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Reversible switching between housane and
cyclopentanediyl isomers: an isonitrile-catalysed
thermal reverse reactiony
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The photo-isomerization of an isolable five-membered singlet biradical based on C, N, and P
([TerNPI,CNDmp, 2a) selectively afforded a closed-shell housane-type isomer (3a) by forming a transan-
nular P—P bond. In the dark, the housane-type species re-isomerized to the biradical, resulting in a fully
reversible overall process. In the present study, the influence of tBuNC on the thermal reverse reaction
was investigated: the isonitrile acted as a catalyst, thus allowing control over the thermal reaction rate.
Moreover, tBUNC also reacted with the biradical to form an adduct species ([TerNP],CNDmp-CNtBu, 4a),
which can be regarded as the resting state of the system. The reactive species 2a and 3a could be re-gen-
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Introduction

Singlet biradicals (also known as biradicaloids) are worthwhile
target molecules in synthetic chemistry.' ™ Due to their unique
electronic structure,®® they combine high reactivity with
interesting properties such as small molecule activation,"*
non-linear optical properties,">"® or (potential) applicability as
molecular switches.'®>* Especially for the latter use, it is desir-
able to devise systems whose two (meta-)stable states possess
different degrees of biradical character, so the biradical

character®®?**2®  can be influenced by an outside

stimulus.>”*°

As stable photo-switchable biradicals are barely
22,31-33

known, we recently started to investigate the photo-
chemistry of five-membered heterocycles, namely hetero-cyclo-
pentanediyls (2) generated from the four-membered biradical
[P(u-NR)], (1, Scheme 1).>°?" In two recent publications®*** we
could show that these five-membered biradicals can be reversi-
bly switched to the corresponding housane-type isomer (3)
using red light, while the reverse reaction takes place under
thermal regime.
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The reversibility of the process and stability of the isomers
2 and 3 are noteworthy considering that analogous carbon-
based cyclopentane-1,3-diyls are usually short-lived and their
isomerization to housane or cyclopentene derivatives is typi-
cally irreversible,***>® with few exemptions.**** Also, the
photoisomerization of a related heterocyclic housane was
found to be irreversible.*”

Since the housane-type species 3 does not possess signifi-
cant biradical character, as opposed to the biradical 2 (f =
24-27%),>*** switching between these two isomers also allows
reversible manipulation of the biradical character. In particu-
lar, switching the biradical character “on” and “off” made it
possible to influence a (thermal) equilibrium reaction, which
involved the activation of tBuNC by biradical 2 (Scheme 2).*

Interestingly, it was noted that the concentration of tBuNC
could influence the rate of the thermal reverse reaction 3 —
2,% indicating a catalytic effect of the isonitrile. This prompted
us to investigate the mechanism of the thermal reverse reac-
tion in more detail, so as to understand the reactivity of the
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Scheme 1 Synthesis and photochemistry of hetero-cyclopentanediyls
(2). R = Ter (2,6-dimesitylphenyl), Hyp (tris(trimethylsilyl)silyl); R" = Mes
(mesityl), Dmp (2,6-dimethylphenyl), tBu. Similar compounds can be
obtained by reaction of 1 with CO (not shown).
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Scheme 2 The molecular switch 2 could be utilized to control a
chemical equilibrium reaction involving the activation of tBuNC by 2.
The equilibrium with 1 is only observed for 2b.

housane 3 towards tBuNC in comparison with the activation
chemistry of biradical 2. Being the most stable
derivative,?"*>** the Ter and Dmp substituted variant of 2 (i.e.
2a, R = Ter, R’ = Dmp) was chosen for these investigations.

Results and discussion
Molecular structure

As previously observed in NMR experiments,* the reaction of
2a with tBuNC led to formation of adduct 4a (Scheme 3). As it
had only been characterized spectroscopically, it was of inter-
est to isolate and fully characterize adduct 4a. This could be
accomplished by using the isonitrile as solvent (i.e. in a large
excess) and slowly evaporating the isonitrile until colourless
crystals of the desired product 4a were obtained.

