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Transition metal complexes capable of releasing small molecules such as carbon monoxide and nitric
oxide upon photoactivation are versatile tools in various fields of chemistry and biology. In this work,
we report on the ultrafast photochemistry of [Mo(CO),(NO)(iPrstacn)IPFg (iPrstacn = 1,4,7-triisopropyl-
1,4,7-triazacyclononane), which was characterized under continuous illumination and with femtosecond
UV-pump/UV-probe and UV-pump/MIR-probe spectroscopy, as well as with stationary calculations.
The experimental and theoretical results demonstrate that while the photodissociation of one of the
two CO ligands upon UV excitation can be inferred both on an ultrafast timescale as well as under
exposure times of several minutes, no evidence of NO release is observed under the same
conditions. The binding mode of the diatomic ligands is impacted by the electronic excitation, and
transient intermediates are observed on a timescale of tens of picoseconds before CO is released
from the coordination sphere. Furthermore, based on calculated potential energy scans, we suggest
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that photolysis of NO could be possible after a subsequent excitation of an electronically excited
state with a second laser pulse, or by accessing low-lying excited states that otherwise cannot be
directly excited by light.
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response to oxidative stress, and their signaling pathways are
heavily intertwined.”® While synthetic nitric oxide donors have
been explored for their therapeutic potential long before the

Introduction

As diatomic molecules, carbon monoxide and nitric oxide are

probably the smallest natural products and signaling factors in
biological systems."” Both are generated endogenously by
enzymatic processes,” with CO produced by heme oxygenase
(HO) activity on heme®® while NO results from nitric oxide
synthase (NOS) conversion of r-arginine.® The two molecules
have an important physiological function, in particular in
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endogenous production of NO was even known - dating back
about 150 years to the discovery of the beneficial activity of
organic nitrates and nitrite esters in the treatment of angina
pectoris ->'* it has been only recently that CO-releasing
molecules (CORMs) have been developed as prodrugs for
carbon monoxide delivery for therapeutic applications in
human medicine.""'* Various mechanisms have been explored
for spatial and temporal control of carbon monoxide release
from carrier systems,"*'* mostly based on ligand exchange-
mediated and photochemical processes.'”'® Recently, also an
innovative class of enzyme-triggered CO-releasing molecules
has been introduced.'®?® A light-controlled delivery of either
CO or NO from the same molecule would be also beneficial, yet
the design and mechanistic comprehension of a corresponding
system is still a desideratum. This has motivated us to pursue a
research program aimed at identifying mixed-ligand carbonyl/
nitrosyl complexes from which either the CO or NO ligand or
both can be released in a carefully controlled manner. Such an
endeavor would return novel tools for inorganic chemical
biology and augment the study of the biological activity of
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these two important signaling mediators. Based on our
long-standing interest in transition metal-based photoactivated
CO-releasing molecules (PhotoCORMs),*! a light-triggered
liberation of CO and/or NO from the coordination sphere of
a metal-coligand fragment was selected as the primary
development target.

With regard to the primary dynamics of photoinduced
ligand release from metal complexes, the vast majority of
femtosecond mid-infrared (MIR) studies has investigated
metal-carbonyl compounds, with pioneering work focused at
the ultrafast light-induced cleavage of metal-metal or metal-
CO bonds and subsequent cooling and recombination
dynamics.”** Further studies have also addressed possible
chelation®® as well as catalytic activity following CO
photorelease®” and have applied advanced time-resolved
methods such as two-dimensional,”” pump-repump-probe,®
or X-ray femtosecond laser spectroscopy.”’ In contrast, the
photodynamics of metal-nitrosyl compounds in solution have
only more recently moved into the focus of femtosecond studies,
and so far are mostly directed at NO linkage isomerism.*** For
example, sodium nitroprusside (Na,[Fe(CN)5(NO)]) showed
nitrosyl linkage isomerization induced by ultraviolet laser pulses
which occurs on a sub-picosecond timescale; also ultrafast NO
release induced by these pulses was shown by Khalil et al,**
whereas Orr-Ewing and colleagues demonstrated that at room
temperature, cobalt-nitrosyl complexes of the general formula
[CoX,(NO)(PCH;3Ph,),] with X = Cl, Br feature a dynamic inter-
conversion between linear and bent NO.>? In the last few years,
also the photodynamics of ruthenium-nitrosyl compounds were
explored theoretically,>° elucidating the competition between
photoinduced linkage isomerization and ligand release.

Time-resolved studies on mixed carbonyl-nitrosyl complexes
have mostly been focused on [Co(CO);(NO)]. Wang and
coworkers studied the photochemistry of this compound in the
gas phase using time-resolved IR spectroscopy.*® Their analysis
of the branching ratio for NO vs. CO loss revealed that 355 nm
excitation predominantly leads to the coordinatively unsaturated
species [Co(CO);] and [Co(CO),(NO)] via loss of one nitrosyl or
carbonyl ligand whereas 266 nm light eventually leads to the
formation of [Co(CO),] as well as NO-retaining products. Nakata
et al. later substantiated the generation of [Co(CO);] to be most
prominent upon resonance-enhanced multiphoton ionization at
around 230 nm.*' Harris and coworkers excited the same
compound in n-hexane with 400 nm pulses and reported
excited-state species with bent NO, both with and without
additional CO release, while a photoproduct with only carbonyl
ligands remaining was also identified.*® Mann and colleagues
unveiled a strong influence of the environment on the photo-
product distribution by studying the thermal and photolytic
liquid-phase reactions of mixed-ligand nitrosyl-carbonyl
complexes of rthodium and iridium with triphenylphosphine.*?

