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Abstract

[FeFe]-hydrogenases are efficient enzymes that produce hydrogen gas under mild conditions.
Synthetic model compounds containing all CO or mixed CO/PMes ligands were previously
studied by us and others with ultrafast ultraviolet (UV) or visible pump-infrared (IR) probe
spectroscopy (TRIR) in an effort to better understand the function and interactions of the active
site with light. Studies of anionic species containing cyano groups, which more closely match
the biological active site, have been elusive. In this work, two model compounds dissolved in
room temperature acetonitrile solution were examined: [Fez(pu-S2CsHg)(CO)a(CN)2]% (1) and
[Fe2(u-S2C2H4)(CO)a(CN)2]* (2). These species exhibit long-lived transient signals consistent
with loss of one CO ligand with potential isomerization of newly formed ground electronic state
photoproducts, as previously observed with all-CO and CO/PMez containing models. We find
no evidence for fast (ca. 150 ps) relaxation seen in the all-CO and CO/PMe3z compounds because
of the absence of the metal-to-metal charge transfer band in the cyano-functionalized models.

These results indicate that incorporation of cyano ligands may significantly alter the electronic



properties and photoproducts produced immediately after photoexcitation, which may influence
the catalytic activity of model compounds when attached to photosensitizers.

*Corresponding author: Edwin.heilweil@nist.gov
Introduction

The [FeFe]-hydrogenases are exceptionally efficient enzymes that reduce protons to hydrogen
gas under mild conditions.**! The active site of the enzyme contains a di-iron moiety with two
attached bridging sulfur ligands as well as pendant CO and CN ligands. The molecular structure
of the native enzyme’s active site in one oxidation state is shown in Figure 1.1 %1214 |t has also
been shown that CO can passivate the enzyme and the oxidized form of the enzyme can be
regenerated by exposure to white light. 2> Many model compounds have been synthesized as a
means to understand the functionality of the [FeFe]-hydrogenases, and these models are also
potential catalysts in their own right.16-26

Some of the model systems have been designed to include a photosensitizer to activate
the reduction reaction by absorption of light.?’*” However, the photo-dynamics of the di-iron
active site alone when exposed to light are not well understood. Model compounds containing
all CO or mixed CO and PMes ligands have been examined using ultrafast ultraviolet (UV) or
visible (Vis) excitation, infrared (IR) probe spectroscopies (TRIR and 2DIR, including our TRIR
work®"2) to better understand the interactions of the active site with light.3-*6 Models
containing cyano ligands, which more closely match the biological active site, have been
synthesized and studied using other methods for years,* 22-23.25 47-57 pt they have been more

difficult to study using TRIR methods due solubility issues and low signals.>%°



Figure 1. General structure of the [FeFe]-Hydrogenase active site with bridging amino group,

three CO and two CN pendant ligands.* % 114

In this work, the photo-dynamics of two model compounds were examined in room
temperature acetonitrile solution: [Fez(u-S2CsHg)(CO)4(CN)2]% (1) and [Fea(p-
S2C2H4)(CO)4(CN)2]> (2). Each of these compounds potentially exists in multiple isomeric
forms (five for 1 and four for 2) at room temperature. As examples, the dominant isomers found
in each crystal structure are shown in Figure 2.® We find that these two model systems exhibit
long-lived transient TRIR signals consistent with rapid (20-30 ps) vibrational cooling followed
by loss of a CO ligand and possible isomerization of ground electronic state photoproducts, as
was previously observed with all-CO and CO/PMes species.®® 40-4246.50 However, the resultant
data for the cyano-containing compounds does not show evidence for the fast (ca. 150 ps) decay
observed in previous studies of the all-CO and mixed CO/PMez model compounds. This new
observation is apparently due to the absence or decreased intensity of the metal-to-metal charge

transfer band in the cyano-functionalized models. These results indicate that incorporation of



cyano ligands can significantly alter the photoproducts produced immediately after excitation,

which may influence the catalytic activity of designed photosensitized derivatives.
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Figure 2. Dominant crystal equatorial-axial crystal isomer structures of (a) [Fex(u-

