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Synthesis of a Rhenium(VIl) Trioxo Complex Supported by a
Triphyrin Ligand: Oxygenation Chemistry and Deposition on
Au(111)

Manh Linh Nguyen,® Thomas Strunskus,? Christian Nather,?Jan Krahmer,? and Felix Tuczek*?

A new [14]triphyrin(2.1.1) ligand (TriP, 1) is synthesized, and its rhenium(l) and rhenium(VIl) complexes [Re(TriPt)(CO)s] (2)
and [ReOs;(TriPf)] (3) are characterized in the bulk and on Au(111) surfaces. Self-assembled monolayers on Au(111) are
prepared via wet-chemical deposition. IRRAS, supported by DFT, reveals a shift of the carbonyl stretching modes to higher
wavenumbers, indicating an electron-withdrawing effect of the gold surface. On the other hand, XPS measurements of a
monolayer of 3 show a reduction to Re(VI). A tilted adsorption geometry is observed, with reduced tilt compared to previous
systems due to a shortening of the alkyl chains. Catalytic studies show that 3 promotes oxygen-transfer reactions, efficiently
oxidizing triphenylphosphine with N-oxides and, more slowly, with molecular oxygen. While 3 is inactive for TBHP-mediated
epoxidation of cyclooctene, irradiation in the presence of cyclooctene and oxygen leads to cyclooct-2-ene-hydroperoxide,

indicating photooxygenation activity attributable to the complex, as the free ligand 1 decomposes under irradiation.

Introduction

With nearly 90% of all chemical products undergoing at least
one catalytic step,! catalysts play a central role in industrial
chemical processes. The development of new catalysts with
higher efficiency thus remains highly desirable. A growing
research area that aims to integrate the advantages of both
homogeneous and heterogeneous catalysis is the
heterogenization of homogeneous catalysts.27 The concept
behind this approach is to combine the beneficial properties of
homogeneous and heterogeneous systems by immobilizing
homogeneous catalysts on solid supports, either physically or
chemically. This way the high selectivity and mild reaction
conditions characteristic of homogeneous catalysts are
preserved while also maintaining the efficient separation and
recyclability associated with heterogeneous systems.

Along these lines GOTTFRIED et al. employed well-studied planar
metalloporphyrins as adsorbates for surface functionalization.®~
10 However, their studies revealed that porphyrin-type
complexes when adsorbed on metal surfaces display low
reactivities toward gaseous molecules. In a flat-lying geometry
the close proximity of the metal center to the surface greatly
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limits its ability to coordinate additional ligands. This
phenomenon is known in surface organometallic chemistry as
“surface trans effect”, leading to reduced accessibility and,
therefore, reactivity of the metal center. A promising approach
to mitigate this limitation involves reducing the size of the
macrocycle, thereby lifting the metal center above the ligand
plane and increasing its distance from the surface (Figure 1).
Subporphyrinoid complexes are particularly attractive in this

context. Their inherent dome-shaped geometry offers a more

i e
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Figure 1. Introducing the concept of surface-deposited, dome shaped
catalysts: By reducing the size of the macrocycle of the macrocylcle a small
gap between the metal center and metal surface is induced.

accessible coordination environment for gaseous molecules,
potentially enabling surface reactivity that is not achievable
with conventional planar systems. In previous work, we
identified the [14]triphyrin(2.1.1) (TriP) ligand originally
reported by YAMADA et al. as a promising ligand framework
capable of supporting such geometries.11-13

A central challenge of the described project, as an initial step
toward heterogenization, is the identification of a catalyst that
is active under homogeneous conditions and can be thoroughly
characterized, followed by the question of whether such
reactivity can be translated to surface-bound conditions. Initial
attempts to coordinate the triphyrin ligand (TriP) to Ru(ll) and
Mn(l) led to catalytically inactive compounds, limiting their
suitability for further investigation. Consequently, our focus
shifted to high-valent rhenium. Since the discovery of
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methyltrioxorhenium (MTO) by HerRrRMANN et al.’4, rhenium
complexes have attracted considerable attention due to their
ability to activate small molecules such as O,, CO, ethylene, and
N, in solution.’> 18 |n this context, oxygen activation and
transfer reactions are of particular interest, as they may be
transferable to surface chemistry with gaseous molecules such
as Oz and N0 as oxidants.'®29 Notably, our previous studies on
the adsorption behavior of TriP complexes on metal surfaces
revealed distinct adsorption differences depending on the
deposition method. STM measurements of vacuum-evaporated
(sub)monolayers of these molecules indicated a geometry
nearly parallel to the surface.?! By contrast, IRRAS, XPS, and
NEXAFS measurements revealed that the Ru(ll) complex
[RuCI(TriP)(CO)2] deposited wet-chemically on Au(111) exhibits
a tilted adsorption geometry.?2 We assumed that the flexible
alkyl chains of the triphyrin ligand are the cause for this
observation.