In a previous study of the photochemistry of the water-
soluble manganese tricarbonyl complex [Mn(CO);(tpm)]CI with
tpm = tris(pyrazolyl)methane using femtosecond spectroscopy
combined with density functional theory (DFT) calculations, we
found that several electronic transitions in the UV may lead to
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Scheme 1 Two-step synthesis of mixed-ligand carbonyl/nitrosyl complex 1.

CO loss, but always just one CO ligand is released on an
ultrafast timescale.”® In the present study, this approach was
extended to the mixed CO/NO ligand complex [Mo(CO),
(NO)(iPrstacn)]PFe (1) with iPrstacn = 1,4,7-triisopropyl-1,4,7-
triazacyclononane, as depicted in Scheme 1. Its photolytic
dynamics were studied in acetonitrile with UV-pump/
UV-probe and UV-pump/IR-probe ultrafast spectroscopy. In
particular, we were interested in how the photodynamics of
this mixed carbonyl-nitrosyl compound differ from systems
with only carbonyl ligands. McPhail et al. studied the reaction
of [Mo(Cp)(CO),(NO)] with triphenylphosphine in benzene and
found that the simple substitution product [Mo(Cp)(CO)-
(NO)(PPh;)] as well as the isocyanato complex [Mo(Cp)(CO)(NCO)-
(PPhy),] form in equal amounts.”” In the present joint
experimental and theoretical study, we explore which of the small
ligands in compound 1 is released, if any, and discuss the role of
NO isomerism in this process.

Results and discussion
Synthesis and initial characterization

The mixed-ligand carbonyl/nitrosyl complex 1 was prepared in a
two-step procedure from 1,4,7-triisopropyl-1,4,7-triazacyclononane
and molybdenum hexacarbonyl, as described by Wieghardt et al.**
Along these lines, the Mo tricarbonyl complex [Mo(CO);(iPrstacn)]
resulting from the first step® was treated with sodium nitrite in
methanol. Addition of hydrochloric acid followed by precipitation
with potassium hexafluorophosphate led to isolation of 1 in good
yield (Scheme 1). The analytical data is fully in line with the
published values** and in particular shows the characteristic
antisymmetrical and symmetrical carbonyl C-O stretching
vibrations of the cis-Mo(CO), moiety together with the N-O stretch
(vide infra).

Single crystals of the compound were grown by slow
diffusion of n-hexane into a dichloromethane solution of the
compound. The resulting molecular structure is shown in
Fig. 1. The molybdenum center is in a pseudooctahedral
coordination environment with a fac-Mo(CO),(NO) moiety on
one and the tacn ligand occupying the opposite triangular face.
The Mo1-N1-0O1 angle of 175.27(16)° is in line with a {Mo-NO}°
formulation and an electronic configuration of (e)*(b,)*(e2)°,
which translates to a low-spin Mo(0) 4d® center coordinated to a
NO" ligand.*® In line with the considerations of Bau, Liu, and
Shiu, an unequivocal assignment of the NO ligand position
can be assumed.”’”*® Such absence of CO/NO positional
disorder was also observed in [Mo(tpz)(CO),(NO)] with tpz =
tris(pyrazolyl)borate®® while other Mo(CO),(NO) complexes did
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Fig.1 Molecular structure of the cation of 1. Atomic displacement
ellipsoids are shown at the 50% probability level. The hexafluorophosphate
counterion is omitted for clarity. Selected bond lengths (A) and angles (°):
Mol-C1 1.954(2), Mol-C2 1963(2), Mol-N1 1.8808(19), Mol-
N2 2.3023(15), Mo1-N3 2.3102(16), Mo1-N4 2.3010(16), C1-02 1.160(2),
C2-03 1.161(2), N1-0O1 1.188(2), Mol1-C1-02 177.27(17), Mo1-C2-03
174.88(17), Mo1-N1-01 175.27(16), C1-Mol1-N3 169.33(7), C2-Mol-N4
170.86(7), N1-Mo1-N2 168.32(7).

not give X-ray crystal structures which allowed a clear assignment
of the three diatomic ligands.”'~°

Continuous illumination of 1 at 285 nm under the conditions
of the myoglobin assay revealed spectral changes that are
indicative of the liberation of CO, while non-illuminated samples
did not show any spectral changes, thus substantiating photo-
induced CO release.”” However, the number of CO molecules
released per complex unit could not be determined reliably due
to the instability of myoglobin under UV illumination. In the
following, the prospects of ligand release are thus addressed
both by theoretical and experimental spectroscopy approaches.

Characterization by experimental optical spectroscopy

Stationary UV and FTIR spectroscopy. The linear absorption
spectrum of 1 in the MIR shows three distinct bands assigned
to the stretching vibration of the nitrosyl ligand (1671 cm ™,
Fig. 2a) and the antisymmetrical and symmetrical stretches of
the two carbonyl ligands (1931 and 2022 cm™ ", Fig. 2b and c).
These band positions are also in good agreement with the DFT
calculations (black vertical lines in Fig. 2). For comparison, two
separate shift parameters were introduced in the calculated
spectrum to achieve very good agreement between experiment
and simulation, 101 cm™" for peaks equal or below 1905 cm ™"
and 70 cm™" above 1905 cm™ ' (see Fig. S2 top panel for
unshifted peak positions, ESIt). Under continuous illumination
at 285 nm, the analysis of initial rate kinetics shows a general
decrease of the initial absorption bands (inset in Fig. 2).

