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Hot Paper

When the Study of the Post-Synthetic Modification Method
on a 1D Spin Crossover Coordination Polymer Highlights its
Catalytic Activity
Yongjian Lai,[a] Alejandro Enríquez-Cabrera,[a] Alexia Ronci,[a] Lionel Salmon,[a]

Lucie Routaboul,*[a] and Azzedine Bousseksou*[a]

We are interested in studying the catalytic activity of the spin
crossover (SCO) complex ([Fe(NH2trz)3](NO3)2). In this work, we
demonstrate that, by adapting the experimental conditions, we
can switch from a quantitative post-synthetic modification
(PSM) reaction to the use of this complex as a catalyst for the
formation of imine from 4-amino-1,2,4-triazole. During the
catalytic reaction, the iron complex undergoes two different
PSM reactions: the first is the action of the aldehyde on the NH2

groups present on the complex, whereas the second PSM
reaction occurs between the imine complex and aminotriazole,

leading back to the starting complex. These two PSM reactions
are at least partially involved in the catalytic mechanism.
Furthermore, the combination of these two PSM reactions
enables us to modulate the particle size and shape of the final
amine complex without altering its excellent SCO properties.
This result is of interest in the field of heterogeneous catalysis,
where particle size has a strong influence on the catalytic
activity, and for the proper integration in devices for different
applications.

Introduction

For chemists, catalysis has always been an interesting field of
research because of the possibility of synthesizing new
molecules in a more efficient and faster way. For a long period
of time, most catalysis has been performed with 4D and 5D
metals, and within the last 30 years, research on first-row
transition metals, including iron, has increased.[1] The idea of
using iron as a catalyst is appealing because it is cheap,
abundant, biocompatible, and due to its electronic configura-
tion, it is susceptible to spin crossover, which makes it attractive
for spin catalysis.[2] Spin crossover complexes (SCOs) are a
specific type of phase change material that can reversely switch
around room temperature between a high spin (HS) state and a
low spin (LS) state, with a concomitant well-known change in
their physical properties (magnetic, electrical, optical, volume,
etc.), and it has only recently been demonstrated its effect on
their chemical reactivity,[3] as we have recently shown.[4] It is
possible to incorporate them into different devices[5] for
photonics,[6] electronics,[7] thermal sensors[8] and, more recently,

mechanical actuation.[9] Among the different types of SCO
complexes, we are interested in studying those from the family
of 1D polymeric iron-triazole complexes, specifically [Fe-
(NH2trz)3](NO3)2 complex 1, for which we have demonstrated
that it is possible to modify the amino functionality quantita-
tively via PSM.[10] We also studied the underlying mechanism of
the PSM, where the solvent plays a key role.[11] To the best of
our knowledge, there is only one publication where these 1D
triazole polymeric chain-like SCO complexes are used as
catalysts, and the authors reported the use of this type of SCO
in the oxidation of 3,4,5,6-tetrachlorochatechol (TCC) to the
corresponding quinone in the presence of 3-chloroperbenzoic
acid (CPBA). In fact, the active species is the oxidized SCO
complex, which is formed by the reaction with CPBA, and once
it is oxidized, it is later reduced by the TCC, regenerating the
starting SCO.[12] Therefore, in this case, the active catalyst is not
the FeII complex but the oxidized species. Although they were
able to observe a higher catalytic activity for the LS, this
occurred because the rate-determining step is the oxidation of
the SCO, which is more easily oxidized in the LS than in the HS.
Even more generally, few synthesized complexes known for
their spin crossover properties have been tested in catalysis.[3,13]

A priori, the design of spin crossover complexes is quite
different from that of complexes used in catalysis. Indeed, in
the former case, it is preferable that the ligands remain
coordinated to the metal under various conditions to ensure
the desired transition properties, whereas in the latter case, the
presence of a hemilabile or easily substitutable ligand may be
desirable so that the catalytic substrate can coordinate to the
metal. However, it would be a disservice to stop at these apriori
views, as the use of iron complexes in catalysis is currently
attracting a great deal of interest due to the catalytic activity
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and accessibility of iron complexes, as well as the environ-
mental sustainability of iron complexes.[14]

We have focused our attention in the [Fe(NH2trz)3](NO3)2
complex (complex 1, Figure 1), first because of its feasibility to
quantitatively modify the amino functionality by PSM,[10,11] and
second because of its large thermal hysteresis loop above room
temperature even when it is in suspension in ethanol, where
both HS and LS can be found and studied at the same
temperature.[4] Owing to this hysteresis loop of the parent SCO
complex, we can study the formation of the imine from the two
spin states under strictly the same experimental conditions. We
observed up to a 23% improvement in the efficiency of the
PSM when going from the LS2 state to the HS state for complex
1.[4] To the best of our knowledge, this is the first study in which
the effect of the spin state on the organic reactivity of a
functional group present on a metal complex has been
reported.