1
Scheme 1. The [14]triphyrin(2.1.1) (TriP) described by YAMADA et al. and the
new TriPf (1) with shortened alkyl substituents introduced in this work.

Herein, we investigate the influence of shortened alkyl chains
on the adsorption geometry of rhenium triphyrin complexes on
surfaces as well as the accessibility of a corresponding high-
valent rhenium species and its catalytic activity. To this end, we
introduce a newly designed triphyrin ligand (TriPf, 1) featuring
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shortened alkyl chains, followed by the synthesis af the.derived
carbonyl complex [Re(TriPEt)(CO)s] (2). SUBEHUENCEG@IBIOT GF
2 then leads to a novel trioxorhenium(VIl) complex,
[ReOs(TriPt%)] (3). Both 2 and 3 are characterized structurally
and spectroscopically in the bulk and in thin surface-deposited
films. As an initial step toward evaluating the suitability of
complex 3 for heterogenized applications, its catalytic activity in
selected oxygen-transfer reactions is examined in solution using
various oxidants, including molecular oxygen. This approach
provides us with a basis for future reactivity studies on surface-
bound complex 3.

Results and Discussion
Syntheses of TriPEt (1), [Re(TriPtt)(CO)s] (2) & [ReOs(TriPEt)] (3)

As shown in Scheme 2, the synthesis of the ligand TriPt (1)
involves six steps, analogous to the procedure applied by
YAMADA et al. and UNo et al. to the synthesis of TriP.11.23
Compounds 4, 5, 6, and 7, originally described by JoHNSON et al.,
were prepared according to the process outlined by Uno et
al.?32% Benzyl-3,5-dimethyl-4-ethylpyrrol-2-carboxylate (4) was
obtained through a modified Knorr pyrrole synthesis starting
from the corresponding a-amino-B-keto ester component and
3-ethyl-2,4-pentanedione. The a-amino-B-keto ester was
generated in situ by an amination reaction, after which the
resulting precursor was acetylated using Pb(IV) acetate to yield
the pyrrole building block 5. Subsequent coupling with 3,4-
diethylpyrrole afforded the tripyrrane (6).

o o 1) NaNO, o o o H
)I\/U\ H;0, AcOH NaOAc, AcOH, Zn Bz0,C N
o 0°C, 2 h coBz 90°C, 3 h ﬂ/
2)rt,15h
h, NH, Et Et
4
Pb(IV)(OAC),
AcOH
Et Et m2h
H AcOH, EtOH H H
Ete_A N Et N, 80°C, 18 h N B20,C~_~N\__CH,0Ac
NH HN -~
TS VI O
€0,Bz Bz0,C Et Et Et
6 5
1) THF, TEA 2) TFA
PdIC, H, Trimethoxymethane
i, 12 h Ny, 0°C, 1 h Et Et Et Et
1) Zn, CucCl, TiCl,, THF
Ny, reflux, 3 h Et Et
2) DDQ
rt,12 h
1

Scheme 2. Synthetic route of the [14]triphyrin(2.1.1) (TriP%, 1) with shortened alkyl chains.

2| J. Name., 2012, 00, 1-3
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The ester protecting group was removed by hydrogenolysis
over Pd/C. The resulting intermediate was then formylated
using trimethylformate in the presence of trifluoroacetic acid.
Cyclization of the tripyrrane dialdehyde (7) proceeded via
McMurry coupling, followed by oxidation with DDQ to produce
TriPft (1) as a dark red solid with a yield of 31 %. Complexation
of 1 leading to [Re(TriPtt)(CO)s] (2) was achieved by reaction
with [ReCl(CO)s] in the presence of sodium acetate as a
deprotonating agent under reflux conditions (Scheme 3). The
resulting Re(l) complex 2 is quite air-stable, demonstrating the
need for a strong oxidant to achieve oxidation to higher valent
species. Following the procedure reported by FurRuTA et al., tert-
butyl hydroperoxide (7 M in water, TBHP) was employed.?®
Conversion proceeded over several days, monitored by thin
layer chromatography (TLC). The final product [ReOs(TriPft)] (3)
was isolated as a bright red solid.