This decrease is accompanied by the rise of two new distinct
signals at 1617 and 1895 cm ™' (Fig. 2i and j), one red-shifted
with respect to the NO peak and the other one red-shifted
relative to the CO vibration of the parent molecule, with clear
isosbestic points observed at 1653 and 1913 c¢m '. This
indicates the formation of a single product in the primary
photoprocess. The new species formed exhibits two bands,
one in the CO and one in the NO spectral region, respectively.
Multiple potential photoproducts were explored by DFT
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Fig. 2 The FTIR spectra of 1 in acetonitrile upon illumination with a
285 nm diode for different exposure times (0—15 min) showing vibrational
signals of electronic ground-state species. Vertical lines indicate calculated
IR spectra of intact complex 1 (black) and the CO-loss product
[Mo(CO)(NO)(CHsCN)(iPrstacn)]*  (gray) (DFT B3LYP-D3(BJ)/def2-SVP;
implicit solvent acetonitrile, redshifted by 101 cm™ for <1905 cm™* and
by 70 cm™* for >1905 cm™Y). The inset shows the linearly modelled kinetics
of all five main signals over the course of the experiment (note that the blue,
black, and red traces are more or less fully overlapping).

calculations to provide an explanation for both rising signals
by considering three scenarios: (i) CO, NO and CO + NO
dissociation with subsequent introduction of an acetonitrile
solvent molecule to the metal coordination sphere in each case,
(ii) NO linkage isomerization with and without dissociation, as
well as (iii) species with coordinated water molecules which
might originate from water traces (see Fig. S1-S4 and Table S1,
ESIT for structures, spectra and raw peak data of all considered
potential photoproducts). When comparing the spectral
position of the initial photoproduct with our DFT calculations,
excellent accordance is only found for the species where one
CO ligand has dissociated and is subsequently replaced by a
solvent molecule (Fig. 2 and Fig. S1-S4, ESIt for other potential
photoproducts). From this analysis, we can clearly identify
[Mo(CO)(NO)(CH;CN)(iPrstacn)]” as the most likely photo-
product among all considered species.

For a quantitative description, a sum of four Voigt profiles
(the NO absorption has an asymmetric shape which requires
inclusion of an additional Voigt profile at the lower-energy side)
was fitted to the initial FTIR spectrum of 1 (see Fig. S5 and S6,
ESIT). Subsequent spectra obtained after illumination are well
reproduced from this initial spectrum modified by a joint
scaling factor - to model the decrease in concentration of the
intact complex - and two further Voigt profiles to model the
product formation. The photoinduced changes in the peak
heights can be expressed through a rate constant k. To determine
k, integrals of the individual absorption bands of the starting
material, as obtained from the Voigt fits, were normalized to their
value at time ¢ = 0 min when illumination was started (red, blue,
and black curves in the inset of Fig. 2), to give k = —0.016 min "
for this particular illumination geometry.

The use of an identical k value for the formation of the
product signals is justified from the clear conversion of starting

Phys. Chem. Chem. Phys., 2021, 23, 24187-24199 | 24189
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material to product, as indicated by the presence of isosbestic
points. The integrals of the NO (green) and CO (purple) product
peaks were divided by the integrals of NO and CO peaks of 1 at
t = 0, yielding the rising curves in the inset of Fig. 2. The
corresponding slopes are the product of k£ and the relative ratio
of the absorption strengths

" eI W

Thus, r can be determined from the experimental data shown
in Fig. 2, as given in Table 1. For the NO vibration of the
starting material and the product compound, this leads to ryo =
1.29, while for the CO product one obtains r¢o = 0.63. When
this is compared to values for solvent-coordinated complexes
obtained by theory, a much better agreement is found for the
case of CH;CN (0.89 and 0.87, respectively) than for water
(0.25 and 0.97). With regard to the spectral positions of the
absorption bands, the agreement is also better for the
acetonitrile-coordinated species relative to the water-bound
one. Thus, acetonitrile solvent molecules are most likely to
initially occupy a free coordination site and subsequent
substitution by water from the environment does not seem to
be responsible for the product signals (note that the experiment
cannot be run under completely inert conditions and thus
some atmospheric moisture might enter).

The steady-state UV-absorption spectrum of 1 in CH;CN
(Fig. 3, purple trace) exhibits a strong absorption band at
208 nm accompanied by a weak shoulder at 235 nm and
another distinct band at 265 nm. The same 285 nm diode used
in the IR experiments described above was also employed to
study changes in the steady-state UV absorption spectrum of 1
upon long-term UV exposure. With increasing illumination
time, the two initial absorption bands of 1 decrease in intensity
while a new weak band grows in at 330 nm (Fig. 3). Such a red-
shift of the UV absorption upon CO loss is known from other
metal carbonyl complexes.’® Isosbestic points are discernible,

Table1 Spectral positions and integrals/intensities of CO and NO signals of
1 and possible follow-up products [Mo(CO)NO)(X)(iPrstacn)]* with X =
CH3CN or H,O. Experimental absorption band integrals were determined
at t = 0 min, while for the products they are derived under the assumption of
a common k as described in the text. Intensities are given for comparable
vibrational modes of the given molecules calculated with DFT. The spectral
position of the maximum of the absorption bands are given as wavenum-
bers (in cm™) in italics

Complex 1 Product Ratio

NO COunii  COgym NO CcO NO reo”

Experiment 3.84% 4.36° 2.60° 4.95° 2.75% 129  0.63
1671 1931 2022 1617 1895
2181° 1966° 1192° 1939 1704 0.89¢ 0.87¢
1671 1928 2025 1623 1902
553 1884% 0.25° 0.97°
1377 1699