Compound 4a crystallized in the monoclinic space group
C2/c with 8 formula units per cell. As expected, the five-mem-
bered N,P,C ring system of the former biradical moiety adopts
an envelope conformation, contrary to the planar structure of
the free biradical 2a (Fig. 1).>® The two P atoms are bridged by
the C atom of the former isonitrile moiety, resulting in a
[2.1.1]-bicyclic structure; that is, the adduct can be regarded as
a [2 + 1] cycloaddition product of the biradical 2a and tBuNC.
It is worthy to note that the P1/P2-C58 bond lengths (1.888(1),
1.937(1) A) are somewhat longer than typical P-C single bonds
(Xreov = 1.86 A),*® indicating a rather weak interaction. This is
in agreement with the fact that the adduct formation is a
reversible equilibrium reaction (vide infra). The overall struc-
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Scheme 3 tBuNC could be activated using biradical 2a, leading to for-
mation of adduct 4a.
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Fig. 1 Left: molecular structure of the adduct 4a in the crystal. Right:
the molecular structure of the biradical 2a is depicted for comparison.?
Thermal ellipsoids set at 50% probability (123 K). Selected bond lengths
(A) and angles (°): 4a: P1-N1 1.779(1), P1-N2 1.734(1), P1-C58 1.888(1),
P2-N1 1.776(1), P2-C49 1.880(1), P2-C58 1.937(1), N2—-C49 1.403(2),
N3-C49 1.270(2), N4-C58 1.250(2), N1-P2-P1-N2 116.57(7); 2a: P1-N1
1.729(1), P1-C49 1.792(2), P2-N1 1.649(1), P2-N2 1.680(1), N2-C49
1.430(2), N3-C49 1.287(2), N1-P1-P2-N2 178.5(1).

ture is similar to other derivatives of 4a with different
substituents.>*

Photoisomerization and thermal reverse reaction

When dissolving colourless crystals of adduct 4a in THF or
benzene, a blue solution was obtained. This could be attribu-
ted to partial dissociation of the adduct, which led to partial
formation of the blue biradical 2a and ¢BuNC in an equili-
brium mixture with adduct 4a (¢f Scheme 3). The mixture was
then irradiated with red light (638 nm) in the NMR spectro-
meter, resulting in partial formation of the photoproduct 3a
(70%, Scheme 4). All these reactions could easily be traced by
3P NMR spectroscopy, owing to the distinct AX spin systems
of 2a (221.7, 258.3 ppm; 136 Hz), 3a (—129.1, —63.4 ppm; 65
Hz), and 4a (188.2, 222.7 ppm; 33 Hz). The experimental data
correspond well to calculated values (Table S47).

In contrast to irradiation of the pure biradical 2a or the
equilibrium mixture associated with 2b (cf, Scheme 2),>* it was
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Scheme 4 The thermal reverse reaction 3a — 2a was found to be cata-
lysed by tBuNC. The reactions considered for the kinetic model are
highlighted in red.
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however not possible to achieve full photoconversion; species
2a and 4a were detectible in the *'P NMR spectrum even under
irradiation (20% and 10%, respectively). Moreover, the thermal
equilibrium mixture was restored almost instantly when the
light source was switched off, indicating a rather fast thermal
reverse reaction. (Note that for the pure system 2a 2 3a, the
half-life of 3a was about 7 minutes at ambient temperature.)*

These findings implied that the presence of tBuNC had an
influence on the rate of the thermal reverse reaction 3a — 2a.
This could be confirmed by low-temperature NMR experiments
using different concentrations of ¢(BuNC, which showed a
direct proportionality between the rate of the thermal reverse
reaction and the tBuNC concentration (Scheme 4 and ESI, p.
S20fft). It follows that besides the intramolecular P-P bond
cleavage of 3a (as observed for the pure system 2a = 3a), there
must be an alternative pathway for the isomerization of the
housane 3a to the biradical 2a, involving a reaction between
tBuNC and 3a.

Reaction mechanism

To further shed light on the reaction mechanism, the reverse
reaction was traced by *'P NMR spectroscopy at different temp-
eratures and at different concentrations of tBuNC. The NMR
spectra were used to estimate the concentrations of all species
in solution, and the time-dependent concentration data were
then used to fit a kinetic model involving a second order reac-
tion step between ¢{BuNC and 3a (rate constant k;, Scheme 4).
As the putative intermediate 5a (or any other intermediates)
could not be observed spectroscopically, it was assumed that
the reaction step tBuNC + 3a was the rate determining step, i.e.
all reaction steps between 5a and 2a were much faster (k;, > k)
and therefore negligible. Also, taking into consideration
that the thermal reverse reaction was orders of magnitude
faster in the presence of tBuNC, the thermal equilibration of
3a via intramolecular P-P bond cleavage was neglected
(Scheme 4).