S2CsHe)(CO)a(CN)2J> (L) and (b) [Fea(p-S2CoHa)(CO)4(CN)]> (2).28



Experimental Methods

Synthesis

Syntheses of 1 and 2 were conducted according to literature methods*® and summarized as
follows: Fez(u-S2C3Hes)(CO)s (3) and Fez(p-S2C2Ha) (CO)s (4) were synthesized by combining
triiron-dodecacarbonyl with 1,3-propane dithiol or 1,2-ethane dithiol, respectively. 1 (2) was
synthesized by combining 3 (4) with two equivalents of [N(C2Hs)4]CN, resulting in
[N(C2Hs)a]2[Fea(p-S2C3Hs)(CO)a(CN)2] 1 ([N(C2Hs)a]2[Fea(u-S2C2H4)(CO)4 (CN)2] 2) in
acetonitrile. Solids were collected after solution precipitation and recrystallized for purification
and examined as ca. 1 mM concentration solutions under argon in room temperature (293 K)

acetonitrile. Infrared spectra of the resultant solutions agreed with those previously published.’

Time-Resolved UV Pump/IR Probe Laser Spectroscopy
The output of a 30 fs, 80 MHz Ti:Sapphire oscillator (Kapteyn-Murnane Lasers)®* tuned to 800
nm was used to seed a home-built Ti:Sapphire linear cavity, single Pockels cell regenerative
amplifier. The resulting 800 nm, 80 fs, 700 pJ pulses produced at 1 kHz repetition rate were
used to pump a Spectra-Physics OPA-800F optical parametric amplifier (OPA). The OPA
signal and idler output beams were difference frequency mixed using a AgGas crystal yielding
120 fs, ca. 1 uJ mid-IR pulses with a 230 cm™? full-width at half maximum (FWHM) centered
around 2000 cm™* (5 micrometer wavelength, CN- and CO-stretching mode region).

Sample excitation (pump) pulses were generated using residual 800 nm light from the
OPA as either doubled (400 nm, 70 fs) or tripled (266 nm, 60 fs) sources. These wavelengths

overlap reasonably closely to absorptions observed in the UV-Vis spectra for both molecules, as



shown in Figure 3. Pumping with different wavelengths is important, as some [FeFe]-
hydrogenase model compounds show strong differences when excited at different frequencies.®
The pump beam (UV or visible) was overlapped with the IR probe beam and transmitted
through the sample. Samples were contained in a 2 mm pathlength double CaF, windowed flow
cell which is also mechanically raster scanned during spectral and time-delayed data acquisition
to reduce the possibility of product build-up on the front window. A separate IR beam derived
upstream by a 50 % beamsplitter was also directed through the sample away from the pump
pulse to serve as a spectral reference on each laser shot. Relative pump-probe pulse timing was
produced by a computer-controlled 50 mm optical delay stage (300 ps maximum delay) along
the IR beam path. The IR and reference beams were sent through a scanning monochromator (4
cm* resolution) onto matched single-element amplified mercury-cadmium-telluride detectors
with pulsed output voltages sampled on each laser shot via two boxcar averagers (Stanford
Research Systems model 250)%* and their outputs digitized for computer controlled data
acquisition and post-processing. Transient spectra displayed below were typically obtained by
averaging 1000 laser shots per spectral point (at 2 cm™ steps) and two independent runs further
averaged to obtain highest signal-to-noise with ca. 0.001 OD noise (type b, k=2 averages).
Kinetic scans were obtained by averaging 1000 laser shots per delay position with further

averaging several decay datasets. All measurements were conducted at 293K.
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Figure 3. Ultraviolet-visible extinction spectra of model Fe-Fe hydrogenase species 1 (red), 2
(green) and for comparison the hexacarbonyl ligated compound 3 (brown) dissolved in room

temperature acetonitrile solution.