Theory

“ Absorption band integrals in OD cm ™. ” Ratio of the CO signal of the
product and the CO,,; signal of the educt. ¢ Calculated intensity on DFT
B3LYP-D3(BJ)/def2-SVP;  implicit  solvent  acetonitrile. ? For  product
[Mo(CO)(NO)(CH;CN)(iPr;tacn)]". ¢ For product [Mo(CO)(NO)(H,O)(iPrstacn)]".
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Fig. 3 UV absorption spectra of 1 in acetonitrile under illumination with a
285 nm diode for different exposure times (0—15 min). The spectrum of
the UV diode is shown in the background (grey shaded area). Arrows
indicate rising and decaying absorption bands. In the inset, the change in
intensity at 330 nm is plotted versus the illumination time.

e.g. at approximately 308 nm, indicating that only two species
that vary in concentration contribute to the absorption
spectrum. The absorption band that grows results from a stable
product, as no relaxation back to the initial spectrum is found
when repeating the measurement after several hours without
further sample treatment.

As illustrated by the inset of Fig. 3, the initial absorption band at
longer wavelengths increases linearly with illumination time, in
accordance with the measurements performed in the MIR range.
For illumination times beyond 15 min, the initial clean intercon-
version is lost, indicating that additional species are formed by
further reactions of the monocarbonyl species, presumably involving
a further photoexcitation step or follow-up dark reactions.>*

Ultrafast transient absorption spectroscopy. In the following,
the ultrafast dynamics of 1 upon UV-excitation both in the
ultraviolet and the MIR spectral region are discussed. Results
for the MIR spectral region of the CO signals are shown in Fig. 4a
for time delays up to 55 ps. Beyond that, the signals remain
constant until the maximum time delay of approximately 4 ns.
The two negative signals at the position of the CO stretching
vibrations are assigned to the ground state bleach (GSB) of the
intact complex. An increasing product absorption is found below
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Fig. 4 Ultrafast dynamics of 1 in acetonitrile under 285 nm excitation
probed in the MIR: (a) early dynamics covering the CO signal region. The
decaying positive signals can be assigned to transient intermediates, while
the constant positive signal below 1915 cm™ is caused by a product of the
photoreaction. (b) Decay Associated Difference Spectra (DADS) resulting
from global target analysis comprising a parallel model of two exponential
functions (blue and red) and a constant offset (black).
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1900 cm ™' matching the position of the product signal in the
FTIR measurements. A broad positive contribution starting
above 1950 cm™ ' that overlaps with the GSB at 2022 cm '
rapidly decays within the first 30 ps. Pre-zero signals originate
from the perturbed free induction decay.’"®> Global target
analysis using the modelling package TIMP®® was applied to fit
a parallel model of two exponential functions and one constant
offset to the data. The decay associated difference spectrum
(DADS) of the latter (black curve in Fig. 4b) exhibits two negative
signals at the GSB positions and one positive product absorption
peak at 1895 cm ' matching the product band in the FTIR
measurements (Fig. 2). This product signal rises with a lifetime
of 17 ps as evidenced by the peak with opposite sign of the red
DADS at the same spectral position.

In this DADS corresponding to 17 ps (red curve), two
negative signals at the position of the GSB indicate a pro-
nounced recovery of the electronic ground state of 1. Together
with a distinct product absorption at 1995 cm ™", these findings
may indicate the existence of the intermediate 5-coordinated
species [Mo(CO)(NO)(iPrstacn)]" that either reverts back to the
electronic ground state of intact complex 1 by geminate
recombination or forms [Mo(CO)(NO)(CH;CN)(iPrstacn)]” by
coordination of a solvent molecule. Furthermore, the distinctive
peak at 1995 cm ™! rises with a lifetime of 1.9 ps as the respective
DADS (blue line) indicates a lack of positive contribution in this
specific region. The broad positive signal of this DADS might
originate from relaxation of vibrationally hot molecules and
possibly relaxation to the lowest-lying excited state (vide infra).

A different explanation for the 17 ps dynamics is conceivable,
in which the signal at 1995 cm™* is connected to the anti-
symmetric CO stretch of an intact yet electronically excited
molecule 1. The observation of a further peak around 1885 cm ™,
which then would correspond to the symmetric CO stretch of
excited 1, would support this assignment. Furthermore, these
two peaks decay on a 17 ps timescale (we however note that
some signal remains in the black DADS at the low wavenumber
edge of the measurement of Fig. 4), with a substantial fraction
of the GSB of 1 recovering simultaneously. Since the product
peak at 1895 cm ™' (black DADS) rises with the same 17 ps
dynamics, one may infer that electronically excited 1 cools on a
1.9 ps timescale and then the excited state is depopulated via
two competing reaction channels. These are relaxation back to
the electronic ground state (reflected in the GSB recovery) and
the loss of a CO ligand (seen in the rise of the product signal),
yielding an excited-state lifetime of 17 ps. In the excited state,
the two CO ligands exhibit a red-shifted vibration and thus a
smaller force constant, which in turn points towards a stronger
bond to the metal center. This stronger bonding of the CO
ligands might be a consequence of weaker bonding of the
nitrosyl ligand, for example due to linkage isomerization*' as
already reported for [Co(CO);(NO)].>° Hence, our data suggest that
for the goal of NO release by repumping with a further laser pulse,
the re-excitation would have to occur within less than 17 ps.

