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Abstract

The large family of mononuclear molybdenum and tungsten enzymes all possess the special ligand
molybdopterin (MPT), which consists of a metal-binding dithiolene chelate covalently bound to a
pyranopterin group. MPT pyran cyclization/scission processes have been proposed to modulate the
reactivity of the metal center during catalysis. We have designed several small molecule models
for the Mo-MPT cofactor that allow detailed investigation into how pyran cyclization modulates
electronic communication between the dithiolene and pterin moieties, and how this cyclization
alters the electronic environment of the molybdenum catalytic site. Using a combination of cyclic
voltammetry (CV), vibrational spectroscopy (FT-IR and rR), electronic absorption spectroscopy,
and x-ray absorption spectroscopy (XAS), distinct changes in the Mo=0 stretching frequency,
Mo(V/1V) reduction potential, and electronic structure across the pterin-dithiolene ligand are
observed as a function of pyran ring closure. The results are significant for they reveal that a
dihydropyranopterin is electronically coupled into the Mo-dithiolene group due to a coplanar
conformation of the pterin and dithiolene units, providing a mechanism for the electron-deficient
pterin to modulate the Mo environment. A spectroscopic signature identified for the
pyranodihydropterin-dithiolene ligand on Mo is a strong dithioleneapterin charge transfer
transition. In the absence of a pyran group bridge between pterin and dithiolene, the pterin rotates
out of plane, largely decoupling the system. The results support a hypothesis that pyran
cyclization/scission processes in MPT may function as a molecular switch to electronically couple
and decouple the pterin and dithiolene to adjust the redox properties in certain pyranopterin
molybdenum enzymes.
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Introduction

The catalytic center of molybdenum and tungsten enzymes consists of a Mo or W ion
coordinated by one or two pyranopterin dithiolene ligands (Fig. 1).1-® The pterin-substituted
dithiolene chelate is unique to a large group of more than fifty enzymes distributed through
all phyla, and its structure has been largely conserved throughout evolution from the earliest
bacteria over billions of years.6 This ligand, originally named molybdopterin (MPT), is
ubiquitous throughout nature but remains an enigma because its role in catalysis is unknown.
Protein crystal structures have provided hints of possible roles for MPT, including creating a
hydrogen-bonded anchor for the metal (Mo or W), modulating the metal ion reduction
potential, and serving as a conduit for electron transfer to FeS clusters hydrogen-bonded
directly to the pterin.8-16 Unfortunately, protein crystal structures do not reveal how the
pterin dithiolene ligand tunes the electronic environment of the Mo or W ion to properly
poise it for catalysis, nor do these static structures provide any information regarding
dynamic changes of conformation or oxidation state at MPT. There is no spectroscopic data
that might indicate how the pterin influences catalysis. Obtaining this critical information
from spectroscopy is hampered by the presence of competing chromophores in the protein
and the instability of the cofactor once removed from the protein matrix. While the majority
of X-ray structures depict MPT as a fully reduced tetrahydropyranopterin, an analysis of 102
protein structures strongly supports the hypothesis that specific pyranopterin conformations
are associated with a given canonical enzyme family, and that these conformations are
related to their function.1” This analysis of pyranopterin structures also concluded that
within the DMSO reductase (DMSOR) family, the Mo ion is coordinated by two different
MPT ligands.17-18 Indeed, structures of nitrate reductase (NarGHI)19, ethylbenzene
dehydrogenase (EBDH)2? and perchlorate reductase (PcrAB)2! all exhibit the proximal
MPT ligand in the typical bent tricyclic tetrahydropyranopterin structure (Fig. 1; red)
whereas the distal MPT lacks the pyran ring and consists of a simple bicyclic pterin ring
system (Fig. 1; blue). These structures of the catalytic site with differentiated pterins are
strongly suggestive of specific functions for each individual pterin.1” Furthermore, a role for
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MPT in electron transfer would be facilitated by the extraordinary electronic flexibility of
the redox active dithiolene and pterin units and may account for the remarkably diverse
range of substrates within the DMSOR class of metalloenzymes.* 18 Several recent reports
provide evidence for a direct MPT role in catalysis, citing the dependence of the Mo(V/IV)
reduction potential on H-bonding interactions between amino acids and the B and C portions
of MPT (Fig. 1),22-23 and electrochemical evidence for a redox-active pyranopterin in the
catalytic cycle of YedY.24 Unfortunately, with no direct experimental evidence that defines
the oxidation state of the pterin in the enzymes these possibilities remain speculative.

Thus, our approach to understanding the effects of pterin oxidation state, open-form and
pyrano-form MPTs, and identifying the catalytic role of MPT within the molybdenum
cofactor (Moco) is to investigate the chemistry of small molecule analogues containing
specifically tailored pterin-dithiolene ligands. We recently demonstrated the usefulness of
this analogue approach by describing a Mo complex of a pterin dithiolene (1) that exhibits a
reversible pyranopterin cyclization (Fig. 2).25 The equilibrium and thermodynamics of
pyranopterin formation were studied for [TEA][Tp*Mo(0)(S,BMOPP)] (1) as a function
of the solvent dielectric.2” In these studies, we observed pyran ring formation in 1 to be
favored in polar solvents, whereas pyran ring scission occurs in low polarity solvents. These
results suggest that the protein environment might exert control over reversible pyran ring
cyclization during catalysis. Recent studies of nitrate reductase from both £. coli (NarGHI)
and Rhodobacter sphaeroides (NapAB) proposed this pyran cyclization process as a step

preceding a pre-reduction activation required for catalytic activity in heterogeneous samples.
28-29

We have now synthesized a new model compound 2 (Fig. 2) and in this manuscript we make
a direct comparison with Mo-pterin-dithiolene complex 1 in order to probe the consequences
of pyran ring formation at the Mo center. Specifically, we evaluate the effects of the pterin
rt-system in the ring-opened configuration of 2, which is expected to exhibit decreased
electronic communication between pterin and dithiolene since the m systems of the
dithiolene and pterin units become decoupled. The work is important not only for evaluating
electronic structure differences between ring-opened and ring-closed pyran forms of the
cofactor, but for understanding the spectroscopic signatures associated with this process.
Due to the presence of other more highly absorbing chromophores in most of the enzymes, it
has been impossible to obtain spectral data from MPT. Thus, the results we obtain from
models 1 and 2 provide a basis for further understanding the role of the pyranopterin in fine-
tuning the Mo redox potential to control catalytic activity in some molybdoenzymes.