In this manuscript, we present how, by carefully selecting
the right conditions, we can proceed from performing a
quantitative PSM reaction on the [Fe(NH2trz)3](NO3)2 complex by
reacting with an aldehyde to the use of this complex to very
effectively catalyze the formation of imine by adding only
aminotriazole to the reaction. This is the first report in which
the active species is indeed the SCO complex. In addition,
experiments were carried out to determine the catalytic
mechanism of this SCO iron complex.

Results and Discussion

In the study carried out to demonstrate the effect of the spin
state of iron on the efficiency of a PSM reaction on this
coordination polymer, it was observed that the PSM reaction
was quantitative at 1 h at 90 °C, whereas under the same
experimental conditions, the reactions between 4-amino-1,2,4-
triazole (a) (simply called aminotriazole in the rest of the
manuscript) and p-anisaldehyde (b) led to the formation of only
10% (4-methoxybenzylidene)-4H-1,2,4-triazol-4-amine (here-
after referred to as imine c).[4] We began the research described
in this manuscript by studying the formation of imine functional
groups under microwave irradiation (MWI). As shown in Fig-
ure 2a and 2b, microwave activation enabled us to obtain
results in 10 minutes similar to those obtained in 1 hour in an
oil bath thermostatted at 90 °C (see the ESI).

On the one hand, this result demonstrates that a reaction
starting from an insoluble reagent (complex 1) is not systemati-
cally slower than a reaction where all the reagents are in
solution. On the other hand, this result illustrates that
coordination to a metal affects the organic reactivity of the
ligand. Thus, combining the PSM method with a reaction, such
as the digestion of the complex, which decoordinates the
ligand from the iron, is also potentially interesting for the
synthesis of new triazole-based organic molecules. This is
interesting since triazole derivatives have many applications in
the medical[15] and materials[16] fields.

To explain why these results are relevant, it is important to
mention that since complex 1 is insoluble in ethanol and its
compact molecular arrangement lacks apparent pores, some
expected that the transformation of NH2 groups on complex 1
took place in solution and not by the PSM reaction. A reaction
pathway in solution automatically involves 3 steps (Figure 3):
step A) decoordination of the ligand, leading to the presence of
aminotriazole a in solution; step B) formation of imine c from
amine a in solution; and step C) formation of complex 2. WeFigure 1. Chemical structure of complex 1 and its schematic representation

used in this manuscript.

Figure 2. The reactions were carried out under microwave irradiation at 90 °C for 10 minutes. a) PSM reaction on complex 1 with aldehyde b; b) reaction
between aminotriazole a and aldehyde b; c) competitive reaction in the presence of complex 1, amine a and aldehyde b.
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have previously demonstrated that the transformation in
solution is unlikely, as steps A and C are not favored.[11]

A further argument in favor of the transformation of the
NH2 groups present on the complex by the PSM reaction is the
large difference in yields observed between the PSM reaction
on the SCO complex and the reaction between aminotriazole a
and p-anisaldehyde b in solution. Indeed, to obtain 100% imine
on the complex, the formation of imine c in solution (step B)
would have to be very fast, but the results in Figure 2a show
that this is not the case since imine formation on the complex
is much faster than that of the free ligand in solution
(Figure 2b). To demonstrate that the amine complex 1 is more
reactive toward aldehydes than the aminotriazole a, the
competitive reaction shown in Figure 2c was tested. On the
basis of the results of individual imine formation (Figure 2a and
2b), the quantitative formation of imine complex 2 was
expected, whereas aminotriazole a should remain unchanged.
In fact, the results obtained are the opposite of those we
expected, as 100% of the aminotriazole a was transformed, and
the recovered complex corresponds to amine complex 1. As
each type of experiment (individual reaction and competitive
reaction) was repeated 3 times without any significant change
in the results, we can consider the results to be reproducible
and rule out the possibility that the difference in behavior
observed between the individual reactions and the competitive
reaction is due to experimental error. This surprising result
seems to indicate that SCO catalyzes the formation of imine c.
This is also a very interesting result since, to the best of our
knowledge, it is the second example described in the literature
where this family of complexes is used in catalysis.[12] There is
also no precedent in the literature where an iron complex is
used as a catalyst for the reaction between aminotriazole a and
an aldehyde. The closest example is the reaction between
aminotriazole a and 9H-xanthen-9-ol, which is catalyzed by
ferric hydrogenosulfate.[17] In addition, imines synthesized from
aminotriazole a are valuable compounds. These imines have
potential applications in the medical field,[18] and they are good
ligands for a variety of metals.[19] The complexes formed may

possess interesting properties or find applications in the
medical[20] or environmental[21] fields.