Transient excited-state signals and GSB recovery were also
monitored by probing electronic transitions. Particularly, in UV
pump/UV probe studies (Fig. 5a), a broad positive absorption
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Fig. 5 Ultrafast dynamics of 1 in acetonitrile under 285 nm excitation:
(a) broadband transient absorption in the ultraviolet regime showing early
dynamics. A broad excited-state absorption (ESA, red) is followed by
a more narrow product absorption (PA, yellow) centered at 325 nm.
(b) Transients at 325 nm (superimposed ESA and PA dynamics)
and 388 nm (ESA dynamics) for time delays up to 90 ps (dashed lines
in (a)). Solid lines represent the fitted model also used for the MIR results
with fixed lifetimes.

signal spanning from 300 to 380 nm was found after photo-
excitation and is assigned to excited-state absorption (ESA). It
decays within the first 20 ps while a small positive contribution
around 325 nm remains for at least 4 ns constituting
the longest pump-probe delay accessible with our transient
absorption spectrometer. The spectral properties of the
remaining species are in line with the results shown in Fig. 3
and further substantiate the finding of a stable photoproduct
formed after photolysis of one CO ligand from the metal center.
The observation that only minor changes in the absorption
spectrum arise upon UV illumination (Fig. 3) indicate that
only a small percentage of excited molecules of 1 releases CO.
This interpretation is supported by the GSB recovery
displayed in Fig. 4 and is complemented by the transient UV
data (Fig. 5) which features a strong decay of the ESA within
the first few picoseconds but only a rather small remaining
product absorption. Direct observation of GSB recovery in
the UV (for expected spectral range, compare Fig. 3) is
obscured by the strong ESA signal and the detection range of
our transient absorption spectrometer towards shorter
wavelengths.

In Fig. 5b, the decay of the ESA signal is plotted for
two probe wavelengths. The solid lines are fits with the
time constants obtained from the ultrafast MIR data
shown in Fig. 4b, supporting the assumption that the same
dynamics are monitored. Consequently, the ESA dynamics
observed in the UV can also be approximated by the two
lifetimes of 1.9 and 17 ps. For the assignment of the former,
vibrational cooling or transitions to other excited states might
be inferred from the MIR data. Since also in the UV the signal is
very pronounced, we tentatively assign it to a transition from
the initially excited state to a lower-lying excited state. For
[Co(CO);3(NO)], it was found that a triplet state with a bent
NO ligand is reached within less than one pico-second.?® In the
present compound, a corresponding state might be accessible
which is stable for 17 ps before it further relaxes or eventually
fully releases a CO ligand, causing the constant signal at
325 nm.
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Computational results

UV absorption spectrum. The optical absorption spectrum
and charge transfer properties were further characterized by
time-dependent DFT (TD-DFT) computations. The ground-state
equilibrium geometry was optimized with DFT (see geometric
parameters in Table S2 and Cartesian coordinates of the DFT
optimized structure in the ESIt) and used to simulate the UV
absorption spectrum by considering the 60 energetically lowest-
lying singlet states. The simulated spectrum (Fig. 6 blue line)
clearly reproduces the lower absorption band around 265 nm
but higher-lying states are described worse. Looking only at the
excitation energies from the ground-state equilibrium structure
gives a misleading picture (see sticks in Fig. 6). A better
description is achieved taking into account a Wigner ensemble
of 100 geometries that mimics nuclear motion from the zero point
energy (Fig. 6 blue line and filled Gaussians for contributions of
the different states). The Wigner sampling reveals that the bands
for states S, and S (indicated in dark red) stretch until ~300 nm
and thus, S, and Sg are the main absorbers in the experimental
excitation window.

S; and Sg exhibit an oscillator strength at the ground-state
equilibrium geometry of 0.014 and 0.016 a.u., respectively. Both
are primarily characterized by excitations from a ©(MoNO)
towards a n¥(MoCO) orbital with additional contributions from
a 1(MoNO) towards a ©*(MoNOCO) for S, and a ©*(MoCONO)
for Sg (Fig. 7). A more detailed analysis of the electronically
excited states is given in Fig. 8 in terms of charge transfer
numbers.®* In this fragment-based charge transfer analysis,
correlated electron-hole pairs of the charge transfer are
localized on predefined fragments. For this purpose, 1 was
dissected into four fragments, the molybdenum metal center
(M) and three ligands (Lco, Lno, and Len). Charge transfer
interactions between these fragments were identified and give
rise to 16 distinct excited states classes such as metal-to-ligand

Energy / eV
6 5.5 5 4.5 4
1 1 1 1 1 1
} EXPERIMENTAL
S 0.8 - SUM Wigner
s @
2 06 -
c
hel
4§ 0.4 +
2
o 0.2 1
<
0 -

200 220 240 260 280 300 320 340
Wavelength / nm

Fig. 6 UV-vis absorption spectrum with the experimental spectrum in
continuous black, the simulated spectrum from the excitation of the
ground state geometry as stick diagram and from the excitation of the
100 Wigner-sampled geometries in blue color (convolution with FWHM =
0.15 eV; contributions of the different states indicated as blue-colored
Gaussians at the bottom). The bands for states S; and Sg stretch until about
300 nm and thus, these states absorb predominantly in the experimental
excitation window.
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S 4.77 eV (1.77)

Fig. 7 Natural transition orbitals (NTOs) of the two dominant singlet
states S; at 4.76 eV (260.5 nm) and Sg at 4.77 eV (259.9 nm) with the
corresponding weights of the NTO pair given inside the arrow (TD-DFT
B3LYP-D3(BJ)/def2-SVP; implicit acetonitrile); labelling includes state,
excitation energy and PRnto in parenthesis (the participation ratio
indicates how many NTO pairs are representative for a state).

charge transfer states (MLCT), metal-centered (MC) or ligand-
centered (LC) states (Fig. 8).