Results and Analysis

Synthesis and Structure.

Preparation of 1 followed our general methodology3? for synthesizing a variety of pterin
dithiolene model complexes that has been previously reported.2>: 27 Since compound 1
exists in solution as an equilibrium mixture of both pyranopterin (1p) and open pterin forms
(1,), it is not possible to use 1 for assessing the impact of pyran cyclization on the Mo
electronic environment. To circumvent this problem, we designed a new complex, [TEA]
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[Tp*Mo'V(0)(S:BDMPP)126 (2) (Fig. 2, right), where isosteric replacement of the hydroxyl
group in 1 with a methyl group precludes pyran ring formation.

The synthesis of 2 is shown in Scheme 1. Reaction of the pterinylalkyne, BDMPP, with
[TEA][Tp*Mo(S)(S4)] produces [TEA][Tp*Mo(S)(S,BDMPP)] (3). Hydrolysis of the
Mo=S group in 3 by adventitious water mediated by tri-/-butylphosphine in acetonitrile
(ACN) produces the Mo=0 group in 2. Characterization of the target complex 2 employed
both ESI-MS and 1H NMR (see Supporting Information) in order to confirm bulk sample
structure and purity. Using FT-IR, cyclic voltammetry, electronic and resonance Raman
spectroscopies to report variation at the Mo environment of 1 and 2, we observe distinct
changes in the Mo=0 stretching frequency, Mo(V/IV) reduction potential, and electronic
structure within the pterin-dithiolene ligand, described in detail below.

The x-ray crystallographic structure of 1|[,25 is presented in Fig. 3 to illustrate how the pyran
ring enforces a nearly coplanar arrangement of the dithiolene chelate and the pterin. Since
the open form 1, was not observed crystallographically, DFT geometry optimizations
revealed its most stable rotomer positions the pterin ~30° out of planity with the dithiolene
chelate, a conformer stabilized by an intramolecular H-bond between the side chain
hydroxyl and N5.27 In the absence of an X-ray structure for 2, DFT calculations were used
to obtain an optimized structure (Fig. 3, right) that shows how the steric repulsion of the -
butyl group prevents coplanarity of the dithiolene chelate with the pterin, causing the pterin
to rotate ~40° rotation away from the Mo-dithiolene plane. Thus, the pterin rotation relative
to the Mo-dithiolene plane in the open form 1, is similar to that of 2. Since the x-ray crystal
structure of 2 has not been determined, we have used Mo K-edge x-ray absorption near edge
structure (XANES) and extended x-ray absorption fine structure (EXAFS) data (Figures S7
and S16; Table S3) to probe the first coordination sphere similarity between 1 and 2. The
EXAFS data confirms the Mo(IV) oxidation state and first coordination sphere structural
similarity between 1, and 2.

Electrochemical Characterization.

The impact of pyran cyclization on the Mo(V/IV) redox couple has been measured by cyclic
voltammetry. The reversible Mo(V/IV) redox processes shown in Fig. 4 for 1 (blue) and 2
(red) in CH3CN reveal that the Mo(V/IV) couple in 1 is easier to reduce by 54 mV.

In pure acetonitrile, the pyranopterin form 1p predominates at 86%, however, in the higher
dielectric environment of 0.1 M tetrabutylammonium perchlorate (TBAP), the relative
proportion of 1p is likely well above 90%.27 Probing the electrochemical behavior of 1 and
2 under variable scan rates (25-800 mV/s) in acetonitrile (Fig. S9) shows that A(E¢-E,), the
change in the peak-to-peak separation, is similar for both complexes and less than 20 mV,
and i/i is near unity and varies from 0.98 — 1.05 over this scan rate range (Table S1)
pointing to a simple reversible electrochemical process. This behavior is consistent with the
interpretation that in ACN where the pyranopterin form 1p is present >90%, the only event
is the one electron redox at Mo. The cyclic voltammograms of 1 and 2 in chloroform,
presented in Fig. S8, exhibit a smaller, 29 mV difference in the value of the Mo(V/IV)
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potential that correlates with the smaller proportion (30%) of the pyranopterin form 1, in
this solvent.

The difference in Mo(V/IV) potential between 1 and 2 is consistent with the Mo K-edge
XANES data, which show that the rising edge of 1 is ~0.6 eV more positive than that of 2
(Fig. S7). The rising metal K-edge energy conveniently probes the effective nuclear charge
on the metal ion and can be used to assign oxidation states.31-33 In combination with ligand
K-edge XAS data,34-35 the electrochemical and Mo K-edge XANES allows for an
assessment of ligand charge donation effects that control the charge on the metal ion, vide
infra. Thus, the more positive Mo(V/1V) potential in the pyranopterin form of the ligand
supports a hypothesis that the Mo ion in 1, is more electron deficient (e.g. more positively
charged) than the Mo ion in 2. This hypothesis is consistent from both a geometric and
electronic structure perspective, since the greater r conjugation between the dithiolene and
pterin groups in 1, facilitates S — pterin charge redistribution, leading to a concomitantly
poorer S — Mo charge donation with the effect of stabilizing the electron rich Mo(1V) state.
36 Conversely, the more negative Mo(V/IV) reduction potential in 2 suggests a more electron
rich Mo environment resulting from greater S — Mo charge donation.

Electronic Absorption Spectroscopy.

