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Following the In Situ Pathway of Photoactivated
Cyclopentadienone–NHC Iron Complexes as
Ammonia–Borane Dehydrocoupling Bifunctional Catalysts
Andrea Cingolani, Nicola Schiaroli, Carlo Lucarelli,* Chiara Lenzi, Andrea Masetti,
Cristiana Cesari, Francesca Forti, Stefano Zacchini, Jacopo De Maron, Francesco Luca Basile,
and Rita Mazzoni*

Carbonyl iron complexes, bearing cyclopentadienone/
hydroxycyclopentadienyl ligands and N-heterocyclic carbene as
noninnocent and ancillary ligands, are active as ammonia–borane
dehydrocoupling catalysts under photoactivation conditions.
Dehydrogenation occurs at room temperature and is complete
(in NMR tube) after 2 h with 10mol% of cationic complex 2,
and after 4 h at lower catalytic loading (2 mol%) with the preac-
tivated form 3. Reaction coproducts have been identified by
11B-NMR. The reaction crudes reveal mixture of borazine and
corresponding crosslinked polymer, together with other
linear/branch polyaminoboranes for 1 and 2, and insoluble

polyaminoboranes under even milder conditions (no irradiation)
for 3. Scale-up of the reaction in a photoreactor then allows to
quantify the catalysts activation, measuring CO release, as well
as their productivity in term of H2 produced. The in situ IR analysis
sheds light on the different mechanistic pathways followed by
the neutral 1 and the cationic 2 precatalysts. As a general state-
ment, 2 is both easier to be activated and more efficient than the
neutral counterpart 1. Preactivation of catalyst 2, replacing a CO
with a more labile CH3CN leading to complex 3, is exploited to
improve the reaction speed and further explore the reaction
mechanism.

1. Introduction

Hydrogen, a versatile energy carrier, is one of the key solutions
envisioned to unlock a future independent of fossil fuels, with low
or even negative carbon dioxide emissions. However, replacing
storage methods in these sectors and using hydrogen as an
energy carrier can help address various energy challenges, includ-
ing in hard-to-decarbonize industries such as aviation, shipping,
and chemical production. Despite this, creating a new hydrogen
value chain based on solid and liquid hydrogen storage remains

one of the significant challenges of our time. To address this,
numerous global initiatives have been launched to accelerate
the development and scaling up of hydrogen technologies.
In Europe, the European Hydrogen Strategy, alongside
REPowerEU, has set a target of producing and importing 10mil-
lion tons of hydrogen by 2030.[1] Moreover, through the Mission
Innovation,[2] there is an aim to reduce hydrogen production
costs to make it competitive with fossil fuels. In this context,
the US Department of Energy plans to reduce hydrogen costs
from the current 5 dollars per kg to just 1 dollar per kg within
the next decade.[3] Overall, an investment of up to 750 billion dol-
lars is expected for the development of the project announced
through 2030.[4] While hydrogen production from electrolyzers
is paving the way for expanding hydrogen infrastructure, it is also
critical to develop alternative production methods to diversify
feedstocks and address areas where green electricity and clean
water are limited. In this context, the use of ammonia–borane
(AB)-derived feedstocks can still play a crucial role as documented
by a new proliferation of publications in the field,[5] while awaiting
the development of efficient regeneration processes from the
dehydrogenation byproducts, which remain one of the main
obstacles to the practical application of AB as a hydrogen storage
solution.[6]

In principle, ammonia�borane (H3N�BH3, AB) can release
≈19.6% by weight of H2, which is essentially equivalent to the
removal of 3 equivalents of molecular H2 from AB.[7] In the context
of AB chemistry, dehydrogenation leads to the formation of
H2N═BH2 (AOB), which then undergoes immediate oligo-
polymerization.[8]
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Depending on the reactivity of the metal catalyst, either 1
equivalent or more than 1 equivalent of H2 per mole of AB
can be released, resulting in the formation of several byproducts
(Scheme 1, e.g., BDCB, CTB, borazine, and insoluble polyamino-
boranes). To differentiate between the various behaviors, the cat-
alysts have been classified into two main groups: Type I, which
release 1 equivalent of H2 and are selective toward insoluble
polyaminoboranes, and Type II, which can release more than 2
equivalents of H2, leading to the formation of cyclic products,
borazine, and polyborazylenes.[9,10]

Several studies within this field have examined homogeneous
catalysts, ranging from noble metals (e.g., Ir and Ru) to earth-
abundant ones (e.g., Fe, Co, Mn, and Ni). These studies, combining
experimental work, characterization, and density functional the-
ory (DFT) calculations, have advanced the understanding of AB
dehydrogenation under mild conditions.[11]

Concerning the most abundant and less toxic one, various
homogeneous iron catalysts have been found active in the dehy-
drogenation of AB. H2 production range is from 1 to 2.5 eq. and
with variable catalyst loading down to 0.5 mol%.[12] Among them
the first Fe-based catalyst active, an iron(II) trimethylphospine
hydride, Fe(H)–(CH2PMe2)–(PMe3)3, was reported to work at room
temperature by Baker and co-workers in 2007.[12a] Manner’s group
lately employed easily available iron carbonyl complexes,
[CpFe(CO)2]2 and CpFe(CO)2I, activated upon UV photoirradiation.
These complexes were able to catalyze the dehydrogenation of

AB or Me2NHBH3.[12b] The bis(phosphinite) iron(II) POCOP–pincer
complexes were prepared and tested for AB dehydrogenation
at 60 °C leading to borazine and polyborazilene coproducts.
(iPrPOCOP)Fe–(H)(PMe2R)2 [R=Me or Ph; iPrPOCOP= 2,6-
(iPr2PO)2C6H3] and [2,6-(iPr2PO)2-4-(MeO)C6H2]Fe(PMe2Ph)2 H
with unprecedented activity (2.3–2.5 eq. of H2 release per AB
equivalent in 24 h at 60 °C in THF/dig).[12c] In 2015, Schneider
reported a five-coordinated iron complex (PNP)eFeH(CO)
[PNP= N(CH2CH2PiPr2)2], which release 1 eq. of H2 with high cat-
alytic activity and generates a linear polyaminoborane.[12d]

Recently, a series of iron complexes bearing both amido and
phosphine supporting ligands [e.g., Fe(DCPE)(PhNCH2)2] were
synthesized by Baker, Gordon, and co-workers.[12e] They also care-
fully examined the catalytic activity, ammonia borane was able to
release 1–1.7 equivalent of H2 at 60 °C.