Excited states of transition metal complexes are usually
characterized by different contributions of different character,
as can be clearly seen in Fig. 8. Even though there seems to be a
large variety of states contributing to the absorption spectrum,
several groups of states can be identified. The low-energy region
(excitation energy <4.0 eV; wavelength >310 nm) is dominated
by CT excitations towards the NO-ligand, originating either
from the metal (MLyoCT), or the CO (LcoLnoCT), or ligand-
centered on the NO itself (LyoC). This result is of particular
significance because a directed CT at lower excitation energies
indicates a possibility for NO dissociation if suitable anti-
bonding orbitals along the Mo-N-bond become occupied so
that it is weakened. At higher excitation energies, different states
with increased CT towards the CO-ligand (MLgoCT) and
metal-centered excitations (MC) as well as a progressively higher
involvement of the tacn ligand in LyenLnoCT, LtaenLcoCT and
LaenMCT at energetically higher states are found.

In order to obtain further insight into possible NO and CO
dissociation mechanisms, scans of the potential energies along
a Mo-C and Mo-N bond elongation were performed using the
multiconfigurational method SA(8)-CASSCF(8,10) (state-averaged
over 8 singlet states complete active space self-consistent field
with 8 electrons in 10 orbitals) in gas phase. The orbitals
comprising the active space are shown in Fig. 9 and are primarily
localized on Mo, NO and CO. The orbital choice was guided by
the requirement to describe both dissociation reactions on the
same footing. The selected active space fulfils this criterion as
can be seen by the smooth potentials shown in Fig. 10. Among
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Fig. 8 (a) Excitation energies E (eV) of the lowest 16 singlet and 22 triplet states colored by the oscillator strengths f (a.u.). (b) Charge transfer analysis
with color-coded decomposition (TD-DFT B3LYP-D3(BJ)/def2-SVP; implicit acetonitrile).

Ca o

n(CO) d(Mo)+7n%(CO0O)) n(d(Mo)+n*

R R

7(d(Mo)+7*(NO)) n*(d(Mo)—n*(NO)) =(d(Mo)—7(NO))

o *ﬁ‘f

7(d(Mo)—m(CO)) 7(d(Mo)—=n*(CO)) w(d(Mo)—7*(CO)) w(d(Mo)+r(CO))

Fig. 9 Active space of the CASSCF(8,10) computations (CASSCF(8,10)/
ANO-RCC-MB; gas phase; natural orbitals).

the states computed with CASSCF, the singlet states S, and Se
exhibit the highest oscillator strengths for the vertical excitation
at the ground state minimum geometry (Table 2). Based on the
obtained potential energy curves (Fig. 10), an excitation into
either of these two bright states is expected to lead to CO

So S, Sa Se
S; S3 Ss Sy

|
39 35 31 27 23 18 22 26 3 3.4 3.8
Mo-C bond length / A Mo-N bond length / A

Energy / eV
o - N w Y wv o ~
o =) N w H wv o ~

Fig. 10 Potential energy curves along a Mo—CO (left) and a Mo-NO (right)
bond elongation yielding a bond dissociation energy of 1.12 eV for CO and
3.38 eV for NO dissociation (CASSCF(8,10)/ANO-RCC-MB; gas phase).
Arrows indicate a possible photo-induced dissociation pathway.

This journal is © the Owner Societies 2021

Table 2 Excitation energies relative to the ground state (eV), oscillator
strengths (a.u.) and all state characters with a weight >5% for the lowest
excited singlet states at ground state minimum (CASSCF(8,10)/ANO-RCC-
MB; gas phase)

State AE (eV) flau) Character Weight (%)
S, 2.78 <0.001 TMocoT*MoNO 61
TMocOo™* MoNO 15
S, 3.09 <0.001 TMoco™* MoNO 62
TMocoT*MoNO 14
Ss 3.92 <0.001 TiMoNOT *MoNO 32
TiMoCONOT *MoNO 26
TMoCONOT *MoNO 25
S4 4.26 0.002 TiMoCONOT *MoNO 50
TMoNOT *MoNO 13
TMoNOT *MoNO 10
TMoco™ Moco 7
Ss 4.31 0.002 TpMoNOT * MoNO 34
TMoNOT *MoNO 31
TMoCONOT *MoNO 16
Se 5.03 0.005 TMocoTMoCO 66
S, 5.28 0.149 TMoco™*Moco 37
TiMoCONO™MoCO 17
TMoNOT *MoNO 7

dissociation, in agreement with the experimental observations.
A possible pathway is indicated by violet arrows in Fig. 10. Note
that excitation energies are overestimated in CASSCF and the
excitation arrow has been accordingly adjusted. Interestingly, an
excitation at lower energies, to the S, or S5 states might result in
NO cleavage. As can be seen from Table 2, both states are of
predominant nn* character with the n* orbital located along the
Mo-NO bond, which corroborates the conclusions from the CT
analysis (see above). In this respect, S, seems most favourable
due to its character with partial charge transfer from CO to NO
(Table 2). However, a direct excitation to this and other low-lying
states is impeded by their small oscillator strengths.