The formation of imine c (Table 1) was subsequently tested
in the presence of a catalytic amount of iron complex 1 (2.3%
molar with respect to aminotriazole a). First, the formation of
traces of acetal (generally approximately 2%) was observed.
This side product is obtained by acetalization of aldehyde b in
the presence of ethanol. Moreover, the presence of iron
complex 1 in catalytic quantities greatly increases the imine
yield (from 10% without catalyst to 40% with catalyst, Entries 1
and 2 of Table 1). The sonication of complex 1 in a suspension
of ethanol for 10 min prior to the catalytic reaction resulted in a
yield of 54% (Table 1, entry 3). This increase in yield can be

Figure 3. Reaction pathways envisaged for the formation of complex 2 from complex 1.[11]

Table 1. The formation of the imine c catalyzed by iron complex 1.

Conditions[a] Yield

Sonicate[b] Heating[c] Pre-treatment[d] imine acetal

1 - - - 40% 2%

2 - - - 10%[e] 2%

3 10 min - - 54% 2%

4 10 min 10 min - 58% 2%

5 10 min - 10 min >98% 1%

[a] 20 mg of the complex was suspended in 0.5 mL of ethanol, two
different solutions with a concentration of 4.1 mM of aldehyde (mixture 1)
and 2 mM of aminotriazole (mixture 2) were prepared. [b] Sonicating only
the suspension of the complex at room temperature. [c] Heating the
suspension of the complex at 90 °C under MWI. [d] 1 mL of mixture 1 was
added to the complex in suspension, and it was heated at 90 °C under
MWI. [e] Experiment done without complex
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explained by improved access to the catalytic site.[11] Complex 1
is insoluble in ethanol, and increasing the contact surface area
of a heterogeneous catalyst increases its catalytic activity. The
experimental conditions used to sonicate the suspension of
complex 1 in ethanol do not reduce the particle size of complex
1, but they are sufficient to reduce the size of agglomerates.
Entry 4 of Table 1 consists of heating a sonicated suspension of
complex 1 in ethanol under microwave irradiation at 90 °C for
10 minutes, after which the aldehyde and aminotriazole were
added to start the catalytic reaction. This heating could facilitate
interactions between ethanol and complex 1 (greater diffusion
of the solvent into the solid), leading to greater separation of
the complex’s polymeric chains. This better separation of the
polymeric chains of complex 1 could, as observed during the
study of the PSM method, lead to higher yields.[11] Finally, imine
c is obtained quantitatively when complex 1 is pre-treated
(Table 1, entry 5). This pre-treatment consists of irradiating a
reaction mixture of complex 1 and aldehyde in ethanol with
microwaves for 10 minutes at 90 °C (Figure 4). However, what
happens to complex 1 during pre-treatment and the catalytic
reaction? At room temperature, the amine complex suspended
in ethanol is pink. After microwave irradiation in the presence
of the aldehyde and then return to room temperature, the
complex became white (variable magnetic measurements of
both complex 1 and 2 are provided in the ESI). This color
change could indicate a modification in the chemical structure
of the complex. This chemical modification was confirmed by IR
spectroscopy, which revealed the appearance of bands charac-
teristic of the C=N bond.

After the catalytic reaction and return to room temperature,
the complex returns to pink. IR spectroscopy of the complex
after catalysis no longer shows the characteristic bands of the
C=N functionality, and the IR spectrum corresponds to the
amine complex. Therefore, during the pre-treatment and
catalysis reactions, the amine complex undergoes two PSM
reactions. The first PSM reaction occurs when the aminotriazole
complex 1 reacts with the aldehyde to form the corresponding
imine complex 2; only if aminotriazole a is present in solution, a
second PSM reaction will occur between the aminotriazole a
and the imine complex 2 to regenerate the starting complex 1
and leaving the imine ligand c in solution.

As we had previously demonstrated that the nature of the
solvent strongly influenced the efficiency of the PSM method,[11]

we wished to study the effect of the solvent on the catalytic
activity of the iron coordination polymer (Table 2).

Before discussing the various results obtained, it is impor-
tant to note that a solution of aminotriazole in ethanol is
systematically added to the iron complex suspension. We made
this choice because aminotriazole is sparingly soluble in
toluene, and the presence of ethanol keeps both reagents
(aminotriazole and aldehyde) in solution. Entries 5, 10, and 15
of Table 2 correspond to the reactions performed without the
complex. The best results are obtained when the amino
complex is suspended in 96% ethanol while the other reagents
are in absolute ethanol (see ESI); then, the amount of water
present in the ethanol is also important.