Et

Et

Et

ARTICLE

View Article Online
DOI: 10.1039/D6DT00370B
Et Et

[Re(1)CI(CO)s]
NaOAc, toluene
reflux, 18 h

TBHP
,72h

Figure 2. Molecular structures of [Re(TriPf)(CO)s] (2) and [ReOs(TriPt)] (3) determined by single-crystal X-ray diffractometry. Ellipsoids are drawn at the

50 % probability level.

Table 1. Selected bond lengths [A] and angles [°] of [Re(TriPEt)(CO)s] (2, top) and [ReOs(TriP)] (3, bottom).

Rel-N1 2.1321(19) N1-Rel-N2 80.95(7)
Rel-N2 2.1309(19) N1-Rel-N3 76.33(7)
Rel-N3 2.1212(19) N2-Rel-N3 76.83(7)
Rel-C31 1.926(2) C31-Rel-N1 98.05(9)
Rel-C41 1.933(2) C31-Rel-N3 171.32(8)
Rel-C51 1.931(2) C31-Rel-C41 87.18(10)
Rel-N1 2.161(3) N1-Rel-N2 73.49(10)
Rel-N2 2.185(3) N1-Rel-N3 73.42(10)
Rel-N3 2.184(3) N2-Rel-N3 76.33(10)
Rel-01 1.727(3) 01-Rel-N1 89.17(11)
Rel-02 1.724(3) 01-Rel-N3 159.13(11)
Rel-03 1.719(2) 01-Rel-02 105.01(11)

This journal is © The Royal Society of Chemistry 20xx
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Crystals of 2 and 3 suitable for single crystal X-ray diffraction
were obtained by dissolving the respective products
chloroform and allowing methanol (for 2) or diethyl ether (for
3) to diffuse slowly into the solutions. Structure analysis shows
that both complexes adopt a slightly distorted octahedral
geometry and display the expected dome-shaped triphyrin
coordination (Figure 2). In both structures, the rhenium center
is positioned above the plane defined by the three inner
nitrogen atoms, with Re-N bond lengths ranging from 2.121 A
for 2 to 2.185 A for 3 (Table 1). This out-of-plane displacement
reflects the intrinsic curvature of the triphyrin ligand.
Comparison of the two complexes shows that the N-Re-N angles
decrease from approximately 76° in 2 to 73°in 3, corresponding
to an average reduction of about 3°. This change can be
attributed to an elongation of the Re-N bond lengths by
approximately 0.048 A upon conversion from 2 to 3. As a result,
the rhenium center in 3 exhibits a slightly more pronounced
out-of-plane coordination environment. The Re-C bond lengths
of 2, approximately 1.93 A, fall within the range typically
observed for structurally related rhenium carbonyl
complexes,** while the Re-O bond lengths in 3 average at
1.72 A, in good agreement with reported values for high-valent
rhenium oxo species.?®=28 Additional crystallographic data and
CSD numbers are provided in the Supporting Information and
the relevant structural parameters are summarized in Table 1.

in

Oxygenation chemistry of [ReOs(TriP£)] (3)

Given the known reactivity of high-valent rhenium species,
particularly Re(VIl), we explored the catalytic properties of
complex 3 in oxygenation reactions. Inspired by the work of
FURUTA et al., its activity towards the oxidation of nucleophilic
phosphines such as triphenylphosphine (PPhs) was investigated
first, employing molecular oxygen as well as the established 4-
phenylpyridine-N-oxide as an activated oxygen species.?®

[ReO4(TriPEY]
= " obehn
N/ ” N7
o

Scheme 4. Catalytic oxidation of triphenylphosphine (PPhs) with 4-
phenylpyridine-N-oxide/air and [ReOs(TriP)] (3) as catalyst.