Room temperature solution electronic absorption spectra for 1 and 2 in DMSO are presented
in Fig. 5. In DMSO, the pyrano form 1, predominates at approximately 93% over the open
1, form.2” The observed differences in these two spectra provide a means by which we can
better understand the implications of pyran ring opening on the electronic structure
differences between these two complexes. Here, we observe that ring-closed 1, possesses
two prominent charge transfer bands at ~22,500 cm~1 and 26,000 cm™L. The electronic
absorption band features for 2 are markedly less intense in this spectral region compared to
1,, and they are also less well-defined. The complex and broadened spectrum observed for 2
likely arises from rotameric conformations about the dithiolenepterin C-C bond, with each
rotamer contributing individually to the overall absorption envelope. The details of the
electronic absorption spectra for 1 and 2 are discussed in greater detail below. The electronic
absorption spectra of 1 and 2 in acetonitrile and chloroform are presented in Fig. S4 and S5.
These spectra illustrate how solvent affects the electronic spectrum of 1 due to a change in
the ratio of 1, to 1,. This is most apparent on examining the spectrum of 1 in CHCI3 which
shows a markedly reduced absorptivity for the corresponding bands between 360-460 nm so
that it more closely resembles the spectrum of 2 in chloroform. This is because in this low
polarity solvent the open form 1, predominates ~70% over the cyclized, pyranopterin form
1p.27 This conclusion is supported by comparison of the extinction coefficients of these
absorptions for 1 that are markedly larger in DMSO (386 nm, 15,980 M~ cm™1; 440 nm,
15,144 M~1 cm™1) than in CHCI3 (354 nm, 10,482 M~1 cm™1; 448 nm, 7,036 M~1 cm™).

We have performed TDDFT calculations on 1, and 2 in order to make computationally
assisted band assignments, and these assignments are summarized in Table S2. The Gaussian
resolved absorption spectrum of 1, is given in Figure 6. Here, we observe that Band A
(~20,000 cm™1) is a low intensity band that is partially obscured by the low-energy tail of the
more intense charge transfer (CT) absorption of Band B. The two one-electron promotions
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that contribute to Band A intensity derive from a weak (HOMO) Mo(x2-y2) — LUMO
(pterin) charge transfer and a (HOMO) Mo(x2-y2) — Mo(xz) ligand field (LF) excitation.
The former is expected to dominantly contribute to the absorption intensity of this transition
due to its charge transfer character. Pure LF transitions are expected in the 12,000 — 16,000
cm™1 range based on prior oxomolybdenum(V) spectra and are very weak in intensity. A
detailed assignment of these LF transitions has been made for Tp*MoO(bdt) and
Tp*MoO(tdt) based on their electronic absorption and MCD spectra. This study! also
showed that the oscillator strengths of in-plane — out-of-plane CT transitions, similar to the
HOMO Mo(x?-y2) — LUMO (pterin) transition in 1, (Table S2), are also expected to be
weak with extinction coefficients < 500 M~lecm~1.11 Band B is an intense CT band that can
be assigned as a dithiolene — pterin ILCT transition. This transition principally derives
from a symmetric dithiolene = HOMO-1 to pterin-based LUMO one-electron promotion.
The intensity of Band C is predominantly due to LMCT character that results from a
dithiolene-based HOMO-1 to Mo(xz) one electron promotion. Band D is the other intense
CT feature that is observed prominently in the electronic absorption spectrum of 1,. Similar
to Band B, this band is also assigned as a dithiolene — pterin ILCT transition. However, in
contrast to Band B, this ILCT transition principally derives from a one-electron promotion
that originates on the lower energy asymmetric dithiolene HOMO-2 orbital to the pterin
LUMO. Compound 2 possesses decreased absorption intensity at energies lower than
~26,000 cm~1 when compared to 1,. This derives from the rotation of the oxidized pterin
portion of the ligand out of the dithiolene plane (Fig. 3), which partially decouples the
dithiolene and pterin. Tentative band assignments are based on the most stable rotameric
conformer of 2, identified through a DFT geometry optimization, where the pterin ring
rotated ~40° out of the dithiolene plane (Fig. 3, right; Fig. S10-S11). All of the charge
transfer transitions computed for 2 at energies less than ~ 25,000 cm™1 possess dominant
dithiolene — pterin ILCT character. Electron density difference maps for the four lowest
energy ILCT transitions computed for 2 are presented in Figure S6.

The pyran ring that connects the pterin and dithiolene groups in 1, enforces a nearly
coplanar conformation of the pterin and dithiolene units, and this creates an extended
conjugation from the Mo-dithiolene portion of the molecule out to the pterin (Fig. 8). The
electron density difference map associated with the Band B transition is displayed in Fig. 7,
and EDDM s associated with electronic excitations leading to Bands A, C, and D are
displayed in Figure S12. The EDDM for the Band B ILCT clearly illustrates the loss of
electron density from the dithiolene portion of the ligand (red), and the gain (green) to the
pterin component of the ligand during the transition. We previously reported a similar ILCT
transition in a related Mo complex that possesses a planar pyrrolo-quinoxaline-dithiolene
ligand,13: 16 and we anticipate that similar ILCT transitions will be observed for other
dithiolene ligands that possess internal Donor-Acceptor (i.e. push-pull) character.
Interestingly, a valence bond description (Fig. 8, top) of the aggregate dithiolene—pterin
ILCT excited state character admixed into the electronic ground state of 1, is supported by
the x-ray structure of this complex, vide supra, where the two Mo-S bonds are observed to
be inequivalent (Fig. 8).
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There are two important effects of the ILCT configurational mixing observed in 1. The first
is that the dithiolene—pterin charge transfer effectively reduces the donating ability of the
dithiolene sulfurs.13: 16. 37 This will stabilize the more electron rich reduced Mo(IV) state
and destabilize the one-electron oxidized Mo(V) state, shifting the reduction potential to
more positive values. The importance of dithiolene ligand donor ability has been highlighted
by us previously, and we have shown how differences in dithiolene S — Mo charge
donation across a series of Tp*MoO(dithiolene) complexes that possess different dithiolene
ligands can modulate the Mo(V/IV) reduction potential by ~450 mV.13: 16 Thus, the
reduction in S — Mo charge donation for 1 is most likely the dominant contributor to the
+54 mV Mo(V/IV) redox potential shift relative to 2. The second effect of ILCT
configurational mixing is that it effectively introduces oxidized thione-thiolate!3 valence
bond character into the ground state wavefunction, which manifests itself in the
aforementioned bond asymmetry within the dithiolene chelate ring. In summary, reduction
in rt-conjugation between the dithiolene and the pterin in 2 has the effect of decreasing S —
pterin charge donation relative to 1, contributing to a decrease in the Mo ion effective
nuclear charge, and modifying the Mo(V/IV) reduction potential such that 2 is more difficult
to reduce than 1, by 54 mV.