On the base of this state of the art, the development of stable
molecular iron complexes for AB dehydrogenation remains
highly desirable for the exploitation in industrial application.
With this aim in mind a series of iron complexes bearing the com-
bination of the noninnocent cyclopentadienone/hydroxycyclo-
pentadienyl ligands and N-heterocyclic carbene, previously
employed by our group in redox and hydrogen-borrowing cata-
lytic applications,[13] have been prepared and tested for the first
time for this ligand combination, as catalysts for the AB dehydro-
coupling. The complexes analyzed in this work (1, 2, and 3 in
Figure 1) are stable and capable to overcome 1 eq. of H2

Scheme 1. Major byproducts of dehydrocoupling of AB.

Figure 1. Iron complexes employed in this work.
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production. NMR characterizations allow the identification of sol-
uble coproduct, while in situ IR experiments reveal a different
mechanistic behavior comparing the neutral complex 1 and
the cationic 2 and 3. Scale-up of the reaction in a 217mL photo-
reactor permits to quantify H2 production and catalysts 1 and 2
activations, by means of CO releasing measurement.

2. Results and Discussion

2.1. Synthesis and Reactivity of Iron NHC Complexes

Iron(0) complex 1, previously reported by the research group for
the mutual role in redox properties of the cyclopentadienone, N-
heterocyclic carbene ligand combination[14] can be easily proton-
ated by a stoichiometric amount of trifluoromethanesulfonic acid
leading to the corresponding iron(II) 2 complex in analogy to
what is observed for similar ruthenium complexes.[15] Upon the
addition of CF3SO3H (1 eq.) to a solution of 1 in Et2O, precipitation
occurred, yielding a light-yellow solid in quantitative yield
(Scheme 2) The solid was identified by IR and NMR spectroscopy
as the corresponding cationic iron 2 complex.

The reaction has been followed by IR analysis showing
the disappearance of the cyclopentadienone C═O stretching
(1568 cm�1) and the concurrent strong blueshift of the CO
stretching frequencies (e.g., 1: υ(CO)= 1983, 1922 cm�1 vs. 2:
2023, 1975 cm�1) (Figure S1,S2, Supporting Information) typical
of the expected decrease of Ru-CO back-bonding, attributable
to the cationic charge of the complex due to the formally oxida-
tion of the metal center from Fe(0) to Fe(II). 13C-NMR analysis gave
further insights on the structure of the compound: coordination
of the dienone ligand switching from η4-cyclopentadienone to η5-
hydroxycyclopentadienil, consistent with the shift to higher field
resonance of the ketone-enol carbon (δ 1C═O: 176 ppm vs. 2C-OH:
145 ppm). The Fe-NHC carbon signal is also shifted to higher-
energy field (δ(Ccarbene) 1: 184 ppm vs. 2: 176 ppm) (Figure S3,
Supporting Information).

The molecular structure of 2 has been determined by single-
crystal X-ray diffraction (Figure 2), and supports protonation of
the cyclopentadienone O(3) atom. The Fe1–C3 distance of 2
[2.118(5) Å] is considerably shorter than in the parent complex
1 [2.359(2) Å][14a] and very close to the other Fe1–C4/5/6/7 dis-
tances [2.121(4)–2.154(4) Å], suggesting a η5-coordination of
the hydroxycyclopentadienyl ligand. In keeping with the restored

aromaticity of the cyclopentadienyl ring, the C3–O3 contact of
2 [1.382(6) Å] is a single bond, whereas it displayed a double bond
character in the parent 1 [1.250(3) Å]. Similar bonding parameters
have been reported for the related [Fe(η5-1,3-bis(trimethylsilyl)-
4,5,6,7-tetrahydroinden-2-ol)(CO)2 H] complex.[16] As a conse-
quence of the reducedπ-character of the Fe–CO interactions of
the cationic complex compared to the neutral one, the Fe1–C1
[1.774(6) Å] and Fe1–C2 [1.775(6) Å] contacts of 2 are slightly lon-
ger than in 1 [1.747(3) and 1.754(3) Å], whereas the opposite
trend is observed for the Fe1–C21 bonding distance [1.981(5)
and 1.996(3) Å for 2 and 1, respectively]. The OH group of the
cation of 2 is involved in a H-bond with the triflate anion, further
supporting its location.

Upon irradiation at 365 nm of 2 in acetonitrile, the bright yel-
low solution turned to deep red in a few minutes. The new red-
dish complex 3 is an iron(II) compound with the free vacant site
obtained upon CO removal, suddenly occupied by acetonitrile
ligand (Scheme 3 bottom). Activation trial by means of Me3NO
was useless due to instant deprotonation of complex 2 to
complex 1 (Scheme 3 up).

Scheme 2. Synthesis of the cationic hydroxycyclopentadienyl iron complex 2.

Figure 2. ORTEP drawing of 2. Displacement ellipsoids are at the 30%
probability level. Hydrogen atoms, except that bonded to O3, have been
omitted for clarity. Selected bond lengths (Å): Fe1─C1 1.774(6), Fe1─C2
1.775(6), Fe1─C3 2.118(5), Fe1─C4 2.121(4), Fe1─C5 2.125(4), Fe1─C6
2.123(4), Fe1─C7 2.154(4), Fe1─C21 1.981(5), C1─O1 1.137(7), C2─O2
1.140(6), C3─O3 1.382(6), C21─N1 1.353(6), C21─N2 1.369(6), C22─C23
1.304(9), N1─C22 1.381(7), N2─C23 1.374(7), sum at C21 359.9(7), sum at
C3 359.9(7), sum at N1 359.9(8), sum at N2 360.0(8).
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The reaction has been followed by IR which shows the disap-
pearance of two CO stretching bands attributable to 2 (2023,
1973 cm�1), with the concomitant appearance of a single CO
band deriving from 3 (1950 cm�1). Although compound 3 exhib-
its slight stability in solution, it was characterized by NMR spec-
troscopy under an inert atmosphere. The 1H and 13C NMR spectra
(Figure S3,S4, Supporting Information) display the typical pattern
of hydroxycyclopentadienyl iron NHC complexes. However, a split
in the signals is observed, likely due to the replacement of one CO
ligand with acetonitrile, resulting in a lower symmetry structure.
Carbene resonance shifts downfield, from 169.6 (2) to 179.9 ppm
(3) because of the difference electronic environment due to the
presence of a relatively weak σ-donor and a poor π-acceptor com-
pared to CO. Unless what observed for 2, which is stable to air and
moisture for months if kept in the dark, the species 3 is stable only
a few minutes at air in acetonitrile solution and must be handled
under an inert atmosphere.