PPh; + PPh,0 4+

As expected, the complex in combination with the oxidant 4-
phenylpyridine-N-oxide efficiently converts triphenylphosphine
to the corresponding phosphine oxides, which was followed
with 31P-NMR spectroscopy (Scheme 4, see SI for more
information).3° Notably, catalytic oxidation by 3 also proceeds
under ambient atmosphere, showing faster conversion
compared to just phosphine under air (Figure 3).31

Then, the oxidation of cyclooctene was examined in the
presence of 3 using H,0, and tert-butyl hydroperoxide (THBP),
but neither oxidant produced the corresponding epoxide. These
results indicate that complex 3 is not suitable for this type of
oxygenation. The same applies to molecular oxygen which did
not lead to epoxidation in the presence of 3 either (Scheme 5).

4| J. Name., 2012, 00, 1-3
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Figure 3. Conversion over time of triphenylphosphine (PPhs) with 4-
phenylpyridine-N-oxide/air and [ReOs(TriP)] (3) as catalyst.

Unexpected reactivity, howeve

r,

emerged

under

photochemical conditions; i.e., irradiation of cyclooctene at
365 nm in the presence of complex 3 under air led to the
formation of cyclooct-2-ene hydroperoxide (Scheme 4). NMR
quantitation revealed a turnover frequency of approximately

0.5 eq./h under

ambient conditions

(see SI

for more

information). In the dark the hydroperoxide slowly decomposed
to the corresponding alcohol, which is known for this class of

compounds (Figure 4).3233

o]

TBHP or H,0,

cy

[ReO4(TriPEY)]

365n\
CDCl3, -30 °C

OOH

OH

Scheme 5. Attempted conversion of cyclooctene to the corresponding
epoxide and the photochemical conversion of cyclooctene to the peroxo
acid with [ReO;(TriPf)] (3) as catalyst followed by the conversion of the

hydroperoxide to the corresponding alcohol.

In order to account for these results, we first assumed that the
is associated with a
photooxygenation process involving the triphyrin ligand as a
photosensitizer, consistent with the well-known photochemical
properties of the structurally related porphyrins.3*=3¢ To check
this hypothesis, the free ligand TriPft (1) was tested under
identical conditions as applied for 3. However, only ligand
decomposition occurred, and no conversion of cyclooctene was
observed. This shows that the TriPt system, in order to act as a
photosensitizer, needs to be coordinated to a metal. Although
the rhenium center may not be directly involved in the

observed catalytic activity of 3

This journal is © The Royal Society of Chemistry 20xx
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oxygenation, it plays an essential enabling role by stabilizing the
TriPt ligand (1).

dark phase dark phase
4
=
2,
c 37
2
4
g 2+
c
o
o
14
04
T T T T T T T T T T T
0 10 20 30 40 70 80 9% 100 110
Time [h]

Figure 4. Catalytic conversion of cyclooctene to cylooct-2-ene-
hydroperoxide vs time. The lighting phase average around 3 h per cycle
while the lengths of the dark phase are indicated in the diagram.

b
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The observation that the reaction besides the mgtal,copmplex
requires both irradiation with light and &xposuresPmaIEEuUIdt
oxygen can be accounted for by two mechanisms known from
the literature on photooxygenations (Scheme 6).37:38 In a Type |
pathway, photoexcitation of the photosensitizer induces a
single-electron transfer, generating a cyclooctene radical
cation. The reduced photosensitizer transfers the electron to
molecular oxygen, producing a superoxide radical anion. This
species subsequently reacts with the
cyclooctene radical cation to form cyclooct-2-ene
hydroperoxide which is observed as the primary reaction
product in our experiments (see above).3°

The Type Il mechanism, which is more commonly described in
the literature for olefin oxygenations and which we consider to
be more likely in this case, involves energy transfer from the
photoexcited complex to triplet oxygen (30,) in solution,
generating singlet oxygen ('0,).4%41 The highly reactive '0, then
reacts with cyclooctene via an “ene”-type pathway, leading to
the formation of the hydroperoxide product.

reactive oxygen

Type Il

TN

[ReO(TriPEY] [ReO,(TriPEY]*
102 302
1
10, OOH
E—

&
@

Scheme 6. Proposed mechanisms for the conversion of cyclooctene to cylooct-2-ene-hydroperoxide with the Re(VII) trioxo complex 3 acting as a

photosensitizer (see text).37 38

Deposition of [Re(TriPf)(CO)s] (2) on Au(11l) and
spectroscopic investigation

IRRA-

Following the identification of catalytic activity for complex 3,
we turned our attention to its characterization on surfaces.
Complexes 2 and 3 were deposited on Au(111) by immersing
the gold substrate for one hour in 0.5 mM dichloromethane
solutions of the respective complex, forming self-assembled
monolayers. To evaluate the orientation of complexes
supported by the TriPft ligand 1, we focused first on the
tricarbonyl rhenium complex 2. Carbonyl ligands serve as
excellent marker bands and are particularly suitable for infrared
reflection absorption spectroscopy (IRRAS) analysis. Figure 3