The above considerations led to the following rate
equations

dE;a] = 4k, [3a][tBuNC] — k,[2a][tBuNC] + k;[4a]
d?:] = —ky [3a][tBuNC]
dglta] = 4k, [2a][tBuNC] — k;[4a]
w = —k,[2a][tBuNC] + k3[4a]

where [2a], [3a], [4a], and [¢tBuNC] are the concentrations of 2a,
3a, 4a, and tBuNC, respectively, and ¢ is the reaction time. The
differential equations were used in a non-linear fitting pro-
cedure (ESI, p. S21fft) to obtain the parameters &y, k,, and ks
as well as the initial concentrations of all species ([2a]o, [3a]o,
[4a]y, [tBuNC],) for all different temperatures and concen-
trations of tBuNC (Fig. 2 and ESI, p. S26fff).

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Thermal reverse reaction 3a — 2a in the presence of tBuNC.
Left: —20 °C, 1 equiv. tBuNC. Right: —-30 °C, 10 equiv. tBuNC.
Experimental data plotted as circles; fit functions plotted as solid lines.
For more temperatures and concentrations of tBuNC, please refer to the
ESI, p. S26ff.7

Most importantly, the same rate constants were obtained
when the concentration of tBuNC was varied and the tempera-
ture left unchanged (ESIf), in agreement with the consider-
ation that k; is associated with a second order reaction. The
temperature dependence of the rate constants was then
exploited to estimate the activation barriers of the three reac-
tions associated with ki, k,, and k; using transition state
theory (Table 1, Fig. S111). This gave AG* = 75.9(6) k] mol ™ for
the reaction of tBuNC and 3a at 298.15 K, which is lower than
the activation barrier of intramolecular P-P bond cleavage
(AG* = 88(4) k] mol™)* in accordance with experimental
observation.

Moreover, it became evident from the concentration plots
in Fig. 2 that the adduct 4a was the main product of the
thermal reverse reaction, ie. it can be regarded as the resting
state of the system. Upon irradiation, the equilibrium was per-
turbed and the thermal reaction was formally shifted back to
t=0, yielding the housane 3a and free tBuNC as main pro-
ducts. In the dark, the system relaxed to ¢— 0. As indicated,
this process is fully reversible and can be repeated many times
(>20) without detectable degradation of the system.

Computational study

The experimental data clearly demonstrated that the housane
3a reacted with ¢{BuNC in a catalytic manner. However, up to
this point, it remained unclear what the nature of the inter-
mediate 5a was, as it could not be observed in any of the NMR
spectra. We therefore decided to perform DFT and ab initio cal-

Table 1 Experimental enthalpies and entropies of activation

Step AH* [kJ mol™] AS*[J (mol K)™] AG g  [k] mol™]
1 (k1) 42.2 +0.3 -113 1 759+ 0.6

2 (ky) 43+3 —106 + 11 74+6

3 (k3) 67+6 —50 + 23 82 +13

¢ Extrapolated values. The rate constants could only be determined at
lower temperatures due to the high reaction rates at ambient
temperature.
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culations to investigate the reactivity of housane 3a towards
tBuNC.

In a first step, a model system was chosen to obtain an
initial impression of what the reaction between the housane
and isonitrile might look like. To this end, all substituents
(Ter, Dmp, ¢Bu) were replaced by methyl groups. Using this
truncated model (2¢, 3¢), loose van der Waals complexes of 3¢
and MeNC as well as 2¢ and MeNC were optimized. These
were then used as fixed end points for the calculation of a
Nudged Elastic Band (NEB)*'*° trajectory, which resulted in
an approximate Minimum Energy Path (MEP) connecting the
two end points on the Potential Energy Surface (PES).
Optimization of all stationary points as well as additional
Intrinsic Reaction Coordinate (IRC)**® scans resulted in two
possible reaction pathways that encompass a nucleophilic
attack of the isonitrile at one of the P atoms of the housane as
rate determining step (via TS1), leading to open-chain inter-
mediate 5c¢ (Fig. 3). Further reaction steps leading to the bi-
radical 2c¢ and free isonitrile involved either a nucleophilic
attack by the N1 atom (via TS2) or an addition of the N4 atom
to the second P atom (TS4), followed by [2 + 2] cycloreversion
(TS5). All these steps exhibited very low activation barriers;
thus, it would be expected that the concentration of all poss-
ible intermediates would be close to zero throughout the reac-
tion (Fig. 3).