2.2. AB Dehydrocoupling

Iron complexes 1 and 2 were evaluated as catalyst precursors for
AB dehydrocoupling following the reaction by NMR. Treatment of
NH3BH3 (AB) solution in THF with 1 and 2 (10 mol% Fe) at room
temperature for 2 h in a closed vessel system (a J-young NMR
tube) led to poor formation of trimer B-(cyclodiborazanyl)
amine-borane (BCDB), as indicated by 11B-NMR spectroscopy.
At about �43 ppm a quintuplet was clearly visible with a
JB-H= 80 Hz, which is typical of borohydride (BH4

�) anion.[11a]

Upon warming up at 60 °C for 24 h, a significant conversion was
detected for both complexes (81% for 1 and 82% for 2), although
to a detriment of selectivity: insoluble polymer was visible in the
mixture and BCDB and borazine were detected by 11B-NMR.

Since the cationic Fe(II) species 2 undergoes easily CO releas-
ing upon photoirradiation, a solution of AB in THF containing
10mol% of 2 was irradiated with a common Hg lamp (125W).
Molecular H2 evolution was visible, by bubble formation in the

NMR tube (for H2 quantification, vide infra), after a few seconds
a complete conversion was detected in about 50min (Figure 3).
Analysis of reaction mixture with 11B-NMR revealed a mixture of
trimer cyclotriborazane (CTB, 11B-NMR: δ= –12.0 ppm), polymer
(broad at 11B-NMR: δ= –5.6 ppm), and borazine (11B-NMR:
δ= 30.9 ppm).[11a] After a night at room temperature without irra-
diation, all CTB disappeared, likely converted to borazine and fur-
ther dehydrogenated to polyborazylenes (broad 11B-NMR:
δ= 31.2–26.1 ppm). At about δ= –37.1 ppm (11B-NMR) a quartet
( JB-H= 86 Hz) was detectable throughout all experiments, and it
was assigned to carbene–BH3 complex, as comparable to litera-
ture values,[17,18] showing a partial decomposition of 2.

In order to shed some light on selectivity of the reaction, a test
was performed in an open vessel under nitrogen atmosphere.
Irradiation of the solution led to a complete conversion of AB
and after 4 h no boron species were detected by 11B-NMR spectros-
copy in solution (Figure 4). Unlike the closed vessel reaction, forma-
tion of borazine was not concurrent to polyaminoboranes formation
(no broad signals around 11B-NMR: δ= –5.6 ppm); indeed, borazine
is a volatile liquid (bp 53 °C) and an open vessel setting might shift
the equilibrium to the borazine as final product. As for the closed
vessel, the quartet at δ= –37.1 ppm (11B-NMR) assigned to NHC-BH3

was clearly visible throughout all reaction time.
The corresponding neutral complex 1 was also evaluated as

photocatalyst. Irradiating a solution of AB in THF led to poor reac-
tivity compared to the cationic 2. Indeed, AB reagent was still
detected together with a mixture of BCDB, insoluble polyamino-
boranes, and borazine after 4 h.

Due to the good results with 2 under photocatalytical condi-
tions, the acetonitrile-substituted Fe(II) derivative 3was evaluated
as precatalyst in order to avoid any preactivations (thermal or
irradiation) of the reaction mixture. Indeed, treatment of AB
solution in THF with 3 (10 mol% at room temperature) led
to instantaneous H2 evolution with formation of insoluble poly-
aminoboranes. Complete conversion was achieved after stirring
for 4 h (Figure 5). No signals were detected at 11B-NMR of

Scheme 3. Synthesis of 3 by CO removal in CH3CN under UV irradiation (365 nm).
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NHC-BH3 species at about δ= –37.1 ppm, suggesting that very
mild conditions avoid decomposition of the iron complex due
to NHC detachment. 1H-NMR showed a low signal of a hydride
(1H-NMR: s, δ= –13.9 ppm), likely a resting state of the catalyst.
3 performed quantitative conversion down to 2mol% of catalyst
loading. Furthermore, 3 showed high selectivity in polyaminobor-
anes; hence, it can be classified as Type I catalyst, which releases
up to one equivalent of H2 per equivalent of AB.

2.3. Mechanistic Investigation

Once defined preliminary information from NMR tube reactions,
catalytic activity studies have been moved to a 217 mL photo-
reactor (Figure S10, Supporting Information) to monitor catalyst’s

activation behavior by quantitative measurement of CO released

by the precatalyst. Further information on the catalyst and sub-

strate role in the reaction has been collected with a peculiar in

situ IR technique that includes a system designed to allow the gas

evolution from the IR cell while keeping the measured mixture

homogeneous.

2.4. Catalyst 1 and 2: Activation Studies

In order to quantitatively follow the CO release from the catalyst
by means of gas chromatography (GC) measurements, the reac-
tion has been at first studied with a substantial precatalyst ratio of
25mol%.

Figure 4. 11B{1H}-NMR spectrum (THF) showing the reaction mixture with 2 in open vessel after 50 min of irradiation (blue) and after 4 h (red).

Figure 3. 11B{1H}-NMR spectrum (THF) showing the reaction crude upon reactivity of 2 after 50 min of irradiation (blue) and after stirring overnight at room
temperature (red).

Figure 5. 11B{1H}-NMR spectrum (in THF) showing the reaction mixture with 3 after 2 h. No soluble B compounds were detected.
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The two complexes, neutral 1 and cationic 2 (0.027mmol),
were activated by irradiation in a 217 mL photoreactor at room
temperature, in 50mL of anhydrous THF in the presence of
1.1 mmol of substrate. Once the reactor was purged with nitro-
gen at atmospheric pressure the first headspace sampling has
been carried out, before irradiating. White light emitting diode
(LED) light has been then switched on. The reaction was followed
by sampling the headspace every 5min.

The measurement of CO released from precatalysts 1 and 2 as
a function of time is depicted in Figure 6. Interestingly, CO releas-
ing rate is similar for the neutral 1 and the cationic complex 2 in
the first 25 min of the reaction. Lately while 1 keep losing CO, the
cationic counterpart shows a decrease due to the withdrawals,
demonstrating that the neutral catalyst 1 reach a higher degree
of activation (18%) than 2 (14%). This behavior is quite peculiar if
we consider the Ru–CO back bonding, which would be higher in
the case of 1 rather than 2. In fact, blank experiments show the
photoremoval of a CO ligand from 2 in THF leading to the
increase of a new band at 1920 cm�1, in the absence of substrate
(Figure S11, Supporting Information), but demonstrated that neu-
tral complex 1 is stable under the same conditions (Figure S12,
Supporting Information). Thus, the activation of 1 under AB dehy-
drogenation conditions looks to be ascribable to an interaction
between the substrate and catalyst 1.[19] In principle, a hydrogen
bond with cyclopentadienone C═O oxygen, which is known to
reduce the electron density on the metal, could be reasonably
involved in the activation, as in similar ruthenium-based
precatalysts.