This journal is © The Royal Society of Chemistry 20xx

shows the IRRA spectrum of the adsorbed complex 2 together
with the bulk IR spectrum and the corresponding simulated
IRRA  spectrum. The measured IRRA intensities, all
approximately < 1072 absorbance units, confirm formation of a
monolayer.*2%6 Due to the IRRAS surface selection rule, the
relative signal intensities differ from those in the bulk IR
spectrum, providing information about the molecular
orientation on the surface. For the simulation, complex 2 was
first modeled with the plane defined by the three pyrrolic

J. Name., 2013, 00, 1-3 | 5
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nitrogen atoms parallel to the surface (xy-plane), omitting the
gold substrate (Figure 5).

Bulk IR

1996 1878 1ges

calc. IRRAS @ 0° 1954

calc. IRRAS @ 30° 1954

2.0x10% IRRAS 2004 1894
0.0 \wwv\

2100 2000 1900 1800

1870

Intensity [a.u.]

Wavenumber [cm™]

Figure 5. Comparison of calculated and measured vibrational spectra of

[Re(TriPE)(CO)5] (2) both in bulk material and after adsorption on Au(111)

surfaces. The calculated tilted orientation corresponds to the complex 2

being inclined approximately 30° towards the x-axis.
As a reference for interpreting changes in electronic structure
and orientation after adsorption, bulk IR data is essential.#247 In
the bulk spectrum of 2, three characteristic carbonyl stretching
bands appear at 1996, 1878 and 1865cm™'. The totally
symmetric vibration A’(1) gives rise to the band at 1996 cm™.
Regarding the vibrations of E parentage in Cs3, symmetry, the
band at 1865 cm™ corresponds to the out-of-phase CO mode
(A”) and the band at 1878 cm™ is assigned to the in-phase
stretching mode A'(2).
As observed in our previous study, the measured IRRA spectrum
does not match the spectrum predicted for an adsorption
geometry parallel to the surface (Figure 5).22 Consistent with a
predominantly upright orientation, the intensity of the A’(1)
mode remains large; however, the intensities of the A” and
A’(2) modes are only moderately diminished. According to the
surface selection rule, the intensities of the A” and A’(2)
vibrational modes should vanish for a strictly horizontal
orientation. The fact that this is not observed indicates that the
complex does not lie flatly on the surface. Because these two
bands are very close in frequency, both in the experimental and
simulated spectra, they appear as a single broadened feature,
although two maxima can be recognized in the measured bulk
IR spectrum (Figure 5).
DFT-based simulations indicate an adsorption
geometry of 2 on Au(111) with a tilt angle of roughly 30°,
reproducing the experimental intensities (Figure 5). In our

inclined

earlier study, the presence of flexible n-butyl chains in the
original ligand (TriP) was identified as a likely cause of the
pronounced tilt of nearly 60°.22 These chains may interact with
the solvent during adsorption, precluding an adsorption parallel
to the surface. The resulting geometry appears to be retained
after drying. Comparison of our previous and current results
indicates that shortening the alkyl chains indeed reduces the
degree of tilt (Figure 6). This demonstrates a clear dependence
of adsorption geometry on alkyl chain length and constitutes an
improvement in orientational control.

6 | J. Name., 2012, 00, 1-3
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Figure 6. Schematic comparison of the tilted geometry of [Re(TriP)(CO)s]
(2) (right) with the shortened alkyl chains and the tilted geometry of the
[RUCI(TriP)(CO),] (left) with the original TriP backbone, previously reported,
on the Au(111) surface.