Calculations

Predicted CO-stretch and CN-stretching mode wavenumber and absorption intensities were
calculated with Density Functional Theory (DFT)®? using the Gaussian 09W®? software package.
These gas phase, lowest energy structure model calculations employed the BP86 functional®4-
with a TZVP basis set.8-% Bandwidths appropriate for metal-carbonyls dissolved in acetonitrile
(9 cm™ FWHM) were convoluted with the resultant spectra to simulate experimental infrared

solution absorption spectra of ground state and isomeric structures of these model compounds



Results and Discussion

Steady-State mid-IR Spectra

As mentioned previously, compound 1 may be present as five isomeric structures but for 2 only
four possible isomers may exist (isomers 2 and 3 only differ by the position of the middle,
bridging carbon, which does not exist in the ethyl-bridged 2). These possible isomeric
structures are shown in Figure 4. Each isomer is predicted to have a unique spectrum in the
infrared, as shown for 1 in Figure 5. The best match to the experimental spectrum (see Figure 5
(@)) is found assuming that only the most polar isomer 1-5 will be present in polar acetonitrile
solution. A similar analysis predicts that isomer 2-5 is the most likely stable form of 2 in the
investigated TRIR sample (see Figure S1) and equivalent experimental and calculated ground
state infrared spectra for 2 are shown in Figure S2. Solvent-dependent shifts between isomers
have been observed for other [FeFe]-hydrogenase model compounds,*®-4% 8 put previous work
identified only a single isomer for 1 in acetonitrile.'® The energy differences for isolated gas-
phase molecules, as calculated using DFT, are shown in Figure 4 (these energy differences are
similar to those seen in the model compounds with two trimethylphosphine ligands, rather than
two cyano ligands).*® % Assignments for the CO and CN vibrational stretches can be found in

the supplementary information Table S1)
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Figure 4. Possible isomers of model compound 1. Dipole moments (Debyes) and energy
difference (kcal/mol) are shown for the gas-phase, isolated molecules, as calculated by DFT.
Isomer 1-2 is reported in the x-ray crystal structure® while 1-5 is the most likely dominant

isomer in acetonitrile solution based on the calculated spectra and polarities shown.
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Figure 5. (a) Experimental infrared spectrum of 1 in acetonitrile. The band marked with an
asterisk is from a small amount of [Fe2(u-S2C3Hs)(CO)s(CN)1]~ present in the sample. (b)
Simulated IR spectra of each isomer of 1 based on DFT calculations with (c) comparison of

simulated IR spectra assuming a Boltzmann distribution of isomers (brown) and only isomer 1- 5

(purple).



Time-Resolved TRIR Spectroscopy

Figure 6 shows the measured TRIR spectra of 1 in acetonitrile at a number of pump-probe delay
times when employing 266 nm (Figure 6(a)) and 400 nm (Figure 6(b)) pump wavelength. Figure
7 depicts detailed time-resolved dynamics obtained with the monochromator set to particular
probe spectral wavelengths of interest. In the time-delayed data, three timescales are readily
extracted from averaged global fitting: a very fast 0.28 £ 0.058 ps decay (see the lowest
wavenumber absorptions and bleaches) followed by a 20 + 10 ps decay and a long-lived offset.
Very similar timescales are observed for 2: a fast 0.35 + 0.10 ps decay of new absorption
features followed by a 35 + 15 ps transient and a long-lived offset (data shown in Figures 8 and
9). The <1 ps pulsewidth-limited transient absorption decays most likely arise from a coherence
artifact when the pump and probe pulses overlap in the sample. Short ca. 20 ps to 30 ps decays
are generally smaller in amplitude for the 266 nm scans. This 20-30 ps decay component has
been identified with solute-to-solvent vibrational cooling, perhaps originating from relaxation of
the excited state resulting from excitation of the MLCT band.** 4% %% The longest timescale
component for both species suggests new (with ns or longer lifetime) photoproducts are

generated by both excitation wavelengths.
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Figure 6. Representative time-resolved UV and visible pump, IR probe spectra for 1 in room
temperature acetonitrile at indicated time delays after excitation with (a) 266 nm, (b) 400 nm and

(c) ground state FT-IR spectrum of 1 in acetonitrile solution.
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Figure 7. Time-dependent transient decay kinetics of 1 in acetonitrile at indicated IR
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Figure 8. Time-resolved TRIR UV and visible pump, IR probe spectra for 2 in acetonitrile with
(a) 266 nm and (b) 400 nm excitation. (c) FT-IR spectrum of 2 in room temperature acetonitrile

solution.
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Figure 9. Time-dependent transient decay kinetics of 2 in acetonitrile at selected IR
wavelengths (cm™) as shown in Figure 8 when using (a) 266 nm and (b) 400 nm pump excitation

wavelengths.