Hydrogen productivity in mol/min is plotted together with
the turn over frequency (TOF) (s�1) values versus time in
Figure 7, confirming a lower activity for the neutral complex 1
compared with the cationic one 2 (e.g., 1.47 mol H2/mol AB for
2 vs. 0.34 mol H2/mol AB for 1 at 50min; 2.08 mol H2/mol AB
for 2 vs. 0.57 mol H2/mol AB for 1 at 70min). TOF numbers

reported in Figure 7 were calculated using the real amount of
activated catalyst reported above.

More in general H2 evolution reaches (blue line) a maximum
at 5min (7.32� 10�5 mol min�1, ≈113 s�1 TOF) for the cationic
species 2 and then decreases to 2� 10�5 mol min�1 in 20min.
On the other hand, productivity for precatalyst 1 is lower
(4.37� 10�6 mol min�1, ca. ≈10 s�1 TOF), but stable since the
beginning of the reaction.

By lowering the catalyst loading to 5mol%, a similar behavior
in terms of activation of catalysts 1 and 2 is obtained. As reported
in Figure 1 and 8, CO is lost somewhat slowly reaching a maxi-
mum activation of 20% of the precatalyst; on the other hand, 2
shows a faster removal of CO reaching a 32% activation of the
cationic precatalyst.

It is interesting to note that while precatalyst 1 maintains a
≈20% activation both in the case of 25 and 5mol% catalyst load-
ing, precatalyst 2 reaches in the latter case, a sensitive higher rel-
ative rate of activation (from 14% to 32%). This difference could
be again ascribed to the fact that activation of 1 involves a role of
the substrate. Nevertheless, as it can be expected, the absolute
quantity of CO release is lower at 5 mol% also for 2.

More in general in the case of lower catalyst loading, the ini-
tial activation rate of 2 is faster than for 1, highlighting that the
activation rate of 1 is influenced by the amount of catalyst.
However, in line with the behavior with a 25 mol% loading, 2
shows a sensitive reduction in CO release after a rapid activation.
On the opposite 1 suffers an induction period, but preserves a
constant behavior for a longer time.

Figure 9 shows TOF trend and hydrogen production with
5mol% of catalyst loading. As in the 25 mol% case 1 is slower
than 2 in the early stage of activation. Lately, while catalyst 1
shows a slight decrease in TOF along the reaction, catalysts 2
speed is quite stable (opposite to the 25mol% behavior), sug-
gesting a kinetic trend of the cationic active species 2 likely
dependent on the available substrate in its original form (AB

Figure 6. CO releasing quantification (mol/min). Reaction conditions: THF
(50 mL), AB (1,1 mmol), catalyst loading (25mol%). Catalyst 1 red line, cata-
lyst 2 Blue line.

Figure 7. Hydrogen productivity (mol/min) and TOF behavior (1/s).
Reaction conditions: THF (50 mL), AB (1,1 mmol), catalyst loading (25 mol%).
Catalyst 1 red line, catalyst 2 Blue line. Full symbols are related to TOF,
empty symbols to hydrogen productivity.
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before the first equivalent dehydrogenation). Indeed, hydrogen
productivity, measured at 50min (5 mol%: 0.27 mol H2/mol AB
for 2 vs. 0.16 mol H2/mol AB for 1; 25 mol%: 1.47 mol H2/mol
AB for 2 vs. 0.34 mol H2/mol AB for 1), shows the complete con-
sumption of AB (hydrogen productivity>1) in the case of 2 at
25mol%, followed by a decrease in TOF value after 20min, which
is not observed in the case of 5 mol% (hydrogen productivity<1).
In general, catalyst 2 is further confirmed as the more active one.
Although working at room temperature with low to interesting
productivity, our catalysts do not reach the best properties of iron
catalyst reported up to date. Nevertheless, the novel ligand com-
bination and the slow reactivity candidate 1–3 are to be studied
from a mechanistic point of view both from the AB and the cata-
lyst side, for a future plan to better design ligands substituents in
order to improve activity.

Indeed, further evidence of the influence of the substrate
can be found monitoring the role of reaction concentration

(0.02 M in 50mL; 0.06 M in 20 mL; 0.1 M in 10mL). In Figure 10 it
is interesting to note that catalyst 1 speed is generally negatively
affected by increased concentration (red and pink lines, 50 mL,
10mL), while speed of 1 at initial time seems to be only smoothly
affected by solvent volume. Nevertheless, catalyst 2 has indeed a
boost in the initial reaction activation while decreasing the reac-
tion volume (blue, light blue lines 50mL, 10mL). In order to have
an intermediate data, for catalyst 2 the experiment was also con-
ducted at 20mL (mid blue line), confirming that the behavior is
related to concentration.

Hydrogen productivity at 50min, expressed in terms of equiv-
alents (mol H2/mol AB) versus THF volume, is reported in Table 1.

The detrimental effect on catalyst 1 of the increased concen-
tration is also confirmed by productivity, measured as H2

produced in 50min (entry 1, 0, 13 eq. in 50 mL vs. entry 2,
0.05 eq. in 10mL). Conversely, CO release, which would likely
influence catalyst activation, improves at higher concentration

Figure 8. CO releasing quantification (line) and % catalyst activated (bars) versus time. Reaction conditions: THF (50 mL), AB (1,1 mmol), catalyst loading
(5 mol%). Catalyst 1 left, catalyst 2 right.

Figure 9. Hydrogen productivity (mol/min) and TOF behavior (1/s).
Reaction conditions: THF (50 mL), AB (1,1 mmol), catalyst loading (5 mol%).
Catalyst 1 red line, catalyst 2 Blue line. Full symbols are related to TOF,
empty symbols to hydrogen productivity.

Figure 10. TOF behavior (1/s) versus time at different concentrations.
Reaction conditions: AB (1,1 mmol), catalyst loading (5 mol%). Catalyst 1:
red and pink lines, catalyst 2: Blue, mid blue, light blue lines.

Eur. J. Inorg. Chem. 2025, 28, e202500203 (7 of 15) © 2025 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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(19% in 50mL vs 63% in 10 mL). Although this latter finding can
be explained taking into account the proposed role of AB in pro-
moting the CO release from neutral complex 1 (which would be
more effective at higher concentration), the countertrend effi-
ciency opens some questions on the active species and/or stabil-
ity of the catalyst over concentration variation.

Efficiency for catalyst 2 at 50 min appears to be similar at dif-
ferent concentrations [entry 3–5: 0.27 (50 mL), 0.27 (20 mL), and
0.25 (10 mL)], although catalyst activation measured by CO
release is higher at lower concentration (entry 3–5 32% in
50mL, 14% in 20mL, and 15% in 10mL). This agrees well with
TOF behavior in Figure 7 which is more favored in the short time
for higher concentration and in the long time for lower
concentration.