In addition to information on the adsorption geometry, IRRAS
provides insight into the electronic structure of the complex on
the metal surface. In our earlier work, we showed that gold
exhibits a strong electron-withdrawing effect, which manifests
itself as a shift of carbonyl stretching vibrations to higher
wavenumbers. This shift arises from static withdrawal of
electron density from the metal center, strengthening the C-O
bonds. In tricarbonyl complexes, we also identified a second
phenomenon denominated as dynamic activation, in which the
totally symmetric A’(1) vibration dynamically withdraws
electron density from the substrate.*24446 Because of this
charge modulation, the A’(1) mode typically experiences a
smaller surface-induced shift than the other two CO modes. The
same behavior is observed here: upon adsorption on Au(111),
the A” and A’(2) bands shift by approximately 21 cm™ to higher
wavenumbers, indicating strong static deactivation by the gold
surface. In contrast, the A’(1) mode only shifts by about 8 cm™,
consistent with dynamic activation counteracting the electron-
withdrawing effect of the substrate. Overall, the carbonyl
vibrational pattern reflects the combined influence of static and
dynamic (de)activation processes as previously reported on
other surface-adsorbed complexes.*?

The adsorption geometry of compound 3 and the influence of
the gold substrate on its electronic structure were analyzed in a
similar fashion. The bulk and surface IR data of [ReOs(TriPtt)] (3)
are shown in Figure 7.

Bulk IR 899,885
928
calc. IRRAS @ 0° 922
3
S
£
calc. IRRAS @ 30° 922
902
2.0x10*
0.0

1200

1100

1000 200 800 700
Wavenumber [cm]
Figure 7. Comparison of calculated and measured vibrational spectra of
[ReOs(TriPE)] (3) both in bulk material and after adsorption on Au(111)
surfaces. The calculated tilted orientation corresponds to the complex 3
being inclined approximately 30° towards the x-axis.
In the bulk IR spectrum the totally symmetric vibration A’(1) can
be found at 928 cm™ whereas the out-of-phase vibration A"
and the in-phase vibration A’(2) are at 899 cm™ and 885 cm,

This journal is © The Royal Society of Chemistry 20xx
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respectively. Table 2 summarizes the Re=0 Vvibrational
frequencies of selected Re(VIl) trioxo complexes reported in the
literature. Comparison with complex 3 shows that the Re=0
stretching modes lie well within a similar range, with deviations
generally not exceeding approximately 20cm™. The only
notable exception is the highly catalytically active
methyltrioxorhenium (MTO), which exhibits shifts to higher
wavenumbers, with the A’(1) mode observed at 1002 cm™ and
the A” and A’(2) modes being around 953 cm™.

Table 2. Comparison of experimental Re=0 vibrational frequencies (cm™)
of [ReOs(TriPf)] (3) with selected rhenium trioxo complexes from
literature.

Compound A’(1) A~ A’(2)
[ReOs(TriPE)] (3) 928 899 885
[Re(CHs)0s] (MTO)*8 1002 953
[Re(n>-CsHs)05]*° 926 886
[Re(NFP)O3]% 932 908
[Re(tacn)03]CI?° 945 920

As evident from the non-vanishing intensities of the A”" and
A’(2) modes, complex 3 does not adopt a parallel orientation on
the Au(111) surface but instead assumes a tilted geometry,
similar to 2. Based on DFT calculations, the inclination angle has
a value of approximately 30°, similar to 2. Furthermore, we
observed shifts of the metal-oxo vibrational frequencies in the
surface-adsorbed monolayer of 3. As described above, due to
the electron withdrawing nature of gold the A”” and A’(2) bands
shift by approximately 7cm™ to higher wavenumbers. In
contrast, the A’(1) mode exhibits a smaller induced shift of
4 cm® than the other vibration modes consistent with dynamic
activation partially compensating the electron-withdrawing
effect of the substrate. The interaction of complex 3 with the
gold substrate reflects an electron-withdrawing nature of the
surface, leading to a shortening of the Re=0 bonds.

Surface-spectroscopic investigations of [ReOs(TriP£t)] (3) by XPS and
NEXAFS

X-ray photoelectron spectroscopy (XPS) was employed to
determine whether compounds 2 and 3 remain chemically
intact and free of contamination after deposition onto Au(111).
Since a major focus of this study is the potential catalytic
reactivity of the high-valent Re complex 3 on surfaces, the
corresponding spectra are discussed in detail in the following.
The spectra of the free ligand 1 and tricarbonyl complex 2 are
presented and discussed in the Supporting Information.