Additionally, the intramolecular P-P bond cleavage was cal-
culated (via TSO0), similarly to what was reported before for the
reaction of the pure system 2a = 3a.>* In comparison with the
isonitrile-catalysed reaction, the activation energy (AG*) of the
intramolecular pathway is some 17 k] mol™" higher, in agree-
ment with our experimental observations.

Aeo\
[kJ/mol]
100 +
] TS1
f—
i /67.4'
50 k
] / \ TS3
1 i \ 17.8
H INT1
0+ — —
] 0.0 -0.7
] 3c
* 5c
1 =
-50 -
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Next, it was of interest to determine if the same reaction
pathway could also be found in case of the “real” system 3a +
{BuNC — 2a + tBuNC. To keep matters simple and reduce the com-
putational effort, we decided only to investigate the shorter
pathway via TS2 (highlighted in red in Fig. 3) and the intra-
molecular P-P bond cleavage via TSO (grey). Indeed, the results
implied that the same nucleophilic attack of tBuNC is possible in
case of 3a despite the presence of the bulky substituents, and that
it has a lower activation barrier than the intramolecular P-P bond
cleavage (Fig. 4). The calculated energies of TS0 and TS1 are some-
what larger than the experimental activation energies, but this is
likely attributed to some multireference character of the species
involved, which is expected to decrease the accuracy of these calcu-
lations (¢f ESI p. S29fF). Moreover, we did not include any solvent
effects in our calculations. Nonetheless, the experimental trends
are well reflected in the computational model. In particular, the
computed mechanism also predicts the addition of ¢tBuNC to
housane 3a to be the rate determining step, in agreement with the
kinetic model derived from NMR data.

Taking into consideration that a side-on adduct of the iso-
nitrile and biradical was found in the model system (¢f. A3 in
Fig. 3), we were also interested in different adduct types of the
actual biradical 2a. Given that the end-on adduct 4a was identi-
fied as the “resting state” of the system, it seemed particularly
interesting to see if a side-on adduct might play a role in the
reactivity of the biradical 2a or the housane 3a.

Contrary to the model system, though, our computations
revealed that the side-on adducts (stationary points A2 and A3
in Fig. 4) of tBuNC and the biradical 2a are much higher in
energy than the end-on adduct 4a. This agrees with the
absence of other adduct species in the NMR spectra, and

-39.3 B

—
—47.7
5¢ ; 2c
+
==

Fig. 3 Thermal reverse reaction of the model housane 3c (UPBE-D3/def2-TZVP, p° = 1 atm). The addition of MeNC is the rate determining step,
leading to formation of metastable adduct 5c (stationary point INT1). The adduct can react to biradical 2c via two pathways, both of which have very

low activation barriers. The shortest path is highlighted in red.
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Fig. 4 Computed mechanism for the thermal reverse reaction of the housane 3a in the presence of tBuNC (DLPNO-CCSD(T)/def2-TZVP//
UPBE-D3/def2-SVP, c¢® = 1 mol L™). The reaction with tBuNC is energetically favoured in comparison with intramolecular P—P bond cleavage, in

agreement with experimental results.

moreover, it indicates that the second reaction pathway found
for the model system is most likely not favoured in case of the
actual system, due to the large substituents. Furthermore, it is
worthy to note that adduct 4a is predicted to be the global
minimum of the reaction coordinate, in accord with experi-
mental observation.

Conclusions

In summary, our investigations of the thermal reverse reaction of
the housane 3a indicate that two distinct isonitrile adducts play an
important role for the reactivity of the molecular switch 2a = 3a:
firstly, the biradical 2a can activate the isonitrile in a [2 + 1] cyclo-
addition reaction, resulting in a [2.1.1]bicyclic structure, which also
represents the global minimum of the reaction coordinate.
Secondly, the housane 3a can be activated by the isonitrile in a
nucleophilic attack, leading to an unstable open-chain adduct (5a)
that quickly fragments into the biradical 2a and the isonitrile. This
opens up a different pathway for the thermal reverse reaction of
the housane 3a, and allows chemical control over the rate of the
thermal reverse reaction.