This can be explained by the fact that the presence of a
small amount of water in ethanol enhances the interaction
between the solvent and the aminotriazole complex, which in
turn results in even faster formation of the imine complex.[11]

Slightly better results are obtained when methanol is used as
the solvent (Table 2, entries 6–10). This is to be expected, given
that methanol, being more polar than ethanol, interacts even
more strongly with the amine complex. When toluene is used
as the solvent for suspending the complex and as the solvent
for dissolving the aldehyde, poorer results are obtained
compared with experiments carried out in methanol or ethanol
(Table 2, entries 11–15). The presence of toluene could modify
the interactions between the coordination polymer and the
solvent, as well as the agglomeration of the particles of the
complex. In the presence of toluene, pre-treatment appears to
have a very limited effect on the yield of the catalytic reaction,
in sharp contrast to the results obtained in ethanol or methanol.
As expected, no formation of imine complex 2 was observed in
toluene (see the ESI). When imine complex 2 is used in the
ethanol-toluene mixture, 74% imine is obtained (Table 3,
entry 12), whereas in ethanol, the imine is obtained quantita-
tively. This difference in yield could be explained by a slower
PSM reaction or by less favorable contact between the imine
complex and aminotriazole due to greater particle agglomer-
ation.

The effect of the morphology of the catalyst was also
investigated. If, as expected, amine complex particles catalyze
imine formation, the use of smaller nanoparticles should be
even more effective.

Figure 4. a) Schematic representation of the procedure where the pre-
treatment is used in complex 1, where two consecutives PSM reactions
occur. b) IR spectra of the recovered complex at each step.
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Table 2. Effect of the solvent on the efficiency of the catalytic reaction.

Solvent Conditions[a] Yield

Complex Aldehyde Sonicate[b] Heating[c] Pre-treatment[d]

1 96% EtOH EtOH - - - 40%

2 10 min - - 54%

3 10 min 10 min - 58%

4 10 min - 10 min 100%

5 - - - 10%[e]

6 MeOH MeOH - - - 45%

7 10 min - - 58%

8 10 min 10 min - 74%

9 10 min - 10 min 100%

10 - - - 11%[e]

11 Toluene Toluene - - - 33%

12 10 min - - 38%

13 10 min 10 min - 39%

14 10 min - 10 min 41%

15] - - - 12%[e]

[a] 20 mg of the complex was suspended in 0.5 mL of solvent, a solution with a concentration of 4.1 mM of aldehyde (mixture 1) in the specified solvent
and another one of 2 mM of aminotriazole (mixture 2) in ethanol were prepared. [b] Sonicating only the suspension of the complex at room temperature.
[c] Heating the suspension of the complex at 90 °C under MWI. [d] 1 mL of mixture 1 was added to the complex in suspension, and it was heated at 90 °C
under MWI. [e] Experiment done without complex

Table 3. Effect of the nature of the catalyst on the efficiency of the catalytic reaction.

Solvent Conditions[a] Yield

Complex Aldehyde Catalyst Reaction[b]

1 96% EtOH EtOH Nanoparticles of complex 1 10 min 76%[c]

2 10 min 81%

3 10 min 100%[d]

4 96% EtOH EtOH Complex 1b 10 min 20%

5 10 min 22%[d]

6 96% EtOH EtOH Complex 3 2 min 69%

7 5 min 80%

8 7 min 100%

9 96% EtOH EtOH Complex 2 5 min 100%

10 10 min 100%

11 EtOH 10 min 100%

12 Toluene Toluene 10 min 74%

[a] 20 mg of the complex was suspended in 0.5 mL of solvent, a solution with a concentration of 4.1 mM of aldehyde (mixture 1) in the specified solvent
and another one of 2 mM of aminotriazole (mixture 2) in ethanol were prepared, then only the suspension of the complex was sonicated for 10 min at
room temperature. [b] The reaction was carried out at 90 °C under MWI. [c] Without sonication [d] Before the reaction, these samples were pre-treated by
heating the mixture of the suspension of the complex and the aldehyde at 90 °C for 10 min under MWI
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This is confirmed by the results obtained when 50 nm
nanoparticles of the same complex 1 are used where higher
yields are obtained (Table 3, entries 1–3); to obtain these
nanoparticles, it is necessary to use a different methodology
than the one used for the bulk complex.[11] We then studied the
effect of the counterion on the catalytic efficiency of the
complex. To this end, we studied the catalytic activity of iron
aminotriazole complex 1b with sulfate as the counterion
([Fe(NH2trz)3]SO4). When the latter is used, significantly lower
yields are observed than when nitrate complex 1 is used
(comparison of Table 2, entries 2 and 4, and Table 3, entries 4
and 5). Even with pre-treatment of complex 1b, the yield does
not increase, which is explained by the lack of formation of the
imine complex (see page 13 of the ESI). Finally, we tested the
catalytic activity of iron III imine complex 3 (Table 3, entries 6–
8). When the reaction is catalyzed by complex 3, quantitative
yields are obtained within 7 minutes. If we consider that iron III
complexes are better Lewis acids than iron II complexes are,[22]

we would expect the former complexes to be much more
efficient catalysts than the latter. The experimental results
indicate that the iron III complex has a similar efficiency to that
of the iron II complex (Table 3, entries 9–10). The first hypoth-
esis that can explain this result is that, under the experimental
conditions of catalysis, the iron II complex is oxidized very
rapidly to iron III, and then, during or at the end of the reaction,
it is reduced back to iron II. We wished to confirm or refute this
hypothesis, and as discussed in the ESI (pages 30–34), while the
oxidation of a small part of the complex cannot be excluded,
the majority of the iron complex remains iron II. Thus, we can
infer that the catalytic activities of the complex in both
oxidation states are of the same order of magnitude.