The survey spectrum of 3 (Figure 8) displays the characteristic
Au 4f peaks at 84.0 and 87.5 eV as well as Au 4d signals at 335.0
and 352.5eV. A well-defined C 1s peak at 284.5eV is also
observed. The intensity ratio between the Au 4ds;; and C 1s
signals supports the formation of a monolayer on Au(111).42-46
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Dalton Transactions

a) b) T rticte Pt
Bulk - survey Monol r-Su
B 5 th39/D6DT0O708
E) El
L L]
@ @ Cis
c < N1s
3 3
° 0fs C1s o [ \of /
N1s Re 4
Re 4f]
|
600 500 400 300 200 100 0 600 500 400 300 200 100 0

Binding Energy [eV] Binding Energy [eV]

Figure 8. Survey spectra of [ReOs(TriPt)] (3) in bulk form (a) and as a
monolayer (b) on Au(111).

Higher-resolution spectra of the N 1s, C 1s, O 1s, and Re 4f
regions were recorded with acquisition times of up to one hour.
The XP spectra are shown for a thick layer (corresponding to
bulk) in Figure 8 and for a monolayer in Figure 9. In the bulk XP
spectra (Figure 9a), two sets of Re 4f signals are observed at
47.6/45.2 eV (red) and 46.5/44.1 eV (blue), each showing the
expected spin—orbit splitting of 2.4 eV and an intensity ratio of
4:3 corresponding to the 4fs,, and 4f;, components. The
relative ratio between the two species is around 73:27. The
difference of 1.1 eV between the two species indicates the
presence of Re(VIl) at 45.2 eV, in agreement with literature
values, and a reduced Re(VI) species at 44.1eV.’1>3 The
formation of mixed-valent rhenium states, such as
Re(VII)/Re(VI), is known for rhenium oxides like Re;O;. Rhenium
oxides can undergo partial reduction under thermal treatment
or X-ray exposure,>15254 3 behaviour that is highly relevant to
the catalytic properties of Re(VIl) oxide.>> Despite this partial
reduction, the ligand framework remains intact: the C 1s
spectrum (Figure 9b) shows an intensity ratio of 21:79 for C—N
to C—C environments, close to the theoretical ratio of 23:77, and
the N 1s spectrum exhibits two peaks at 398.2 and 398.8 eV in
a 2:1 ratio (Figure 9c) reflecting the two distinct nitrogen of the
triphyrin  backbone, similarly observed in free-base
porphyrins.?25657 Finally, the O 1s region contains a broad peak
at 532.1 eV, consistent with coordinated oxygen (Figure 9d).

a) Bulk - Re 4f 45.2 b) Bulk-C 1s cc

284.4
| 3
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- ! — 5
3 3
8, 8,
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o o
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Binding Energy [eV] Binding Energy [eV]

Figure 9. XP spectra of Re 4f (a), C 1s (b), N 1s (c), and O 1s (d) for
[ReOs(TriPE)] (3) as a thick layer on Au(111).

J. Name., 2013, 00, 1-3 | 7


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6dt00370b

Open Access Article. Published on 16 April 2026. Downloaded on 4/17/2026 12:34:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Dalton Transactions

The monolayer spectra (Figure 10) closely resemble the bulk
data with one notable exception that the Re centers now are
fully one-electron reduced to Re(VI). This behavior is certainly
due to the greater exposure of the surface-bound species to X-
ray irradiation whereas the Re complexes in the bulk material
are partially shielded by outer layers. Importantly, the relative
C 1s intensities in the monolayer match with a ratio of 23:77
perfectly with the thick layer and the theoretical values, thus
confirming that the triphyrin ligand remains unaffected by the
reduction of the metal center. Overall, the data indicate that
compound 3 forms a chemically intact monolayer on Au(111),
with only the metal centers undergoing reduction under the
conditions of the XPS experiment.

a) Monolayer - Re 4f b) Monolayer - C 1s
C-C

El 46.9 5
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Figure 10. XP spectra of Re 4f (a), C 1s (b), N 1s (c), and O 1s (d) for a
monolayer of [ReOs(TriPE)] (3) on Au(111).

To further investigate the adsorption geometry of compound 3,
near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy was employed. Spectra at the carbon and
nitrogen K-edges were measured for a monolayer of
[ReOs(TriPfY)] (3) on Au(111) at various angles of incidence
(Figure 11a and b).