Conclusion

Employing a combination of theory, stationary, and femtose-
cond time-resolved spectroscopy, the primary photodynamics
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Fig. 11 Sketch of the photodynamics: molecule 1 (PFg~ not shown for
simplicity) is excited and then, with a 1.9 ps decay, turns into a transient
intermediate. As described in the text, this might be due to a species in a
lower-lying excited state or with a photolyzed CO but a free coordination
site. With a time constant of 17 ps, the transient intermediate signal decays,
both leading back to 1 and to a monocarbonyl product with a solvent
molecule coordinated to it.

of the mixed CO/NO complex [Mo(CO),(NO)(iPrstacn)|PFs with
iPrstacn = 1,4,7-triisopropyl-1,4,7-triazacyclononane was explored.
Findings deduced from all spectroscopic approaches employed in
the present study support an exclusive ultrafast CO release from 1
upon UV excitation. The transient intermediate survives for 17 ps
(see orange box in Fig. 11 for putative species), but the loss of CO
is rather inefficient. Thus, although the complex carries both
carbonyl and nitrosyl ligands in the coordination sphere, it solely
acts as a photoactivatable CO-releasing molecule. The calculations
confirm this picture but also unveil that an excitation to low-lying
excited states might enable NO release. However, a direct
excitation to these states is difficult due to their small oscillator
strengths. Still, we conjecture that cleavage of the metal-NO bond
might be achievable by an additional excitation within the first
picoseconds. This route will be pursued in further experiments
towards dual-functional CO/NO photoreleasing molecules.

Experimental section
General synthetic procedures

All reactions were carried out in Schlenk flasks under an
atmosphere of dry dinitrogen using anhydrous solvents
purified according to standard procedures. The apparatus was
wrapped in aluminium foil to prevent exposure to light and
samples were kept in the dark whenever possible. All chemicals
were purchased from commercial sources and used as received.
The iPrstacn ligand was prepared by reaction of 1,4,7-
triazacyclonane with isopropyl bromide in toluene following a
published procedure.*> NMR spectra were recorded on Bruker
Avance 200 and Avance 500 spectrometers ('H at 199.93 and
500.13 MHz; “C at 50.27 and 125.77 MHz). The 'H and "*C
spectra were calibrated against the residual signal of the
solvent serving as an internal reference.®® Infrared spectra were
recorded on pure solid samples using a Nicolet 380 FT-IR
spectrometer equipped with a SMART iTR ATR unit. Intensities
of the stretching vibrations are marked as strong (s), medium
(m), or weak (w). The elemental composition of the compounds
was determined with a Vario MICRO cube analyzer.

24194 | Phys. Chem. Chem. Phys., 2021, 23, 24187-24199

View Article Online

PCCP

Synthesis of [Mo(CO);(iPrstacn)].*> Under dinitrogen,
molybdenum hexacarbonyl (81 mg, 0.31 mmol) and 1,4,7-
triisoproyl-1,4,7-triazacyclononane (80 mg, 0.31 mmol) were
dissolved in degassed mesitylene (10 mL) and heated to reflux
for 3 h. The precipitated brown product was filtered off and
dried under vacuum at 50 °C. Yield: 122 mg, 90%. IR (ATR):
U = 2966 (w), 1888 (vs), 1727 (vs), 1443 (w), 1388 (w), 1123 (w),
1065 (w) cm ™% 'H NMR (199.93 MHz, DMSO-de): 6 = 3.28 (m
3H, CH, partially obscured by solvent water signal), 2.70 (s, 12H,
CH,), 1.29 (d, 18H, *J = 6.4 Hz, CH;) ppm; *C NMR (50.27 MHz,
DMSO-dg): § = 229.0 (CO), 61.7 (CH), 54.4 (CH,), 19.2 (CH;)

ppm. Due to the presence of some impurities, no correct CHN
analysis could be obtained. However, since these did not
interfere with the next synthetic step, no attempt was made
for further purification.

Synthesis of [Mo(CO),(NO)(iPr;tacn)|PFg.*> [Mo(CO);(iPrstacn)]
(100 mg, 0.23 mmol) and sodium nitrite (30 mg, 0.43 mmol) were
dissolved in methanol (10 mL). To the resulting suspension, 37%
hydrochloric acid (1 mL) was added to obtain a yellow solution.
The solvent was then immediately removed under vacuum and
the residue re-dissolved in deionized water (30 mL). After addition
of a solution of potassium hexafluorophosphate (30 mg,
0.16 mmol) in deionized water (1 mL), the yellow product that
precipitated was filtered off and dried under vacuum for several
days. Yellow crystals suitable for X-ray structure determination
were obtained by slow diffusion of n-hexane into a dichloro-
methane solution of the product. Yield: 113 mg, 83%. IR (ATR):
7= 2978 (w), 2018 (W), 1939 (vs), 1912 (vs), 1672 (m), 1447 (w), 1116
(W), 1065 (W), 829 (vs) cm~*; 'H NMR (500.13 MHz, CD,CL,): & =
3.53 (septet, 2H, ¥ = 6.5 Hz, CH), 3.21 (septet, 1H, *] = 6.5 Hz, CH),
3.07-3.13 (m, 6H, CH,), 3.00-3.06 (m, 4H, CH,), 2.88-2.94 (m, 2H,
CH,), 1.42 (d, 6H, % = 6.5 Hz, CH3), 1.40 (d, 6H, *] = 6.5 Hz, CHj;),
1.30 (d, 6H, ] = 6.5 Hz, CH;) ppm; “*C NMR (125.27 MHz,
CD,Cl,): & = 223.3 (CO), 62.93 (CH and CH,), 19.72 (CHj), 19.63
(CH3) ppm; anal. caled for C;;H33FsMoN,O3;P-H,0 (%): C 34.01,
H 5.88, N 9.33. Found (%): C 34.34, H 5.63, N 9.26.