The long-lived spectra for 1 (dark blue spectra in Figure 6) exhibits two new absorptions
at 1840 cm™ and 1951 cm™. One possible explanation for these long-lived signals is that the
compound isomerizes upon either excitation or relaxation to the ground state. This behavior has
been reported previously for the di-substituted trimethylphosphine derivative, Fea(p-

S2C3He)(CO)a(PMes)2 (5).4%4 However, when comparing the calculated spectra of the

14



individual isomers shown in Figure 5 to the experimental one, none of the other tetracarbonyl,
dicyano isomers exhibit an absorption band lower in energy than the lowest energy band of
isomer 5 (at 1870 cm™ in the experimental data but computed to be at 1850 cm™ in the DFT
calculations). This behavior suggests that the new strong absorption at 1840 cm™ cannot be
explained solely by isomerization but that a new product may be formed.

To explain the origin of the long-lived spectral signatures, DFT calculations were
performed to generate the possible CO or CN-loss photoproduct spectra from each isomer (all
possible CO- and CN-loss isomers are shown in Figure S3). Full energetics, dipole moments and
band frequency results for all fragments are shown in the supplementary information, Tables S2-
S7. Example spectral results for some of these calculations are shown in Figure 10 (a) (potential
CN-loss photoproducts) and Figures 10 (b) and (c) (potential CO-loss photoproducts). Loss of
one CN ligand results in a single negative charge on the di-iron core rather than the doubly
negative charge on the parent molecule. This results in all CO and CN bands shifting to higher
wavenumbers. If a CN were ejected upon UV or visible excitation, there should be no new
absorption bands near 1840 cm™ and additional new absorptions would be expected in the 1980
cm* to 2070 cm region, but these are not observed. Thus, when considering the experimental

and calculated spectra, there is no evidence for any CN-loss photoproducts.

15



— | (a) ——Bleaches

[0 —1CN 1-32

g i 1CN 1-3.1
——1CN 1-1.2

g b o {35 \ —1CN 1271

<

>

=

7]

c |

]

el

£

1800 1850 1900 1950 2000 2050 2100 2150

Wavenumber (cm-)

— | (b) ——Bleaches

@ ——3C0 1-5.1

= 3CO 1-5.2

2 [ —3C0 1-53

- —3C0 1-5.4

[

<L B

IR \/ W o

>

=

[72]

c L

-]

el

£

1800 1850 1900 1950 2000 2050 2100 2150

Wavenumber (cm-)

—|© ——Bleaches
© ——3C0 1-1.1
c L 3CO 1-2.2
2 ——3C0 1-3.3
o —3C0 1-44
2 //

[7)]

[l =

D

g

£

1800 1850 1900 1950 2000 2050 2100 2150

Wavenumber (cm)

Figure 10. Calculated difference spectra for 1 based on DFT calculations of indicated

photoproduct isomers for (a) CN-loss products, (b) CO-loss products from parent isomer 1-5 and

(c) CO-loss products from other isomeric forms.
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There are four possible CO-loss products derived from isomer 1-5, with calculated
spectra shown in Figure 10 (b) (fragments 1-5-2 and 1-5-3 have essentially identical spectra).
Each of these potential photoproducts could explain the appearance of the new absorption band
at 1840 cm2, but none of them are likely to produce a new strong absorption band in the 1950
cm~* range. CO-loss products from other isomers (examples shown in Figure 10 (c)) exhibit
bands at both 1840 cm™ and 1950 cm™. Since isomer 1-5 seems to be the only isomer present in
acetonitrile, this would require a geometric rearrangement on a fast timescale along with the CO
loss.