Infrared and Resonance Raman Spectroscopies.

FT-IR spectroscopy yields v(Mo=0) stretching frequencies of 924 cm~ and 916 cm™1 for
1, and 2, respectively. Previous studies have correlated v(Mo=0) stretching frequencies
with the degree of S — Mo(xz,yz) charge donation,38-40 with higher v(MoO) frequencies
correlating with a reduction in S — Mo(xz,yz) charge donation. Our results indicate less S
— Mo(xz,yz) m donation in 1, as a consequence of sulfur electron density being
delocalized onto the coplanar pterin acceptor component of the ligand. The loss of
coplanarity between the pterin and dithiolene groups in 2 leads to a decrease in dithiolene-
pterin rt-conjugation and a corresponding increase in S — Mo(xz,yz) r donation that is
reflected in the lower v(Mo=0) frequencies.

We have also collected solid-state resonance Raman (rR) data for 1, and 2 (Fig. 9). Pterin
ring (C=C, C=N) and dithiolene ring (C=C) stretching contributions are anticipated in the
1450 — 1600 cm™1 region, and the dithiolene C=C stretch is expected in the 1500 — 1600 cm
~1 region based on data for other oxo-molybdenum dithiolene systems.#1-44 Our
computations indicate that additional C-C stretching and ring breathing contributions are
expected in the 1340 — 1350 cm™1 region. Extensive mixing between characteristic high-
frequency localized vibrations will result in a very complex normal mode description for 1,
(see Sl for resonance Raman based frequency assignments) Using a A = 0.975 frequency
scaling factor and making use of the computed resonance Raman intensities and frequencies
for 1, the two most enhanced vibrations observed on resonance with absorption band B are
assigned as (1) a pterin-dithiolene stretching modes that possess dominant dithiolene C=C
stretch and pterin (pyrazine) C=N stretch character (1508 cm™1), and (2) a pterin-dithiolene
mode with dominant dithiolene C=C stretch and pterin (pyrimidine) C=N stretch character
(1549 cm™1) (Fig. 10). We are also able to confidently assign the 1467 cm™1 vibration as a
pterin ring mode with both C=N and C=C motions and the 1580 cm™1 vibration as a pterin
mode with C=C stretching character. Similarly, our DFT frequency calculations for 2 allow
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the 1505 cm™1 and 1553 cm™1 bands to be assigned to modes that possess dithiolene C=C
and pterin C=N/C=C stretching character with mode descriptions that essentially parallel
those for 1. Resonance enhancement of the 1505 cm~1 and 1553 cm™~2 bands, coupled with
the similarity in appearance for the Raman spectra of 1 and 2, indicates dithiolene — pterin
charge transfer character is also present in the charge transfer bands of 2.

S K-edge X-ray Absorption Spectroscopy.

S K-edge x-ray absorption spectroscopy is an indispensable method for proing the nature of
metal-sulfur bonding and the degree of S character admixed into low-lying unoccupied or
half-occupied molecular orbitals.3* 44-50 Figure 11 displays the normalized S K-edge x-ray
absorption spectra for compounds 1 and 2 in the solid state. Since the S 1s orbital is highly
localized, electric dipole allowed transitions from this orbital occur to unoccupied valence
molecular orbitals that possess S p orbital character (Figure 12). Thus, the relative intensities
of the pre-edge features can be used to quantify the degree of S p-orbital character that is
present in the virtual valence molecular orbitals of 1 and 2.

Our bonding and TDDFT computations, charge transfer band assignments, and resonance
Raman analysis all point to a LUMO wavefunction for 1 that is primarily pterin-dithiolene
based with very little Mo d-orbital character. Thus, the lowest energy pre-edge transition
(Band A) dominantly derives from S 1s — (pterin > + dithiolene S 3p) one-electron
promotions. We note that for 2, both of the low-energy pterin acceptor orbitals will
contribute to the S pre-edge intensity of Band A through S 1s — (pterin =* + dithiolene S
3p) one-electron promotions. The intensity of Band B derives from S 1s — (Mo 4d(xz,yz) +
S 3p) one-electron promotions, which directly probe the degree of Mo-S bond covalency
through S(p) — Mo(xz,yz) charge donation. We do not analyze the specific orbital
contributions to Band C due the markedly higher density of states that contribute the S K-
edge intensity at these higher energies. However, the computations indicate that the
dominant S covalency contribution to Band C will derive from S 1s — Mo(x?-y2) one-
electron promaotions.

The procedure used to quantitate the amount of S p orbital character in the low-energy 1s —
¥* type transitions that comprise pre-edge Bands A and B is detailed in the SI. The total S
character present in the pterin LUMO of 1 (2.2% total S) compared with the two pterin
LUMOs of 2 (1.6% total S) shows that the S character in these pterin-based ILCT acceptor
orbitals is small. In our analysis of Band B, we use /7= 4 to obtain a2 = 0.019, or 1.9% S
character per hole (3.8% total for the (xz,yz) pair) for the Mo(xz,yz) orbitals of 1. This
compares with 5.2% S character per hole (10.4% for the (xz,yz) pair) for the Mo(xz,yz)
orbitals of 2.