Catalysts efficiency verses time at 5 mol% was also checked at
240min in 50mL (80min: 0.32 eq. for 1 and 0.45 eq for 2). Both
the catalysts result to be active at higher times.

Finally, to evaluate the activity of the resting state, a fresh
dose of 1.1 mmol of AB was added to the crude mixture in in
THF (20 mL).

With the aim of confirming the role of CO release in the cata-
lyst activation and to better understand the catalyst stability, the
preactivated form of the cationic catalyst 3 was employed under
the photoreactor conditions. Complex 3 synthetized in THF under
N2 atmosphere is then transferred to the photoreactor keeping it
in inert conditions. The substrate is then added to have a catalytic
load of 5 mol%. The results in terms of TOF and hydrogen pro-
duction per minute are shown in Figure 11.

Interestingly, both the catalyst’s productivity and TOF value
have their maximum at the very beginning of the reaction.
Comparing the graph of 3 with that of 2 in Figure 9 we can
observe a parallel behavior with a delay, in the latter case, ascrib-
able to the induction time due to the activation. This definitively
confirms that the active form of the catalyst has to follow the CO
release.

However, it is also important to underline that the instant cat-
alytic activity is accompanied by a rapid deactivation in 15 min.

2.5. Analysis of the Insoluble Coproducts

To characterize the coproducts obtained performing the reaction
in photoreactor, the precipitate was recovered by filtration and
analyzed by XRD (Figure S13, Supporting Information) after dry-
ing at room temperature in air. In both the cases 1 and 2, the solid

corresponds to the crystalline form of ammonium tetrahydroxo-
hesaoxotetraborate dihydrate (ref. code: 98-005-6864). The dehy-
drogenated form of AB (e.g., polyaminoborane oligomers)
undergoes to oxidation and hydrolysis when exposed to the
atmosphere producing the abovementioned structure as previ-
ously reported.[20]

2.6. In Situ IR Characterization

As previously demonstrated catalyst 1 and 2 are expected to
behave in different catalytic mechanisms. To investigate the cat-
alysts activation and interaction with the substrate AB, the reac-
tion was followed by in situ IR technique consisting of a infrared
fourier transform (FTIR) cell equipped with an injection system
and a purge for the elimination of the gasses produced during
the reaction (Figure S14, Supporting Information). The cell was
continuously irradiated during the reaction time.

2.7. Reactivity of Catalyst 1

A blank test was conducted by monitoring the evolution of a THF
substrate solution during irradiation in order to verify the stability
of AB under reaction conditions (Figure S15, Supporting
Information). The spectra, which show the AB stretching at
3310, 3239, 3180 and 2361, 2319, 2275, 2213 cm�1 for the NH3

and BH3 moiety, respectively,[21] did not change during reaction
time, demonstrating the stability of the substrate in THF under
irradiation. Then, AB was reacted, under photolytic dehydrogena-
tion conditions, with a stoichiometric amount of the neutral cat-
alyst 1 in anhydrous THF. As depicted in Figure 10, analyzing the
AB region of the IR spectrum, it is reasonable to confirm that the
substrate could be involved in the catalyst activation. In
Figure 12, the spectra recorded as the difference with the black
spectrum registered before irradiation show the growth of two
bands at 3491 and 2450 cm�1, which is likely to arise from an

Table 1. Hydrogen equivalents produced and percentage of active catalyst
(calculated from CO release measurement) for catalysts 1 and 2 varying the
solvent volume. Conditions: AB (1,1 mmol), catalyst loading (5 mol%),
50 min.

Entry Catalyst THF (mL) mol H2/mol AB (eq.) active catalyst (%)*

1 1 50 0.13 19

2 1 10 0.05 63

3 2 50 0.27 32

4 2 20 0.27 14

5 2 10 0.25 15

Figure 11. Hydrogen productivity (mol/min) and TOF behavior (1/s).
Reaction conditions: THF (50 mL), AB (1,1 mmol), catalyst loading (5 mol%).
Preactivated catalyst 3: black line; catalyst 2: Blue line. Full symbols are
related to TOF, empty symbols to hydrogen productivity.
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intermediate resulting from the interaction between catalyst 1
and the substrate, probably ascribed to borazine moiety.[22]

Lately, AB spectrum further evolve to the final form characterized
by two bands at 3182 and 2343 cm�1 (Figure 12b).

The two final bands at 3182 and 2343 cm�1 are not ascribable
to neither borazine,[23] nor BH4

[24] species.
However, it is possible to hypothesize that the latter two

bands are ascribable to polymeric amminoborane (H2BNH2)n or
(HNBH)n.[25] By comparison with NMR characterization discussed
above, we expect the same soluble compounds observed under 1
catalytic condition (i.e., BCDB and/or soluble polyborazine).

Analyzing the same spectra evolution in the region of CO
stretching frequencies of 1 (Figure 13) we can observe two should-
ers arising at higher wave numbers (1999, 1942 cm�1) with respect
to the precatalyst symmetrical and antisymmetric CO stretching
(1984 and 1923 cm�1) before the irradiation. These can be thus
attributable to the 1/AB adduct which allows the CO release.

The AB interaction with 1 decreases the back bonding of the metal
center to the terminal CO, thus proving to be the promoter for the
UV-mediated cleavage of Fe─CO bond in 1. Then, as soon as the
irradiation is switched on, the growth of a band at 1879 cm�1,
ascribable to a mono carbonyl catalytic species, is detected.

Soon after, another band of a monocarbonyl species at
1894 cm�1 starts to grow at higher wave number, also reaching
a maximum when starting AB is still present in the reaction
medium. This new bands could fit with the formation of two
hydride complexes Fe–H (band at 2066 and 2043 cm�1),[26] one
that is expected to be formed from the concerted dehydrogena-
tion of AB (1a in Figure 14) and the second, if associated to the
bands in the –BH and –NH region 3491 and 2450 cm�1, that
can arise from the formation of the intermediate proposed for
a similar reactivity with the ruthenium Shvo complex (1b in
Figure 14)[27] which is expected to show IR band in this region[23]

and which has been identified as a responsible for the low activity

Figure 12. Evolution of AB under dehydrogenation reaction in presence of stoichiometric amount of 1: a) spectra obtained by difference with the spectrum
registered before irradiation; b) spectra obtained by difference with the THF spectrum.

Figure 13. Evolution of CO under dehydrogenation reaction in presence of stoichiometric amount of catalyst 1: a) spectra obtained by difference with the
spectrum registered before irradiation; b) spectra obtained by difference with the THF spectrum.