A single photoproduct is unlikely, and there are far too many possible photoproducts to
narrow down the possibilities much more than this. In the end, the best that can be said is that
the photoproducts are probably a complex mixture of tricarbonyl, dicyano products, with some
of the photoproducts isomerizing from the starting 1-5 isomer. Some isomerization of
tetracarbonyl, dicyano products cannot be ruled out, as well. A similar analysis was found for 2
as the starting species (see Figures S4 and S5).

This analysis is supported by examining the CN-stretching region of the spectra. The
band at 2076 cm™ in the FT-IR spectrum of 1 (Figure 6d) results from uncoupled, nearly
degenerate vibrations of the two CN ligands. This band becomes a bleach in the TRIR data. At
short delay times, a few weak, positive-going features may be seen below this bleach, but at
longer delay times, very little, if any, signal occurs in this area. As can be seen in Figure 10b and
10c, CO loss would result in the loss of degeneracy between the two CN vibrations, with the CN
on the iron that lost the CO shifting down farther than the CN on the iron with two CO ligands.
This results in the intensity from the already weak CN bands being split into two. If a single

isomer were formed these signals, although weak, would probably be identifiable. However, if
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multiple isomers are formed, one would expect the intensity would be further reduced and
frequency-shifted, resulting in very weak signals that would be very difficult to detect. As can
be seen in Figure 6, the background subtraction is not perfect, resulting in a baseline that is
slightly below zero in the region above the highest CO band (2000 cm™* and above). However,
just below the CN bleach, the signal goes up to essentially zero. This might be evidence of a
broad set of CN bands resulting from multiple isomers, although, with the imperfect background
subtraction, this is difficult to say with any certainty.

The situation in Figure 8 is similar, although the interpretation is complicated by
imperfect background subtraction and the sloping baseline in the CN-stretch region. There may
be a small, broad, positive-going signal just below the CN stretch, but this is difficult to say for
sure. The very weak signals in this area would again be consistent with the intensity being split
among a number of CO-loss isomers.

One of the most intriguing and unexpected characteristics of the kinetic data measured
for 1 and 2 is the absence of a ca. 150 ps decay observed for all of the other hydrogenase model
systems. In every model compound studied to date, a ca. 150 ps decay component was observed
and assigned as decay of a long-lived excited electronic state.® 404246 No such decay time is
found for either 1 or 2 in this work. This finding may be related to the lack of a weak, broad
absorbance band found at around 500 nm for the other model systems (for instance, see the
spectrum of 3 shown in Figure 3). This absorption band is present in all other model systems
studied so far and was previously assigned to the metal-metal charge transfer transition.”®
Suppression or significantly reduced extinction of this band in the ground state ionic species
(perhaps originating from altered charge density on the Fe-Fe core) may explain the lack of

observing a 150 ps decay component in 1 and 2.

18



Conclusions

The photochemical mechanisms for two cyano-containing model compounds of Fe-Fe
Hydrogenase were examined. Compounds 1 and 2 dissolved in room temperature acetonitrile
were photo-excited at 266 nm and 400 nm and subsequent photochemistry probed using ultrafast
TRIR spectroscopy. Careful comparison of experimental TRIR spectra with calculated DFT
results for multiple potentially generated isomeric structures indicates CN" is not photolytically
cleaved, but CO is ejected under both excitation conditions to potentially form multiple ground
state isomers. Transient dynamics of newly-formed bleach and absorption features exhibits a <1
ps response (coherent artifact or fast electronic relaxation), ca. 20 ps to 30 ps thermal relaxation
decay followed by constant (> ns) spectral bleach and absorption features of newly formed
photoproducts. Suppression or significantly reduced extinction of the Fe-Fe metal charge
transfer band in the ground state ionic species 1 and 2, which may originate from altered charge
density on the Fe-Fe core, may explain the lack of a longer 150 ps decay component observed for
all CO and CO/PMe3z systems. We propose that from the findings in this work summarized
above, it appears that inclusion of CN ligands may directly influence the electronic nature of the
wild-type enzyme leading to its high Hz-production turnover rate. Direct comparison to recently
investigated related di-iron systems®® ’* with further DFT modeling of the electronic structures of

these product isomers is warranted to try to untangle this possibility.
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