We have also analyzed this data in the context of TDDFT computations, which provide a
good description of the experimental spectra (Fig. 13). The computational results support the
lowest energy S 1s — S 3p transitions being to pterin-based orbitals, with the S 1s — (Mo
4d(xz,yz) + S 3p) transitions occurring at higher energy. The aggregate computed oscillator
strengths that contribute to the intensity of Band 1 (1: f x10™* = 7.3; 2: f x10™ = 7.8) show
that the total S contribution to the pterin LUMO of 1 is nearly equal the that of the two
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pterin acceptor orbitals in 2. Similarly, the computed oscillator strengths for Band B (1: f
x1074 = 15.7; 2: f x10™* = 19.3) reflect a larger degree of Mo(xz,yz) — S(p) covalency in 2
compared to 1. The analysis of the S K-edge data confirms the existence of low-lying pterin-
based orbitals in 1 and 2 and supports our argument that the dithiolene sulfurs in 1 are
poorer donors than those found in 2. From a valence bond perspective, this can be described
as resulting from a greater admixture of dithiolene — LUMO (pterin) ILCT character into
the electronic ground state of 1, leading to poorer S — Mo charge donation, an increase in
the effective nuclear charge on Mo, and a positive shift in the reduction potential of 1
compared with 2.

Discussion

Here we have presented a detailed study of two model Mo complexes where the
pyranopterin-dithiolene in 1, is a close structural mimic of molybdopterin. Specifically, this
study has explored the special ability of the pyranodihydropterin-dithiolene ligand to make
small modulations in the Mo environment through second coordination effects. The results
and analysis of the pyranopterin ‘ring-closed” (1) and ‘ring-opened’ (2) model systems
provide data that are critical to understanding how changes in pterin-dithiolene conformation
affect the electronic structure of the Mo active site in enzymes. This includes the underlying
reasons why the pyranopterin plays such an essential role in molybdoenzyme catalysis, and
how pyran cyclization dynamics in MPT could serve as molecular switch to fine-tune the
Mo redox potential to further control catalytic activity in some molybdoenzymes.20: 51-52
Analysis of spectroscopic and vibrational data for 1, under conditions where 1,
predominates, and 2 provide strong evidence for dithiolene S — pterin intraligand charge
transfer character contributing to the ground state properties of these molecules and, by
inference, to enzymes that have been hypothesized to employ semi-oxidized forms of the
pterin analogous to 1y in their catalytic cycles.24 Thus, the observation of strong ILCT
transitions, as observed in 1, is diagnostic for the presence of a dihydropyranopterin
structure. The Raman spectra obtained for 1, and 2 represent the first vibrational data for
dihydropyranoterin dithiolene ligands that are complexed to an oxomolybdenum center. This
is important, since the same dihydropyranopterin form of MPT, formally identified as the
10-10a dihydro form, has been hypothesized to be the form of MPT coordinated to the Mo
ion in some molybdoenzymes.24 We expect rR spectroscopy to be a powerful probe of MPT
geometric and electronic structure in model systems and, where applicable, enzyme systems
as well.®-10 The S K-edge experiments reveal the intricate competition between S — Mo
and S — pterin charge donations in 1, and 2, which contributes to 1) increased thiol-thione
resonance character being admixed into the ground state valence bond description of 1,
relative to 2, and 2) an observed +54 mV shift in the Mo(V/1V) reduction potential of 1,
relative to 2 that stabilizes the reduced Mo(IV) state of 1,

This study was motivated by our curiosity about how variation in pterin structure, including
changing redox state, might play a role in molybdenum enzymes. The nature of pterin-
dithiolene electronic communication is important, since the MPT ligand has been postulated
to function as an electron transfer conduit and a modulator of the enzyme reduction
potential.1-2 9-11 Based on this study, it is clear that electronic coupling between the pterin
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and dithiolene components of MPT will be enhanced for dihydropyranopterin structures
such as 1, (Fig. 2) where the presence of a pyran ring enforces greater planarity between
pterin and dithiolene components of the cofactor and facilitates r-conjugation in oxidized
pyranopterins. In pyran ring-opened configurations, the electronic communication between
the pterin and dithiolene components of the cofactor will be a function of the pterin-
dithiolene interplane dihedral angle, with electronic communication being minimized when
these planes are mutually orthogonal. Obviously, the protein environment will affect this
dihedral angle to control S — pterin charge donation and the reduction potential. For the
fully reduced tetrahydropterin form of the cofactor, the absence of a pterin rt-system will
result in dramatically less electronic communication with the dithiolene. Thus, the oxidation
state of the pterin ring, coupled with the ring-opened/ring-closed nature of the pyran
conspires to fine-tune the reduction potential of the Mo ion by modifying the electron donor
ability of the dithiolene sulfurs. The results presented also provide new insight into the redox
activation of specific molybdenum enzymes. There exist multiple reports?8-29. 53-55 of
enzymes within the DMSOR family that are isolated as heterogeneous samples containing
species that can be activated by a pre-reduction step. A recent investigation of one such
enzyme, dissimilatory E. colinitrate reductase (£c¢ Nar), studied the kinetics of the reductive
activation using protein film voltammetry.2® The kinetic analysis suggests that the inactive
Nar enzyme involves two species in equilibrium where only one of these species is
reducible. These researchers proposed that the equilibrium involves the cyclization of an
open pterin in MPT to a pyranopterin form of MPT prior to a reduction step producing the
active Nar enzyme, thereby ascribing a special role to the pyranopterin for accessing a
necessary reduction step. The results we have obtained from models 1 and 2 provide the
necessary data to confirm this hypothesis. Previously, we reported that the two forms of 1,
i.e., the open and pyranopterin forms shown in Fig. 2, exist in equilibrium with a Keq value
similar to that determined for the Nar enzymes.2® Here, we have provided an electronic
structure basis for understanding the differences in reduction potential between ring closed
MPTSs and their ring opened forms.