Eur. J. Inorg. Chem. 2025, 28, e202500203 (9 of 15) © 2025 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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of the ruthenium complex in AB dehydrogenation as well.
Interestingly, once AB is completely converted, the two bands
(1879 and 1894 cm�1) rapidly decrease converging in a new weak
band at 1883 cm�1. We can consider it a resting state, again prob-
ably suffering from the same deactivation mode of Shvo complex
due to NH3 coordination (1c in Figure 14). Indeed, the catalyst, as
described above (productivity< 1 mol H2/mol AB in all the cases),
looks to be not active anymore for a further dehydrogenation.

2.8. Reactivity of Catalyst 2

Blank irradiation of the cationic hydroxycyclopentadienyl NHC
iron complex 2 in THF confirms that in this case the interaction

with the substrate is not involved in the CO release. Indeed, IR
bands of 2 at 2023 and 1970 cm�1 eroded, while a new band
at 1922 cm�1 attributable to a derived complex with a single band
in the CO region grows up (Figure S11, Supporting Information).

In Figure 15 the spectra obtained by monitoring the AB dehy-
drogenation using stoichiometric amount of catalyst 2 is reported.

AB spectra along with reaction time follows a different path-
way in the case of 2. Intermediates show different bands in the
-NH and -BH region (3110 and 2450 cm�1). Interestingly, at the
end of the monitored period, the complete disappearance of
all the bands related to AB and the formation of two bands at
3182 and 2343 cm�1 respectively is detected, the same is
observed at the end of the reaction with 1, further confirming

Figure 14. Proposed mechanism of complex 1 acting as a catalyst in the dehydrogenation reaction of aminoboranes (ABs).

Figure 15. Evolution of AB under dehydrogenation reaction in presence of stoichiometric amount of catalyst 2: a) spectra obtained by difference with the
spectrum registered before irradiation; b) spectra obtained by difference with the THF spectrum.

Eur. J. Inorg. Chem. 2025, 28, e202500203 (10 of 15) © 2025 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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that these bands belong to the stretching modes ascribable to
dehydroboration products, as already suggested by 11B NMR
characterization (Figure 3–5).

Analyzing the CO region, stretching from the precatalyst 2
(2023 and 1970 cm�1) decrease during the irradiation, with an
interesting parallel behavior which bring to the formation of a
couple of strong bands at 1986 and 1922 cm�1. The two latter
bands could be attributed to the symmetric and antisymmetric
CO stretching modes of 1 that are likely to be formed by depro-
tonation promoted by AB intermediates. The formation of 1 is
also proved by the growth of the band at 1598 cm�1 attributable
to the Cp═O stretching mode (Figure 16). The presence of 1 in
solution from the beginning of the reaction is also confirmed by
the appearing of the bands of monocarbonylic species at 1894
and 1879 cm�1 typical of the neutral 1 behavior (Figure 13).

Although the activated form in which we expect THF coordi-
nated to the iron center in 2 (Figure S11, Supporting Information)
cannot be visible at 1922 cm�1 because it is overlapped with the
CO signal of 1, two novel bands are detected at 1874 and
1850 cm�1. Anyway, the latter occur at the end of the reaction
and are, therefore, more likely attributable to the resting state
rather than to the intermediates. Due to the superimposition
of the spectra arising from 1 and 2, we can only observe that
the cationic catalyst 2 is likely to work in favor of the activation.

Same characterization on the preactivated complex 3
obtained in acetonitrile and followed by IR with a shift of the
bands from 2026 and 1976 cm�1 (2) to 1950 cm�1 (3) (Figure S16,
Supporting Information) was recorded after drying the monocar-
bonylated 3, dissolving it in anhydrous THF and adding a stoichio-
metric amount of substrate (Figure 17).

From Figure 17 (left) it is possible to verify that the substrate
undergoes to complete conversion. During the dehydrogenation
process the same band detected for 2 in the –BH region is
observed at 2450 cm�1. This disappears along the reaction time.
The absence of –BH and –NH stretching at the end of the reaction
is likely due to precipitation of insoluble AB-derived polymers.

Focusing on the carbonyl region of the iron catalyst 3
(Figure 17 - right) we can observe the replacement of the aceto-
nitrile ligand (1942 cm�1) with a THF (1922 cm�1) which increases
at the end of the reaction. During the reactivity two bands attrib-
utable to intermediates show up at 1889 cm�1 and at 1862 cm�1

and disappear at the end of the reaction giving rise to 3/THF
(1922 cm�1). These bands are likely to be related to the
2450 cm�1 stretching of –BH mode. Nevertheless, this experi-
ment, avoiding the formation of the neutral dicarbonyl species,
allows to define that cationic species 2 and 3 follow a different
mechanism than 1.

With the aim to avoid deprotonation an N-substituted AB sub-
strate has been employed for (CH3)2HN-BH3. Results are reported
in Figure 18. Replacing –NH3 moiety with –(CH3)2HN also simpli-
fies the –NH region of the spectra, which present only one band
due to the N–H stretching at 3210 cm�1 (Figure 18a).

As expected, 1 behaves, in the CO region (Figure 18b) as in
the corresponding AB reactivity and deprotonation of 2
(Figure 18d) is almost completely suppressed. Indeed, it behaves
as in the case of preactivated catalyst 3 (Figure 17). For 1 in the
–BH, –NH, –OH region (Figure 18a), it is interesting to note that a
weak band arises in the –BH region at 2450 cm�1. On the other
hand, a new band shows up at 3366 cm�1, which is likely to be
ascribable to the –OH stretching of 1b intermediate (Figure 14)
superimposed to and –NH stretching of a still unknown interme-
diate. In the corresponding CO region two-band growth at 1894
and 1879 cm�1, hydride species are identified at 2060 and
2038 cm�1 as in case of use of unsubstituted AB as substrate
(Figure 18b). For 2: Concerning the –BH region (Figure 18c), the
expected band is observed at 2445 cm�1, while a new band at
3387 cm�1 in the –NH and –OH region stretching, with a trivial attri-
bution, appears. In the corresponding CO region, an intense band at
1920 cm�1 that is mostly due to the monocarbonylated cationic
species in solution and a pair of bands at 1889 and 1874 cm�1

due to the shift of CO stretching by interaction of monocarbony-
lated species with substrate are observed (Figure 18d).

Figure 16. Evolution of CO under dehydrogenation reaction in presence of stoichiometric amount of catalyst 2: a) spectra obtained by difference with the
spectrum registered before irradiation; b) spectra obtained by difference with the THF spectrum. For justification of the band at 2010 and 1956 cm�1 see
the supporting information.
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Figure 17. Evolution of AB (left) and terminal CO on the catalyst (right) under dehydrogenation reaction in presence of stoichiometric amount
catalyst 3: a) spectra obtained by difference with the spectrum registered before irradiation; b) spectra obtained by difference with the THF
spectrum.

