, and 25
hours, respectively. Structural designations for the three species observed are shown (top)
and correlated to prominent spectra by number designation (right).
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Figure 13.
Thione-thiolate resonance structures in 7 and 8.
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Figure 14.
Cyclic voltammograms of a 1.0 mM solution of 2 (red) under a nitrogen atmosphere and

after addition of 5 eq. of TFAA (blue). The voltammograms are plotted versus the potential
of a Ag/AgCI reference electrode in (7-BugN)(ClO,4)/CH3CN at a scan rate of 100 mV/s
using a Pt working electrode. MoV/ Mo!V potentials: Protonated 2 —135 mV, non-protonated
2-501 mV, vs Fc/Fc*.
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Scheme 1.
(A) Synthesis of the quinoxalylalkyne where R = -OH; -CHg3; (B) reaction of the

quinoxalylalkyne with (Et4N)[Tp*Mo(1V)(S)(S4)] to produce (EtsN)[Tp*Mo(IV)(S)
(dithiolene-quinoxaline-R)]; (C) hydrolysis of the terminal sulfido ligand at Mo. (/)
(PPh3),PdCl, Cul, EtzN, DMSO at 23 °C; (/) CH3CN, 18-50 hrs at 23-45 °C; (///) PBus,
0.1% H»0 in CH3CN, 1-2 hrs at 23 °C.
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