Molybdopterin, the unique pterin-dithiolene ligand present in all tungsten and non-
nitrogenase molybdenum enzymes, is one of the most ancient ligands in bioinorganic
chemistry, having been identified as present in the last universal common ancestor, LUCA.5
Given its evolutionary importance and its ubiquity across phyla, it is astounding how little is
known regarding its chemical behavior when bound to a metal within the protein. This
dearth of information is due to the instability of Moco when removed from the protein host
and the difficulty of probing its behavior /n situ in the presence of other prosthetic groups.

Based on the results reported here, electronic coupling between pterin and dithiolene in the
MPT ligand of Moco will be most favored for dihydropyranopterin structures analogous to
1, (Fig. 2) where the pyran maintains a planarity between the pterin and dithiolene to
facilitate extended p-conjugation. In the absence of co-planar pterin and dithiolene, such as
in 15 and 2 (Fig. 2), or in the absence of a pterin p-system such as in fully reduced
tetrahydropterin, diminished electronic communication between pterin and dithiolene is
expected since the m systems of the dithiolene and pterin units become decoupled. We show
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that the coupled dihydropyranopterin-dithiolene unit can be identified by its signature strong
intraligand charge transfer (ILCT) absorption. Furthermore, the admixture of the ILCT
excited state configuration into the electronic ground state accentuates an electronic and
geometric asymmetry in the dithiolene chelate, which may play an important role in
directing electron flow through the pterin. These are the first quantitative studies that
correlate a pterin structural change with measurable effects on the Mo electronic
environment. The specific results from 1 and 2 provide a basis for understanding how the
pyranopterin might play a role in molybdoenzyme catalysis by fine-tuning the Mo redox
potential to control catalytic activity in some molybdoenzymes.

Materials and Methods

The syntheses of [TEA][Tp*Mo(S)(S4)], 2-pivaloyl-6-chloropterin, and [TEA][Tp*Mo(O)
(S,BMOPP)], were performed using previously published procedures.30 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 analysis was 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
made in reference to an internal ferrocene potential (+440 mV in ACN and +510 mV in
CHCI3 vs. the Ag/AgCl electrode).

Synthesis of 6-(3-butynyl-2,2-dimethyl)-2-pivaloyl pterin (BDMPP)

2-pivaloyl-6-chloropterin (1.0074 g, 3.5842 mmol), Cul (0.1031 g, 0.5414 mmol), Pd(OAc),
(0.1009 g, 0.4494 mmol), and 1,1-bis(diphenylphosphino) ferrocene (DPPF) (0.2562 g,
0.4621 mmol) were combined in 30 mL acetonitrile and magnetically stirred for 10 minutes,
after which 3,3-dimethyl-1-butyne (2.0 g, 25 mmol) and triethylamine (3.6 g, 35.9 mmol)
were added via syringe under N, gas using standard Schlenk techniques. The resulting
reddish-brown solution was stirred for 8 hours at room temperature, concentrated, and
precipitated with diethyl ether (20 mL). Recrystallization of the residual solid from
acetonitrile yields BDMPP (0.6834 g, 58.3%) as a cream solid. 1H NMR (CDCl3) &: 12.35
(1H, bs, N-H), 8.80 (1H, s, pyrazine H), 8.35 (1H, bs, N-H), 1.35 (9H, s, -C(CH3)3), 1.34
(9H, s, -C(CH) —-13 3). FT-IR (KBr pellet, cm™1): y«(N-H) 3238, 3201, WC=C) 2224, v
(C=0) 1682, 1620, v (C=N) 1555, 1477, 1442. Anal. Calcd (%) for C17.25H51 5sN50,Clg 5
(BDMPP ¥ CH,Cly): C, 59.43; H, 6.22; N, 20.09. Found: C, 59.10; H, 6.14; N, 19.84.
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of [TEA][Tp*Mo%+(S)(S,BDMPP)] (3)

Under N gas, [TEA][Tp*Mo(S)S,4] (0.2616 g, 0.3818 mmol) and BDMPP (0.1725 g,
0.5272 mmol) were magnetically stirred in acetonitrile (20 mL) to produce a brown solution
that was heated for 53 hours at 45 °C. Vacuum concentration followed by addition of diethyl
ether precipitated a plum brown solid that was subsequently filtered and dried under vacuum
to yield 3 (0.3178 g, 87.8 %). FT-IR (KBr): v(Mo=S) 475. ESI*MS: m/z: [M+2TEA]: 1078;
ESI"MS: m/z: [M]: 818.

of [TEA][Tp*Mo*+(O)(S,BDMPP)] (2)

Under N5 gas, a solution of 3 (0.3140 g, 0.3311 mmol) in acetonitrile (17 mL) was treated
drop-wise with tributylphosphine (0.81 g, 4.0 mmol). The brown solution was stirred for two
hours at room temperature, concentrated under vacuum, and precipitated by the addition of
diethyl ether resulting in an oak brown solid that was filtered and dried under vacuum to
produce 2 (0.2739 g, 88.7 %). IH NMR (CDCls) 6: 9.00 (1H, s, pyrazine H), 5.91 (1H, s,
Tp* C-H), 5.84 (1H, s, Tp* C-H), 5.41 (1H, s, Tp* C-H), 4.64 (1H, bs, B-H), 2.75 (3H, s,
—CH3), 2.62 (3H, s, —CH3), 2.40 (3H, s, —CH3), 2.39 (3H, s, —CH3), 2.24 (3H, s, -CH3),
2.13 (3H, s, —CH3), 1.35 (9H, s, —C(CHs3)3), 1.27 (9H, s, ~C(CH3)3). FT-IR (KBr):
v(Mo=0) 916. ESI*MS: m/z: [M+2TEA]: 1062; ESI"MS: m/z: [M]: 802. UV/vis (CH3CN),
nm (e, M1 cm™1): 289 (13,690), 337 (8,951). HRESI"MS M = C35H4303N11BMo0S,: m/z:
[M-H as Mo®*]: 801.20665. Calcd for M: m/z: 801.20661. Anal. Calcd (%) for
C4oHgaB1N1203S,Mo4: C, 51.55; H, 6.922; N, 18.03. Found: C, 51.64; H, 7.22; N, 17.40.