A kinetic study of the reaction catalyzed by complex 1 was
then carried out. Each point in Figure 5 corresponds to an

experiment. For this kinetic study, a suspension of complex 1 in
ethanol was placed in an ultrasonic bath for 10 min prior to
catalysis (red curve in Figure 5a). This result suggests that the
catalytic mechanism of the iron II complex may not be of the
Lewis acid type, as it is usually observed that iron III complexes
have greater catalytic activity than iron II complexes.

The catalytic reaction is quantitative in 50 minutes. The
transformation of the NH2 functionality of aminotriazole a
appears to be linear over time, with a change in rate after
20 minutes (yield approximately 67%). Regardless of the
reaction time, the yields are much greater than those obtained
when the reaction is carried out in the absence of the complex
(blue curve, Figure 5a). This kinetic study confirmed that
complex 1 does indeed catalyze the reaction. Furthermore,
these experiments show once again that when the complex is
pre-treated, the reaction is quantitative within 10 minutes
(black curve, Figure 5a). If the reaction is left for 20 min, the
yield remains quantitative, showing that under these exper-
imental conditions, imine c is not hydrolyzed. At the end of
these experiments, most of the complexes were recovered and
analyzed via various techniques (IR spectroscopy, powder X-ray
diffraction, scanning electron microscopy, and temperature-
dependent reflectivity measurements).

Figure 5b shows the imine percentages of the complexes
recovered after different catalytic times. These percentages
were determined by digestion of the complex in an aqueous
basic medium and proton NMR analysis of the aqueous and
organic phases (see ESI). Although during pre-treatment all of
the amine complex 1 was transformed into imine complex 2,
after 5 minutes of reaction, the imine functions represented
approximately twelve percent of the functions present on the
recovered complex (Figure 5b, black curve). Moreover, the
results obtained after pre-treatment and a reaction time of
20 min show that imine complex 2 can be synthesized under
these experimental conditions once aminotriazole a is no longer
present in the medium. When complex 1 is used as a catalyst
without pre-treatment, traces of imine functions are observed
on the complex after 10 minutes of reaction. At 50 min, the
amount of imine on the complex was estimated to be 6%
(Figure 5b, red curve). The entire study of complexes recovered
after catalysis is included in the ESI. One of the highlights of this
study is the difference in morphology between the starting
amine complex 1 and that recovered after pre-treatment and
10 minutes of catalysis. SEM images show that bulk complex 1
consists of large spherical aggregates of approximately 10 mi-
crons in size; each of these aggregates is built from a compact
stack of platelets, and distinct layers of this platelet stacking are
observed (Figure 6). SEM images revealed that for the amine
complex recovered after pre-treatment and 10 min of catalytic
reaction, large spherical aggregates disappeared, but the
platelet stacks remained. Thus, performing a PSM reaction with
an aldehyde followed by a PSM reaction with aminotriazole on
amine complex 1 enables the particle morphology of the amine
complex to be modified without causing it to lose its SCO
properties. This result is of interest not only for heterogeneous
catalysis, where particle size and shape affect the catalytic
activity of the complex but also for all applications requiring

Figure 5. Kinetic study of the catalysis reaction. a) Yield of imine c as a
function of reaction time; b) percentage of imine functionality on the
complex recovered after catalysis as a function of reaction time.
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deposition of the compound in a device. Notably, the kinetic
study and particle observation were reproduced a second time
using the same amine complex 1, as well as another batch of
complex 1. Similar results were obtained, and this study is
included in the ESI.

We then turned our attention to the mechanism of the PSM
reaction, which transforms imine complex 2 into amine
complex 1. We envisaged that this transformation could
originate from two different types of mechanisms (Figure 7).

In the case of trans-imination, amine complex 1 is formed
by nucleophilic attack of the NH2 group of aminotriazole a on
the imine functionality of complex 2, whereas by ligand
exchange, amine complex 1 is formed by decoordination of
imine c and coordination of aminotriazole a on iron. We can
differentiate between these two types of mechanisms by
performing a PSM reaction using a fully 15N-enriched amino-
triazole a* (Figure 8).