Figure 18. Evolution of AB region and terminal CO region under dehydrogenation reaction in presence of an excess of (CH3)2HN-BH3: a,b) spectra obtained
by difference with the spectrum registered before irradiation for 1; c,d) spectra obtained by difference with the spectrum registered before irradiation
for 2.
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3. Conclusions

Three iron complexes based on the combination of
N-heterocyclic carbene and cyclopentadienone/hydroxycyclo-
pentadienyl ligands 1–3 have been shown to be homogeneous
catalysts for AB dehydrocoupling. Precatalyst 1 and 2 are stable
and need photoactivation by means of UV irradiation. The former
1 is only activated in interaction with substrate, while the cationic
form undergoes activation also without AB, both in THF and in
ACN. However, both release CO under catalytic conditions UV irra-
diation, leaving dormant the great part of the catalyst. Although 1
and 2 undergoes to a similar grade of activation, catalyst 1 is less
active.

NMR experiments demonstrated that photoirradiation of 2 is
selective in formation of soluble BCDB followed by borazine as
end-product. Drawbacks are the need of photoactivation, bora-
zine as end-product, since it is a well-known poison for fuel cells
due to its volatility and decomposition of the catalyst by releasing
of NHC.

Treatment of AB solution with the acetonitrile-substituted
derivative 3 led to complete conversion in under very mild con-
dition, avoiding irradiation of solution resulted in no decomposi-
tion of iron complex by NHC decoordination (no NHC-BH3

evidence by 11B-NMR). Furthermore, 3 performed complete con-
version with a loading as low as 2 mol%.

From in situ IR characterization catalyst 1 is likely to follow a
similar behavior as the one reported for the ruthenium-based
Shvo catalyst, leading to deactivated intermediate and off-cycle
species (due to interaction with borazine and NH3) which slow the
catalytic process. Unexpectedly, precatalyst 2 under irradiation in
the presence of the substrate is partially deprotonated to 1, thus
showing a mixture of spectra of 1 and 2 as the catalytic cycle
behavior. Studies of in situ IR of precatalysts 2 and preactivated
catalyst 3 behavior finally allowed to identify a different band aris-
ing from 2 and 3 if compared with 1. Indeed, the cationic species
2 and 3 show the formation of different intermediate with AB
substrate, justifying the different catalytic activity. In order to fur-
ther evidence the interdependent behavior of 2 and 3 reactivity
of 2 has been analyzed with a substituted substrate (CH3)2N-BH3

actually showing in the CO region the same behavior as in the
case of 2 with AB substrate. The combination of scale up and
spectroscopic tools, the detailed description of the catalyst acti-
vation, H2 evolution, and role of the substrate in activation and
catalytic behavior pave the way for the design of new catalyst
with the aim of better exploit the electronic tuning suitable with
this ligand combination and in order to improve efficiency of the
whole scaled up system.

4. Experimental Section

General Data

All reactions were routinely carried out under a nitrogen atmosphere,
using standard Schlenk techniques or Glovebox. Glassware was oven
dried before use. Solvents: dichloromethane (CH2Cl2), tetrahydrofu-
ran (THF), diethyl ether (Et2O), petroleum ether referring to a fraction
of bp 60-80 °C, and acetonitrile (CH3CN) were dried and distilled prior

to use. Acetone was degassed and stored under inert atmosphere on
molecular sieves. Other solvents such as ethylacetate (EtOAc), chlo-
roform, ethanol (EtOH), methanol (MeOH), heptane, toluene, CDCl3,
D2O, CD3CN (Sigma Aldrich) were employed without further purifica-
tion. NH3BH3 (ammonia–borane, Sigma Aldrich) was sublimated
before use. Reagents: sodium tetraphenilborate and boron trifluoride
diethyl ether were employed as purchased. Complex 1 was prepared
as reported in the literature.[14a]

The NMR spectra were recorded using Varian Mercury Plus VX 400
(1H, 399.9; 13C, 100.6 MHz), Varian Inova 600 (1H, 599.7; 13C,
150.8 MHz) spectrometers at 298 K; chemical shifts were referenced
internally to residual solvent peaks. Infrared spectra were recorded at
298 K on a Perkin-Elmer Spectrum 2000 FT-IR spectrophotometer.
ESI-MS spectra were recorded on Waters Micromass ZQ 4000 with
samples dissolved in MeOH or CH3CN. Elemental analyses were
performed on a Thermo-Quest Flash 1112 Series EA instrument.
UV irradiation was performed by using a commercial Hg lamp
(125W).

AB Dehydrocoupling

In a typical experiment, a THF solution of AB (0.4 mL) was added to a
NMR tube. A solution of the corresponding iron complex (0.1 mL) was
added and the NMR tube sealed. For experiments that required heat-
ing, the NMR tube was placed in a heating block. For experiments
that required photoactivation, the NMR tube was exposed to Hg-
lamp (125W). C6D6 was used as lock solvent. Reactions were moni-
tored by 11B-NMR, 11B{1H}-NMR, and 1H-NMR.

Open-Vessel AB Dehydrocoupling

The same setup as for the general dehydrocoupling, but the NMR
tube is left open inside a glovebox nitrogen atmosphere.

AB Dehydrocoupling in Sealed Glass Photoreactor

Catalytic dehydrogenation experiments were carried out using a
sealed glass reactor (volume of 217mL) equipped with a septum
to collect the gases produced during reaction. The reactor tempera-
ture was maintained constant through an external jacket cooled with
water, while the pressure was monitored using a digital pressure indi-
cator (Figure S10, Supporting Information). The reactions were carried
out under inert atmosphere using anhydrous THF as solvent
(10�50mL) maintained under vigorous stirring. After the dissolution
of AB (1.1 mmol) and catalyst (5�25mol%), the reactor was exposed
to 325 nm UV irradiation. The reaction was monitored by periodically
collecting gas samples (1.3 mL) from the reactor environment. H2 and
CO concentration were determined through offline GC analyses using
Agilent 7890 A equipped with a thermal conductivity detector. The
presented dynamic TOF values were calculated considering the
experimental number of activated catalytic sites, corresponding to
the amount of CO evolved during reaction:

For a certain reaction time : TOF

¼ H2 produced ðmol=sÞ=COmeasured ðmolÞ

When a decrease in CO evolution was observed, catalyst activation
was considered complete and TOF values were subsequently calcu-
lated considering the highest quantity of CO registered.

XRD Powder

The XRD powder analysis was carried out using a PANalytical
X’Pert diffractometer equipped with a copper anode (Cu Kα,
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λ= 0.15418 nm) and a fast X’Celerator detector. A 2θ range of
5°–80° was investigated, using a step size of 0.1° and a time per
step of 2 s.