Computational Methods

Ground state geometry optimization and energy calculations were performed at the density
functional level of theory (DFT) using the Gaussian09 collection of software.?8 Input files
were created and manipulated using Gaussview software. Calculations used the B3LYP
hybrid functional. The Stuttgart/Dresden (SDD) basis set, and effective core potential, was
applied to Mo, and the 6-31G™* basis set was applied to all other atoms in the molecule.
Pterin dihedral angle rotation calculations were performed starting with the optimized
structure of 2, and as the pterin dihedral angle was varied, the optimized structure for the
remaining complex was maintained. Restricted time dependent DFT calculations were
employed to produce the lowest-energy singlet and triplet excited states for the pyran form
of 1 from its optimized singlet ground state geometry; assignment of the lowest energy (483
nm) transition was produced using GaussSum 2.2.5, and the electron density difference map
(EDDM) was generated using GaussView. S K-edge XAS computations were conducted
using ORCA (version 3.0.3) on the optimized geometry.>” The def2-TZVP basis set, B3LYP
functional, the zero-order regular approximation (ZORA) were used. The resonance Raman
spectra were also computed in ORCA (4.0.0) at the density functional theory level using the
B3LYP/G functional. The def2-TZVPP basis set was used for the Mo and S atoms, and def2-
SVP was used for all light atoms. A numerical frequency calculation was performed on the
optimized geometry to generate a Hessian file. This was followed by a TDDFT and an
excited state gradient calculation, which were computed to generate an input file that is fed
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into the advanced spectra analysis program (orce_asa). This program will predict the
resonance enhancement of using a specific excitation wavelength.

Resonance Raman Spectroscopy

Samples for solid state resonance Raman spectroscopy were finely ground with a NaCl/
Na,SO,4 mixture (~10:1 by weight). These highly uniform samples were then flame sealed in
quartz capillary tubes and placed in a spinning sample holder to minimize thermal and
photochemical degradation. The Raman collection system utilizes a 90° scattering
configuration. Samples were excited using Ar* (Coherent Innova 70) and Kr* (Coherent
Innova 300) ion lasers (407 nm, 458 nm, 488 nm, 514 nm, 568 nm and 647 nm) with 50 mW
of power at the sample. Laser plasma line contributions were removed using Semrock
Maxline laser line filters, and the Rayleigh line contribution was reduced using Semrock
Razor Edge long-pass filters. Raman scattered photons were focused onto the entrance slit of
a PI/Acton Spectra SP-2500i 500 mm focal length spectrograph with a triple grating turret
monochromator. The detection system employed a liquid-nitrogen cooled Pl/Acton
Spec-10:100B back illuminated 1340x100-pixel digit CCD camera detector. Raman shifts
were calibrated against the 992 cm™1 band of the Na,SO42~ internal standard.

X-ray Absorption Spectroscopy

Mo K-edge X-ray absorption spectroscopic data were collected on beamline 7-3 at the
Stanford Synchrotron Radiation Lightsource (SSRL) with the SPEAR storage ring
containing 200 — 300 mA at 3.0 GeV. Beamline 7-3 is equipped with rhodium-coated
mirrors upstream and downstream of the Si(220) double-crystal monochromator. The
incident and transmitted X-ray intensities (lg, 11, and Io) were monitored with three nitrogen-
filled ionization chambers. The sample temperature was maintained at 10 K using an Oxford
Instruments CF1208 continuous flow liquid helium cryostat. Samples were made using 4 mg
of compound that was finely ground with 36 mg of BN powder. The samples were
subsequently sealed in the sample holder using sulfur-free Kapton tape. Data were collected
in florescence mode (Mo Ka) using a Lytle detector. A Zr-3 filter and a Soller slit were used
before the detector to reject the scattered radiation. The internal energy was calibrated using
a Mo foil reference with the first inflection point set to 20,000 eV. XAS data were processed
using the Demeter software suite (version 0.9.25). The XANES spectra was calibrated and
normalized in Athena with the threshold energy assigned as 20,010 eV. The data shown here
are four-sweep averaged spectra. The EXAFS simulations were performed using Artemis.
Backscattering paths were calculated from the embedded IFEFF (version IFEFF6) program
using the DFT gas-phase optimized geometries for 1 and 2. All Fourier transforms were
phase corrected using Mo-oxo backscattering. The data-fitting range used is between 3 — 12
A~Lin k-space.

Sulfur K-edge XAS spectra were collected on beamline 4-3 at SSRL. BL4-3 is equipped
with a liquid nitrogen cooled Si(111) double-crystal monochromator. The samples were
prepared using a ground powder-on-tape protocol. The sample holder with powder-smeared-
tape was placed in a helium-gas-purged sample chamber. All measurements were collected
using the passivated implanted planar silicon (PIPS) fluorescence detector at room
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temperature. The internal energy was calibrated to 2,472.02 eV using the Na,S,035H,0 as
a calibrant. Data were plotted and processed to 2,510 eV due to the presence of Mo L3 edge
peak (2,520 eV). The spectra reported here are averaged with four sweeps. The pre-edge

features were fitted in Athena using one arctangent step line and several pseudo-\Voigt peaks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
(left) The two pterin dithiolene ligands of the periplasmic nitrate reductase NarGHI from £.