Moreover, knowledge of the adduct formation between
housane 3a and isonitrile will help us devise new reactions
that take advantage of the nucleophilic activation of the
housane. Inter alia, this could lead to stable adducts that facili-
tate trapping of the thermally labile housane species, or even
open new avenues in photoswitchable reactions.

Experimental
General information

For detailed information on syntheses, equipment, analytical
data, computational methods etc. please also consult the ESLt

This journal is © The Royal Society of Chemistry 2020

All manipulations were carried out under oxygen- and
moisture-free conditions under an inert atmosphere of argon
using standard Schlenk or Glovebox techniques. NMR spectra
under irradiation were recorded using our previously pub-
lished setup,”® which was adopted from a setup published by
the Gschwind group.*’

Syntheses

Biradical 2a was synthesized according to a modified literature
procedure.”® To a solution of [P(u-NTer)], (459 mg,
0.640 mmol) in benzene (10 mL), DmpNC (82 mg, 0.64 mmol)
was added. An immediate colour change from red to deep blue
was observed. After two hours the solvent was removed, and
the blue residue was dried in vacuo (1 x 107> mbar). The
product was crystallized from a minimal amount of fresh
benzene at ambient temperature. The supernatant was
removed by syringe and the crystals were dried in vacuo (1 x
10~° mbar). Yield: 480 mg (0.560 mmol, 88%). Mp. 207 °C.
CHN calcd (found) in %: C 80.73 (80.36), H 7.01 (6.54), N 4.95
(4.81). *"P{'"H} NMR (C¢Ds, 202.5 MHz): § = 221.7 (d, >/(*'P,
31p) = 136 Hz, 1P, NPC), 258.3 (d, >J(*'P, *'P) = 136 Hz, 1P,
NPN). A full set of analytical data can be found in the ESL¥

Adduct 4a: biradical 2a (60 mg, 0.07 mmol) was dissolved in
tBuNC (1.849 mg, 2.5 mL, 22.1 mmol). The light blue solution was
stored at —20 °C. Only a few colorless crystals could be collected.
Yield <20%. Mp. 148 °C. CHN calcd (found) in %: C 79.97 (79.05),
H 7.36 (7.18), N 6.02 (5.87). Deviations due to adhering impurities,
of. ESLt *'P{'H} NMR (243 K, THF-dg, 101.5 MHz): § = 188.2 (d,
’I(3'p*'P) = 33 Hz, 1P, NPC), 222.7 (d, >/(*'P,>'P) = 33 Hz, 1P,
NPN). Additional analytical data can be found in the ESL}

Kinetic studies

To investigate the thermal reverse reaction 3a — 2a in the pres-
ence of tBuNC, solutions of the biradical 2a with different con-

Dalton Trans.
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centrations of tBuNC were irradiated in the NMR spectrometer
(optical power output approx. 200 mW). When a dynamic
steady-state between photoconversion (2a — 3a) and thermal
reverse reaction (3a — 2a) was reached, the laser diode was
turned off and the thermal equilibration (Fig. S5T) was traced
by in situ *'P NMR spectroscopy. The concentrations of all
species were inferred from the time-resolved NMR spectra.
Using a non-linear fitting procedure, the differential rate
equations were fitted to the experimental data, yielding the
rate constants as fitting parameters. For more details, please
refer to the ESI, p. S20ff.}

Computational methods

1® and

Computations were carried out using ORCA 4.2.
Gaussian 09.%° Structure optimizations were performed using
the PBE exchange-correlation functional®®* in conjunction
with Grimme’s dispersion correction D3(BJ)*>*** and Ahlrichs’s
def2 basis set family.”> Accurate electronic energies for opti-
mized structures were computed by single-point DLPNO-CCSD
(T)°°° calculations employing the def2-TZVP basis set’> and
def2-TZVP/C correlation fitting basis.®

Transition states were located on the PES using the Nudged
Elastic Band (NEB) algorithm®'™*® implemented in ORCA at
the PBE-D3/def2-TZVP level of theory. All transition state (TS)
structures were verified to be connected to the corresponding
minima using Intrinsic Reaction Coordinate (IRC)*"*

For further details (including optimized structures, elec-
tronic and thermal energies, NMR data) please refer to the ESI,
p- S29ff.t

scans.
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