The presence of 15N in the complex recovered after the
reaction would support the ligand-exchange mechanism. On
the other hand, if imine c* (with 15N) is present in large
quantities in solution, then the mechanism would be trans-
imination (Figure 7). Solid-state 15N NMR analysis (see ESI) of the
recovered complex revealed a peak at 67.8 ppm in the 15N Hahn
echo MAS NMR spectra; this peak was attributed to the
presence of 15N in the complex, which increased the signal
intensity up to 270 times,[23] and given its low natural
abundance (0.37%) and its low sensitivity, it would be nearly
impossible to observe it otherwise.[24] NMR analysis of the
solution indicated that the PSM reaction was not complete, as
some aminotriazole a* remained in the solution (Figure 9).

On the other hand, the imine formed corresponds to the 15N
unenriched imine c. If the imine c* is formed predominantly,
then the CH signals of the triazole and imine should be
multiplets due to the coupling between the protons and 15N
(Figure 9).[25] Furthermore, 2D 1H/15N NMR analyses (HMQC and
HMBC) revealed little or no correlation between protons and
nitrogen for the imine formed, whereas they were clearly visible
for aminotriazole a* (see the ESI). It would appear that amine
complex 1 is formed by a PSM reaction via ligand exchange.

Finally, we explored the potential mechanism underlying
this catalytic reaction. Based on the existing literature, it is
plausible that the iron complex may act as a Lewis acid.[22,26] As
the interaction with the aldehyde may enhance the electro-
philicity of the carbonyl group, facilitating a nucleophilic attack
by the NH2 group of aminotriazole a, it follows that stronger
Lewis acids could promote the reaction more efficiently if this
mechanism holds true. Since iron III complexes are generally
stronger Lewis acids than iron II complexes, we would expect
the iron III complex to exhibit greater activity. However, the
observed lack of this trend suggests that the mechanism may
not be based on Lewis acid activity. Furthermore, while
established catalytic mechanisms exist in the literature, it’s
crucial to evaluate the specific reaction in question, as the
mechanism can be highly dependent on both the catalyst and
the substrates involved. In this case, aminotriazole a serves as
both a catalytic substrate and a strong ligand for iron,[27] and
the NH2 group on the complex can also react with the aldehyde.
For all these reasons, the catalytic mechanism described in
Figure 10 was considered.

This relatively simple mechanism consists of two PSM
reactions. To generate the imine complex 2, the amine complex

Figure 6. Scanning electron microscopy images of the a) pristine bulk complex 1 and b) the recovered complex after catalysis (with pre-treatment and 10 min
of reaction).
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1 must first undergo a PSM reaction with the aldehyde b. The
amine complex 1 is restored by the second PSM reaction on the
imine complex 2 with aminotriazole a. If so, and since the
amount of the complex represents only 2% of the aminotriazole
a, a significant number of PSM cycles must take place in order
to obtain the imine c quantitatively. This implies that the NH2

functionality of the amine complex 1 must be highly reactive
towards aldehyde b, and that aminotriazole a must also be
highly reactive towards the imine functionality of the complex
2. We investigated the synthesis of imine e catalyzed by
compound 2 in order to confirm these two requirements
(Figure 11).

The process requiring two PSM reactions implies that
complex 2 must rapidly disappear from the medium in order
for the production of imine e to start. This is only possible when
the complex contains NH2 functionalities. For this reason, in
order to ascertain the percentage of NH2 function and imine on
the complex, we wished to analyze the complexes recovered
after varying reaction periods. Additionally, the selected reac-
tion model enables us to distinguish between the imine
functionalities that were present on the original complex 2 and
those that were created when an NH2 functionality of the
complex reacted with the aldehyde d.

Prior to delving into the findings, it is important to note
that ESI presents the pre-study of the catalyzed creation of
imine e. The experimental results indicate that the reaction
reaches quantitative conversion within 5 minutes. In contrast,
under non-catalyzed conditions for the same reaction time, less
than 20% of imine e is obtained. The 1H NMR spectrum of the
solution shows the presence of imine e and traces of imine c,
which results from the reaction between the imine complex 2
and aminotriazole a (see the ESI). Notably, within the first
minute, the percentage of imine functionalities in the initial
complex is estimated to be less than 5%. This finding under-
scores the high reactivity of aminotriazole a toward the imine
functionalities present in the complex. Furthermore, the com-
plex’s NH2 functionalities are highly reactive with aldehyde d, as
evidenced by the existence of roughly 20% of imine function-
alities as a result of their reaction. During the first to fourth
minutes, the percentage of imine functional groups from the

Figure 7. Proposed mechanisms for the formation of complex 1 from the
complex 2.

Figure 8. PSM reaction on complex 2 with aminotriazole a*.

Figure 9. 1H NMR spectrum of the solution after PSM reaction on complex 2
with aminotriazole a*.