coli. The pyranopterin dithiolene is comprised of pyrimidine (C), pyrazine (B), and pyran
(A) rings of the proximal MPT (red) adjacent to the [4Fe-4S] cluster FSO, and the distal
MPT (blue) is bicyclic.” Dashed lines represent hydrogen bonding interactions between
Moco and FSO. A bidentate carboxylate interaction from Asp222 completes the Mo
coordination sphere. PPG denotes a guanosine dinucleotide group. (right) Detailed view of
Moco from NarGHI illustrating the markedly different conformations of the proximal vs
distal pterin regions.
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(Left) Equilibrium of [TEA][Tp*Mo(O)(S,BMOPP)] (1) between the open and pyran forms
1, and 1p. (Right) [TEA][Tp*Mo(O)(S,BDMPP)] (2) synthesized by isosteric replacement
of a hydroxyl by a methyl group to preclude pyran ring formation.
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Figure 3.
(Left) X-ray structure of 1, shows that pyran formation enforces a nearly coplanar

arrangement of the dithiolene and pterin systems, with the angle between the dithiolene
chelate and the pterin rings 40° out of planarity being T = 9°. (Right) The DFT optimized
structure of 2 shows the pterin rotated T ~ with the dithiolene due to a steric repulsion
between the #butyl group and the pterin.
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Figure 4.
Cyclic voltammograms of the Mo (V/IV) couple of 1 (blue) and 2 (red). The

voltammograms are plotted versus the potential of reference electrode Ag/AgCI in (7-BugN)
(CIO4)/CH3CN at a scan rate of 100 mV/sec using a Pt working electrode. Mo(V/IV)
potentials: 1 =520 mV, 2 -574 mV, vs Fc*/Fc.
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Figure5.
Room temperature electronic absorption spectra of 1 (blue) and 2 (red), 3.00 x 107 M, in
DMSO.
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Figure 6.
Gaussian resolved electronic absorption spectrum of 1 in DMSO. Resonance Raman profiles

for two high frequency S,BMOPP ligand C=C stretches (green and orange dots) are
included with Gaussian-resolved peaks corresponding to transitions A (grey), B (red), C
(grey), and D (red). Resonance enhancement of these modes is fully consistent with our
assignents of Bands A and B, which possess pterin LUMO acceptor character.
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Figure 7.
Electron density difference map (EDDM; isovalue = 0.001) for Band B in 1 derived from

TD-DFT pterin calculations showing dominant (74%) Sqithiolene — Pterin character. Red
regions represent a loss in electron density for the transition and green regions represent a
gain in electron density for the transition. The molecule is oriented with the Mo=0 bond out
of the plane and toward the reader. The bond line drawing illustrates the computational
model, where the two methyl groups on pyran ring are replaced by protons and the pivaloyl
group was removed from the amino group.
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Figure 8.
(Top) Contributing resonance structures for 1, with bond line drawing depicting the resultant

extended t conjugation. (Bottom) Contributing resonance structures result from an
admixture of ILCT excited states into the electronic ground state, and create bond
asymmetry in the dithiolene chelate, which is observed in the bond metrics of the X-ray
structure of 1.25
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Figure.
Solid-state rR spectra (488 nm/20,492 cm~1 excitation) of 1 (blue) (50 mW) and 2 (red) (40

mw).
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Figure 10.
DFT computed normal mode descriptions for the most resonantly enhanced pterin-dithiolene

stretching vibrations in 1.
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Figure11.
S K-edge XAS spectra for 1 (blue) and 2 (red). The spectral range is limited to 2510 eV due

to the presence of the Mo L3 absorption at 2520 eV. Note the greater pre-edge intensity of 2
relative to 1, indicating a greater degree of S orbital character in the valence molecular
orbitals of 2.
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Figure 12.

Energy level diagram for S K-edge XAS analysis that is consistent with bonding calculations
for 1 and 2. Solid horizontal lines represent doubly occupied orbitals and dashed horizontal
lines represent empty (virtual) orbitals. For 1, the HOMO is the Mo(x2-y2) orbital and the
LUMO is a pterin t* orbital. For 2, there are two pterin t* orbitals. Higher energy acceptor
orbitals for the S K-edge transitions are to the Mo(xz,yz) orbitals that are Mo=0 r* in
nature, and the Mo(x2-y2) orbital which is o* with the dithiolene S donors. Transitions A-C
describe the nature of the S K-edge peaks observed in Figure 12. Note that the z-axis is
orthogonal to the plane of the paper.
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Pseudo-Viogt fits (black) and individual fitted peaks (green) to the S K-edge pre-edge region
for 1 (blue) and 2 (red). TDDFT computed transition energies and oscillator strengths for the
individual S(1s) to valence orbital transitions are depicted as stick spectra for comparison.

The TDDFT computed energies are shifted by +39.4 eV.
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Scheme 1.
Synthetic route to [TEA][Tp*Mo(O)(S,BDMPP)] 2.

TEA* 7\/ﬁ/ - -
NC/Nw.m w8=§

N7 +

[TEAJ[Tp*Mo(S)(S,BDMPP)]
3

TEA+

+ PBug

Me Me

III
*Tp- Mo

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

JAm Chem Soc. Author manuscript; available in PMC 2019 May 30.

Page 31



	Abstract
	TOC graphic.
	Introduction
	Results and Analysis
	Synthesis and Structure.
	Electrochemical Characterization.
	Electronic Absorption Spectroscopy.
	Infrared and Resonance Raman Spectroscopies.
	S K-edge X-ray Absorption Spectroscopy.

	Discussion
	Summary
	Materials and Methods
	Synthesis of 6-(3-butynyl-2,2-dimethyl)-2-pivaloyl pterin (BDMPP)
	Synthesis of [TEA][Tp*Mo4+(S)(S2BDMPP)] (3)
	Synthesis of [TEA][Tp*Mo4+(O)(S2BDMPP)] (2)
	Computational Methods
	Resonance Raman Spectroscopy
	X-ray Absorption Spectroscopy
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Figure 11.
	Figure 12.
	Figure 13.
	Scheme 1.