Ultrafast time-resolved pump-probe spectroscopy

With a Ti:Sa amplifier system (Solstice; Spectra Physics: 1 kHz,
800 nm, 100 fs), a non-collinear optical parametric amplifier
(TOPAS-White; Light Conversion) is pumped, and 285 nm UV
pump pulses (mechanically chopped at 500 Hz) are spatially
and temporally overlapped with probe pulses in a flow cell
providing a liquid film of 200 pm thickness between Suprasil
windows. Sample flow rates were kept sufficiently high to
ensure a complete sample exchange between subsequent
pump-probe pairs. Supercontinuum probe pulses were
generated in a continuously moving CaF, plate.®® A motorized
stage enables scanning a pump-probe delay range of 4 ns. At
each time delay, the average of 1000 consecutive transient
absorption spectra was recorded by a CCD detector (Pixis 2k;
Princeton Instruments) after passing a polychromator
(Acton SP2500i; Princeton Instruments), whereas long-term
fluctuations were minimized by averaging over several data
sets. The UV pump pulses were compressed to 40 fs at the
sample position (determined by a X-FROG measurement) using
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an acousto-optic programmable dispersive filter (Dazzler;
Fastlite). The polarizations of both beams were held at the
magic angle configuration.®®®’

The UV pump/MIR probe experiments were performed at a
different setup. MIR probe pulses stem from a collinear optical
parametric amplifier (TOPAS Prime; Light Conversion) pumped
by another amplifier system (Spitfire Ace; Spectra Physics:
1 kHz, 800 nm, 120 fs) and are detected with an identical
CCD camera after upconversion in a MgO(5%):LiNbO; crystal
with a strongly chirped 800 nm beam.®®®° Details on the design
and the specifications of this chirped-pulse upconversion setup
are described elsewhere.”’ The employed cuvette comprised
two CaF, windows and a sample thickness of 200 pm.

UV/vis-absorption spectra were recorded with a Jasco V-670
spectrophotometer, whereas a Jasco FT/IR-4100 spectrometer
was used to measure linear absorption spectra in the MIR.
We equipped both spectrometers with the same 285 nm UV
diode to detect changes in the respective absorption signatures
upon continuous UV-exposure. Compound 1 was dissolved in
acetonitrile (spectroscopic grade) at concentrations of approxi-
mately 5 mM both for the static UV- and FTIR-absorption
measurements as well as for transient absorption experiments.

X-ray crystallography

A suitable crystal of [Mo(CO),(NO)(iPrstacn)|PFs was selected
and soaked in perfluoro polyether oil, mounted on a MiTeGen
sample holder and transferred to a stream of cold nitrogen on the
diffractometer. Diffraction data were collected on a Bruker FR591
Apex II with a rotating anode using graphite monochromated
Mo-Ko radiation (1 = 0.71073 A). The crystal was kept at 100 K
during data collection. Using Olex2,”* the structure was solved
with the olex2.solve structure solution program,’® using the
Charge Flipping solution method. The model was refined with
the olex2.refine refinement package using Gauss-Newton
minimisation.”® For the structure, all non-hydrogen atoms were
refined anisotropically, all hydrogen atoms assigned to idealised
geometric positions, and the latter also included in the structure
factors calculation. Crystallographic data (excluding structure
factors) has been deposited with the CCDC 1414615.F

Computational details

The geometry of 1 was optimized using the hybrid functional
B3LYP,”*”® with a def2-SVP’®”” basis set together with the
Grimme’® D3 dispersion correction and Becke-Johnson
damping scheme (B]) to account for long-range interactions,
as implemented in the Gaussian09 suite of programs.”
We chose B3LYP because it exhibits relatively low mean
absolute errors especially in the subsequently performed
TDDFT calculations and performs well for similar transition
metal systems.®*®> An effective core potential for the Mo
central atom was employed assuming 28 electrons frozen and
14 valence electrons.”® Furthermore, second-order Douglas-
Kroll-Hess integrals were used to include scalar relativistic
effects.®® Solvent effects were implicitly accounted for by
the use of the polarized continuum model (acetonitrile
¢ =35.6).547%¢
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The excited-state calculations were performed with TD-DFT
level and the same level of theory including the Tamm-Dancoff
approximation (TDA),*” as implemented in ORCA.®®% The
RIJCOSX (resolution of identity for Coulomb and chain of
spheres for exchange terms) approximation was employed to
accelerate the calculations.’® For implicit solvent effects,”" the
implemented SMD (solvation model based on density) was uti-
lized. The Wigner ensemble® included a set of 100 geometries
generated from a harmonic frequency calculation of the ground
state equilibrium structure, using the program package
SHARC2.1.”*"®® The TD-DFT vertical excitations were carried out
for a total of 60 singlet and 60 triplet states in each geometry. The
CT analysis was performed using the program toolbox
TheoDORE.* %

For the investigation of the dissociation behavior,
[Mo(CO),(NO)(iPrstacn)]" was re-optimized in gas phase using
the def2-TZVPP basis set. CASSCF(8,10) calculations averaged
over 7 states with equal weights were carried out using
the MOLCAS®>'% suite of programs. For this purpose, an
ANO-RCC-MB basis set was used, as well as the scalar
relativistic Douglas-Kroll-Hess correction®” to the one-electron
Hamiltonian and Cholesky decomposition for the computation
of the two-electron integrals.'®" For these calculations, gas phase
was assumed.
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