Figure 10. Proposed mechanisms where 2 consecutives PSM reactions occur,
during the catalytic cycle.
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reaction with vanillin d remained above 15%, eventually
increasing to over 80% by the fifth minute (when few amino-
triazole molecules are left in the medium). The imine complex 4
is then obtained when the catalytic reaction is longer than
seven minutes (Figure 11).

Additionally, we investigated the formation of imine c from
p-anisaldehyde b, catalyzed by the imine complex 4 (see ESI).
This analysis shows that after 2 minutes of reaction, only a small
fraction of the imine functionalities from the original complex 4
remain, demonstrating that the amine complex undergoes
multiple catalytic cycles involving the two PSM reactions.

Lastly, we wanted to demonstrate that, in comparison to
the Lewis acid type mechanism, the mechanism involving PSM
reactions (Figure 12) is more prevalent. This was accomplished
by examining the production of imine e when a stoichiometric
quantity of imine complex 2 was present. A considerable
amount of imine e should be formed by an acidic Lewis-type
mechanism. The quantitative production of imine e should
occur much faster when complex 2 is present in stoichiometric
amounts than when the complex is present in catalytic
quantities. In accordance with a mechanism including PSM
reactions, imine c should be the first and quantitatively
generated product (Figure 11-1). The latter results from amino-
triazole’s attack on the imine complex 2. Finding the amounts
of each kind of imine (e and c) enables us to identify the main
catalytic mechanism. A greater amount of imine e would
support the Lewis acid type mechanism, whereas a greater
amount of imine c would support the PSM reaction-based
mechanism.

The experimental results indicated that in 5 min of reaction,
90% of the aminotriazole a is converted. Notably, the reaction
is initially very rapid, since in 2 minutes, only about 20% of the
amine a remains. Whatever the reaction time, imine c is the
product that is predominantly formed. For example, for a
reaction time of 2 minutes, the quantity of imine c is more than
4 times greater than that of imine e. The complexes recovered
after the competitive reaction show that less than 20% of the
imine functionalities present in the complex, remain from the
starting complex 2. As already observed, aminotriazole a
reacted very rapidly with complex 2, but between the second
and fifth minutes, the percentage of imine remained nearly the
same. Furthermore, the recovered complex has imine function-
alities resulting from the attack of the NH2 groups of the
complex on vanillin d. Thus, the formation of imine e can result
either from the reaction of aminotriazole a with vanillin d or
from the action of amine a on the imine functionalities present
on the complex. These experiments again seem to indicate that
PSM reactions on the complex may be involved in the catalytic
activity of the complex. In parallel, we tested the competitive
reaction using aminotriazole a, imine complex 4 and p-
anisaldehyde b (ESI). This study confirms that aminotriazole a
reacts preferentially with the imine complex rather than with
the aldehyde present in solution.

Figure 11. 1) Proposed mechanism for the formation of complex 4 from complex 2, 2) Kinetic study of the catalytic reaction between vanillin d and
aminotriazole a, where the complex 2 is used as catalyst. a) Yield of the imine e as a function of reaction time (with and without catalyst); b) percentage of
imine functionalities on the complex (from vanillin in blue, and p-anisaldehyde in green) as a function of reaction time.
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Conclusions

In conclusion, the reactivity of aminotriazole a toward aldehydes
was compared with that of the NH2 functional groups present on
the complex [Fe(NH2trz)3](NO3)2 complex. Within ten minutes, the
post-synthetic reaction on the complex 1 was quantitative,
whereas under the same experimental conditions, only 10% of
the imine was formed from aminotriazole. On the one hand, this
result indicates that a reaction starting from an insoluble reagent
is not systematically slower than a reaction where all the reagents
are in solution. On the other hand, this result illustrates that
coordination to a metal affects the organic reactivity of the ligand.
Thus, combining the PSM method with a reaction, such as the
digestion of the complex, which decoordinates the ligand from
iron, is also potentially interesting for the synthesis of new triazole-
based organic molecules. The reaction was subsequently carried
out using a mixture in which complex 1, aminotriazole a and
aldehyde b were present in stoichiometric amounts. The exper-
imental results of this competitive reaction indicate the quantita-
tive formation of imine in solution, and the recovered complex
corresponds to amine complex 1. The fact that the result of the
competitive reaction was completely opposite to the results of the
individual experiments led us to consider that the spin crossover
iron complex catalyzes the formation of imine from aminotriazole
a. This result is interesting because, to the best of our knowledge,
it is the second example described in the literature of the use of
this family of complexes in catalysis. Even more generally, few
synthesized complexes known for their spin crossover properties
have been tested in catalysis. This lack of studies is somewhat
paradoxical, as there is currently a great deal of interest in the use
of iron complexes in catalysis due to their catalytic activity and