Oxygen 1s photoelectron spectra were also measured;
however, the corresponding NEXAFS spectra did not provide
meaningful orientational information due to residual water on
the Au(111) surface despite preparation under dry conditions.
For this reason, they are not included in the analysis.

a) 289.3 cnexars| D) [NnExaFs
f 333'8 70
= i, e B s
o f’@ f ~__ 3| W
- j i
i ) o —
280 290 300 310 320 395 400 405 410 416 420 425 430

Photon Energy [eV] Photon Energy [eV]

Figure 11. Normalized NEXAFS spectra of [ReOs;(TriPt)] (3) as a monolayer
on Au(111) measured at incident angles of 30°, 55°, 70° and 90°.
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The C K-edge spectrum (Figure 11a) features two prominest .
resonances. Based on literature data afdstUIGFAINY Telated
systems, the resonances at 285.8 eV and 289.3 eV are assigned
to C 1s > n" transitions of the pyrrole units.?258-60 These
transitions exhibit only weak angular dependence, with
relatively minor changes in intensity between 30° and 90°. The
nitrogen K-edge spectrum (Figure 11b) displays a single m*
resonance at 399.5eV, corresponding to the N 1s > n*
transition of the pyrrole nitrogen atoms.>®>° Similar to the
carbon K-edge, this transition shows only a slight decrease in
intensity with increasing angle of incidence. Notably, a non-
vanishing intensity remains at 90°, indicating that the pyrrole
rings are not perfectly parallel to the surface but adopt a tilted
orientation. These observations are in agreement with the
IRRAS data discussed above and confirm a tilted adsorption
geometry of complex 3 on the gold surface.

Conclusions

In this study, the [14]triphyrin(2.1.1) ligand TriPf (1) as well as
the corresponding rhenium(l) and rhenium(VIl) triphyrin
complexes [Re(TriPff)(CO)s] (2) and [ReOs(TriPf)] (3) were
synthesized and thoroughly characterized both in the bulk and
adsorbed on Au(111) surfaces. Single-crystal X-ray diffraction
confirmed the anticipated dome-shaped geometry of both
complexes, demonstrating successful metal coordination.
Catalytic investigations revealed that the Re(VII) trioxo complex
3 in homogeneous solution is capable of oxygen-transfer
reactions regarding the oxidation of triphenylphosphine using
mild oxidants such as N-oxides and, albeit more slowly,
molecular oxygen. While attempts to use 3 as a catalyst for the
epoxidation of cyclooctene with TBHP were unsuccessful,
irradiation of complex 3 in the presence of cyclooctene and
molecular oxygen resulted in the formation of cyclooct-2-ene-
hydroperoxide which subsequently decomposes to the
corresponding alcohol. This photooxygenation activity was
attributed to 3 acting as a photosensitizer, the free ligand 1
alone being unable to promote the conversion.

Self-assembled monolayers on Au(111) were prepared via wet-
chemical deposition. IRRAS measurements revealed consistent
shifts of the carbonyl- and oxo stretching frequencies by
approximately 8 and 21 cm™and 4 and 7 cm™, respectively, to
higher wavenumbers, indicating that dynamic activation and
static (de)activation are the primary electronic influences on the
surface-bound complexes, consistent with observations in
related systems. Moreover, IRRAS data, supported by DFT
calculations, suggested a tilted adsorption geometry relative to
the surface plane, deviating from a fully parallel orientation.
Comparison with our previous results shows that shortening the
alkyl chains reduces the degree of tilt, confirming a clear
dependence of adsorption geometry on alkyl chain length and
demonstrating improved orientational control.

With the catalytic activity of 3 in solution being demonstrated
and its structural integrity on a Au(111) surface confirmed, the
reactivity of 3 on surfaces can now be addressed. In this context,
Kazansky et al. reported that surface-dispersed Re(VIIl) oxides
can be activated for oxygen transfer via partial reduction

This journal is © The Royal Society of Chemistry 20xx
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induced by X-ray irradiation, leading to increased catalytic
yields.>* Consistent with this behavior, our XPS experiments on
3 indicate the formation of a reduced rhenium species assigned
to Re(VI). Although no conclusions can be drawn from these
experiments regarding possible structural changes, the ratio of
the carbon species from the C 1s spectra indicate an intact
ligand 1 framework, suggesting that no decomposition occurs
upon X-ray irradiation of 3. Based on these results it might be
possible that exposure of 3 to UV light could (at least,
transiently) generate a Re(VI) oxo (or oxyl) species in which at
least one the Re=0O bonds is weakened, analogous to the
irradiation of 3 with X-ray irradiation. Such a species may then
be able to react with hydrocarbons, eventually leading to
oxidation or oxygenation of these compounds.
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