In-Situ FTIR Characterization

In situ FTIR experiments were carried out using a Bruker Tensor II
instrument using a 1 mm thick CaF2 cell specially modified to conduct
photoinduced reaction with evolution of gaseous products; before
the solution of interest, blanks were measured in the absence of
the cell and in the sole presence of the solvent employed. A white
LED lamp was used for irradiation; multiple measurements (every
30 s) of the same solution were acquired in order to study the
behavior of the complex and the progress of the reaction over time.
To the spectra recorded have been substracted depending on the
circumstance: the spectrum of the solvent, the spectrum of the
solution containing the complex, or the spectra acquired from com-
plex and substrate recorded before switching on the led. In a general
procedure the concentration of analytes was 0.0528M.

Synthesis of Cationic Iron Complexes 2 and 3: Dicarbonyl-
(2,4-bis(trimethylsilyl)bicyclo[3.3.0]nona-1,4-Dienyl)
(1,3-Dimethyl-Ilidene)Iron Trifluoromethanesulfonate (2)

Dicarbonyl-(2,4-bis(trimethylsilyl)bicycle-[3.3.0]nona-1,4-dien-3-one)
[1,3-dimethyl-ilidene]iron complex (1) 0.020 g (0.035 mmol) was dis-
solved in 5 mL of diethyl ether under inert atmosphere. 3.3 μL of
HCF3SO3 (solution at 98% in CH2Cl2) were subsequently added.
The reaction mixture was stirred for 10 min at room temperature,
then the precipitate obtained was filtered, washed with 10 mL of
hexane and dried under vacuum. The yellow solid obtained was
identified as 2 by IR, 1H-NMR, 13C-NMR, 19F-NMR and ESI-MS.
1H-NMR (399.9 MHz, CDCl3) δ (ppm): 7.32(s, 2H, CHNHC), 5.89
(s, 1H, -COH), 3.95 (s. 6H, -NCH3), 2.39 (m, 4H, CH2), 1.79 (m, 4H,
CH2), 0.29 (s, 18H, CH3,TMS). 13C-NMR (150.8 MHz, CDCl3): δ (ppm)
213.8 (CO), 169.6 (Ccarbene), 144.9 (C-OH), 126.6 (CHNHC), 104.3 (C2,5,
Cp), 80.6 (C3,4, Cp), 39.9 (-NCH3), 23.7 (CH2, Cp), 21.9 (CH2, Cp),
0.01 (CH3, TMS). 19F-NMR (282.4 MHz, CDCl3) δ (ppm): �79.10
(CF3SO3). IR (CH2Cl2, cm�1): (νCO) 2023, 1973 cm�1. ESI-MS (m/z):
486 [Mþ], 149 [CF3SO3

�]. Anal. Calcd (%) for C23H34O6N2F3SSi2Fe:
C, 43.50; H, 5.39; N, 4.41. Found: C, 43.42; H, 5.43; N 4.38.

Synthesis of Carbonyl-(2,4-Bis(trimethylsilyl)bicyclo[3.3.0]
nona-1,4-Dien-3-One)[1,3-Dimethylilidene][acetonitrile]iron
Trifluoromethanesulfonate (3)

In a dried 50 mL Schlenk flask, 0.030 g (0.096mmol) of dicarbonyl-
(2,4-bis(trimethylsilyl)bicyclo[3.3.0]nona-1,4-dienyl)(1,3-dimethyl-
ilidene)iron trifluoromethanesulfonate (2) was dissolved in
acetonitrile (15 mL). The reaction solution was irradiated with a
UV lamp (325 nm) at room temperature for 15 min. Then, the sol-
vent was removed in vacuo and the red crude was washed with
hexane several times. The product identified as 3 by IR, 1H-NMR,
13C-NMR, 19F-NMR and ESI-MS was obtained in quantitative yield.
1H-NMR (400 MHz, CD3CN) δ(ppm): 7.26 (s, 2 H, CHNHC), 5.15
(C-OH), 3.84 (s, 3 H, CH3), 2 .68-2.25 (m, 4 H, CH2), 1.60 (s, 3 H,
NCCH3), 1.42 (m, 4 H, CH2), 0.26 (s, 9 H, CH3,TMS), 0.19 (s, 9 H,
CH3,TMS); 13C-NMR (150.8 MHz, CD3CN) δ(ppm): 222.4 (CO),
179.9 (Ccarbene), 171.1 (Cq,NCCH3), 145.2 (C-OH), 126.4 (CHNHC),
102.7, 96.4 75.5, 67.0 (Cq,Cp), 40.4 (NCH3), 28.7, 24.9, 23.6, 22.5
(CH2, Cp), 0.50, 0.30 (CH3,TMS). 19F-NMR (282.4 MHz, CDCl3)
δ (ppm): �151.28 (CF3SO3). 19F-NMR (282.4 MHz, CDCl3) δ (ppm):
�78.30 (CF3SO3). IR (CH2Cl2, cm�1): (νCO) 1950 cm�1. ESI-MS
(m/z): 499[M]þ, 149 [CF3SO3

�]. Anal. Calcd (%) for
C24H37O5N3F3SSi2Fe: C, 44.48; H, 5.74; N, 6.48. Found: C, 44,59;
H, 5.64; N 6.52.

X-Ray Crystallography

Crystal data and collection details for 2 are reported in Table 2. The
diffraction experiments were carried out on a Bruker APEX II diffrac-
tometer equipped with a PHOTON100 detector using Mo–Kα radia-
tion. Data were corrected for Lorentz polarization and absorption
effects (empirical absorption correction SADABS).[28] Structures were
solved by direct methods and refined by full-matrix least-squares
based on all data using F2.[29] All hydrogen atoms were fixed at cal-
culated positions and refined by a riding model, except the H-atom
bonded to O(3) that was located in the Fourier difference map and
refined isotropically. All nonhydrogen atoms were refined with
anisotropic displacement parameters.
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Table 2. Crystal data and experimental details for 2.

Formula C23H35F3FeN2O6SSi2

Fw 636.62

T, K 293(2)

λ, Å 0.71073

Crystal system Orthorhombic

Space Group Pca21

a, Å 18.3460(7)

b, Å 9.1757(4)

c, Å 18.0764(7)

Cell Volume, Å3 3042.9(2)

Z 4

Dc, g cm�3 1.390

μ, mm�1 0.699

F(000) 1328

Crystal size, mm 0.15� 0.13� 0.11

θ limits, ° 2.220–26.997

Index ranges �23≤ h≤ 23
�11≤ k≤ 11
�23≤ l≤ 23

Reflections collected 49 372

Independent reflections 6634 [Rint= 0.0573]

Completeness to θ max 100.0%

Data/restraints/parameters 6634/50/347

Goodness on fit on F2 1.039

R1 (I> 2σ(I)) 0.0412

wR2 (all data) 0.1053

Largest diff. peak and hole, e Å�3 0.528/–0.325
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