accessibility, as well as the environmental sustainability of iron. An
experimental study of the catalytic reaction revealed that when
amine complex 1 was pre-treated with aldehyde b, the catalytic
reaction was quantitative in less than 10 min, with an amount of
iron complex equivalent to 2.3% molar with respect to amino-
triazole a. Analysis of the iron complex recovered after the catalytic
reaction yielded a wealth of information. First, as we had
envisaged, the pre-treatment of the amine complex with an
aldehyde led, by PSM reaction, to the formation of imine complex
2. On the other hand, while the presence of traces of iron complex
III cannot be ruled out, a very large proportion of the iron complex
remains in the+ II oxidation state during the catalytic reaction.
Moreover, when the amine complex is used without pre-treat-
ment, and the catalytic reaction is complete and no aminotriazole
a remains, the recovered complex corresponds to amine complex
1, with traces of imine functionalities on the complex. More
surprisingly, when amine complex 1 is pre-treated or when imine
complex 2 is used as a catalyst, from the first minute until the
catalytic reaction is quantitative, the percentage of imine function-
alities on the complex is well below 15%. The formation of the
amine complex is explained by the reaction of aminotriazole a
with imine complex 2. We envisaged two different mechanisms
for this PSM reaction, namely, trans-imination and/or ligand
exchange on the iron center. Experiments using aminotriazole a
with 15N suggest that the PSM reaction proceeds mainly by ligand
exchange. Scanning electron microscopy analysis revealed that,
while all the complexes recovered before the catalytic reaction
was quantitative, the complexes had a molecular arrangement
and spin crossover properties similar to those of the starting
amine complex 1, and the particles from the pre-treated amine
complex or the imine complex were significantly different in size

Figure 12. Kinetic study of the competitive reaction of aminotriazole a between vanillin d and complex 2. a) Yields of imines c (red) and e (purple) as a
function of reaction time; b) percentage of imine functionalities on the complex (from vanillin in blue, and p-anisaldehyde in green) as a function of reaction
time.
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and shape from those of the starting amine complex. On the other
hand, the experimental conditions used to carry out the PSM
reaction of amine complex 1 with the aldehyde also have a
significant effect on the morphology of the particles of imine
complex 2. Thus, performing a PSM reaction with an aldehyde
followed by a PSM reaction with aminotriazole a on imine
complex 2 enables the particle morphology of amine complex 1
to be modified without causing it to lose its excellent SCO
properties. This result is of interest not only for heterogeneous
catalysis, where particle size and shape affect the catalytic activity
of the complex but also for the proper integration of SCO into
devices. The iron III imine complex has a catalytic activity close to
that of the iron II imine complex. This result is surprising, as iron III
complexes are generally better Lewis acids than their iron II
analogs are, and imine formation from aldehydes is efficiently
catalyzed by Lewis acids. As previously indicated, we are confident
that the iron II complex remains under this oxidation state during
the catalytic reaction. For these two reasons, we concluded that
the mechanism of the reaction may not be of the Lewis acid type,
and we envisaged that PSM reactions may be involved in the
catalytic activity of this iron II complex. The two types of
experiments carried out to confirm or refute this hypothesis
support the involvement of PSM reactions in the catalytic
mechanism. The first experiments showed that after just one
minute of catalysis, very few imine functionalities remain from the
initial complex, and imine functionalities, originating from the
aldehyde used as a catalysis substrate, are visible on the complex.
This result indicates that the amine complex can rapidly undergo
many catalytic cycles consisting of the two PSM reactions. This
criterion is essential for the involvement of PSM reactions in the
catalytic mechanism. The second type of experiment involves a
competitive reaction in which the reaction mixture contains
aminotriazole a, an aldehyde and imine complex 2 in stoichio-
metric amounts. The preferential attack of aminotriazole a on
imine complex 2 rather than on the aldehyde supports a
mechanism involving PSM reactions. In the case of a Lewis acid
mechanism, the presence of the complex in noncatalytic quanti-
ties would have greatly favored the attack of aminotriazole a on
the aldehyde. This research, combined with the fact that we have
also recently shown a strong influence of the spin state on the
efficiency of the PSM method on this iron complex, allows us to
be optimistic about the possibility of considering spin crossover
complexes as new candidates for the realization of switchable
catalysis. Work is currently underway in our group to demonstrate
the effect of the spin state on the catalytic efficiency of 1D
coordination polymers with SCO properties.
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The spin crossover iron complex, with
the formula [Fe(NH2trz)3](NO3)2,
catalyzes imine formation from 4-
amino-1,2,4-triazole and aldehyde.
During catalysis, the iron complex
undergoes two different PSM

reactions: the first with an aldehyde
and the second with an aminotriazole.
These PSM reactions are thought to
be involved in the catalytic
mechanism of this iron-based coordi-
nation polymer.
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