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Photoswitchable N-Heterocyclic Carbenes: Using Light to Modulate

Electron-Donating Properties**

Bethany M. Neilson, Vincent M. Lynch, and Christopher W. Bielawski*

N-heterocyclic carbenes (NHCs) are a robust and well-
studied class of ligands used to support a broad range of
catalytically active transition metals."! The performance of
these catalysts is strongly dependent on the electron-donating
properties of the NHC ligands,”! and an ability to modulate
these properties using external stimuli should give access to
switchable catalysts with controlled activities and selectiv-
ities.”) We envisioned incorporating a photochromic*! diaryl-
ethene (DAE)P! into the backbone of a NHC scaffold® to
facilitate the remote photomodulation and monitoring of the
carbene’s donating ability. For example, as illustrated in
Scheme 1, the bonding pattern of an imidazol-2-ylidene
scaffold properly outfitted with thiophene units at the 4-
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Scheme 1. Photochromism of various NHC adducts. The notation o
and c refers to the ring-opened and -closed isomers, respectively.

and 5-positions should change upon photoinduced electro-
cyclic ring closure. Considering that the product of this
reaction extends the conjugation of the nitrogen atoms
adjoining the carbenoid nucleus,” less electron density
should be available for donation into the z* orbital of the
C=X moiety and thus result in a stronger bond.’! While
photocyclization phenomena have been widely exploited in
molecular switches® and modulating chemical reactivity,”
they have rarely been used to control the electron-donating
ability of ligands.'”! Herein we report the first example of
photochemically tuning the electronic structure and donating
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properties of a photochromic NHC scaffold embedded within
chalcogen (X =0, S) and metal (X = {Ir(CO),Cl}) adducts.

The 4,5-diarylimidazolones" 1 and 2 were prepared as
shown in Scheme 2. Acylation of commercially available 2,5-
dimethylthiophene with aluminum trichloride and oxalyl
chloride in the presence of pyridine afforded diketone 4,1%
which was reduced to the a-hydroxy ketone § using zinc metal
and sodium chloride in refluxing methanol/water (1:1 v/v).l%!
Subsequent condensation of 5 with 1,3-dimethylurea in
refluxing acetic acid afforded 1le. Thiourea 20 was also
prepared from 4, which underwent formylative cyclization
under aqueous acidic conditions to give imidazole 6.
Subsequent methylation with iodomethane in acetonitrile
using potassium carbonate as a base gave known!®! imidazo-
lium salt 7, which was then deprotonated with sodium hydride
and catalytic sodium tert-butoxide in the presence of ele-
mental sulfur to yield 20.'Y Notably, the syntheses of 1 and 2
avoided the use of metal-catalyzed aryl-aryl cross-coupling
reactions that are commonly used to prepare photochromic
DAEs.>%]
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Scheme 2. Synthesis of urea 1o and thiourea 2o0.

The UV/Vis spectra of 10 and 2 0 in acetonitrile exhibited
intense absorptions between 210 and 300 nm, which were
assigned to the n—n* and m—mn* transitions of the N-
heterocycle and thiophene systems, respectively.l®! UV irra-
diation (4;,=280nm) of a colorless solution of 1o in
acetonitrile resulted in the development of a bright orange
color, concomitant with a decrease in the intensity of the
absorption band centered at 214 nm and the appearance of a
new band at 476 nm (Figure 1). Similarly, irradiation of 20
under the same conditions resulted in the appearance of a
new absorption band at 521 nm and the development of a red
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Figure 1. a) UV/Vis spectral changes of 10 in acetonitrile
(I10]o=10"*Mm) upon UV irradiation (1,,=280 nm). The spectra were
recorded after irradiation for 0, 0.5, 1, 2, 3, 5, 8, and 10 min. b) UV/Vis
spectral changes of 20 in acetonitrile ([20],=10"*m) upon UV
irradiation (4, =280 nm). The spectra were recorded after irradiation
for 0, 0.5, 1, 2, 3, and 4 min. c) Normalized infrared spectral changes
of the carbonyl stretching frequency upon photochemical conversion
of 10 (1688 cm™) to Tc (1716 cm™) in acetonitrile ([10]o=10"2m).
The reaction was facilitated by 280 nm light in a CaF, IR solution cell,
and the spectra were recorded after 0, 2, 3, 4, 5, 6, 7, 9, and 18 min of
irradiation. The arrows indicate the evolution of the spectral changes
over time.

color. Collectively, these spectral changes were consistent
with the disruption of aromaticity in the thiophene rings in the
aforementioned substrates and the formation of an extended
n-conjugated system.’® Moreover, the isosbestic points
observed at 255 nm for 1o and at 289 nm for 20 suggested
to us that the cyclization reactions proceeded without
noticeable side reactions. Compounds 1o and 20 reached
their photostationary states after 10 and 4 min of irradiation
and were comprised of 75% 1c¢ and 74 % 2c¢, respectively.'™!
Subsequent irradiation of these solutions with visible light
(Airr > 500 nm) resulted in decoloration and attenuation of the
broad, low energy absorption bands. The initial UV/Vis
spectra were nearly completely restored (> 90 % conversion),
indicating that the closed isomers returned to their ring-
opened precursors with minimal decomposition."! Addition-
ally, the cyclizations were confirmed by '"H NMR spectro-
scopic analysis of the mixtures, which showed the expected
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upfield shifts of the signals assigned to the thiophenes (i.e.,
from d=6.4ppm in 1o to 59 ppm in 1l¢, and from 6=
6.6 ppm in 20 to 6.2 ppm in 2¢; CDCI;).

Once the expected photochemical processes were con-
firmed, the effect of the cyclization reaction on the C_,penoic=X
bonds in 10 and 20 was investigated with IR spectroscopy
(Figure 1). Prior to the irradiation of leo, a signal was
observed at 1688 cm™! and was assigned to the urea C=0
stretching frequency (v¢o). Upon irradiation at 280 nm, a new
band appeared at 1716 cm™', which was attributed to the v
of 1c. The 28 cm™ shift to higher frequency reflected a
significant difference in the electronic character of the two
isomers.'"” While the thiophene rings in 10 are electronically
isolated, photocyclization enabled delocalization of the nitro-
gen lone pairs into the dihydrothiophene mt-systems of 1¢ and
afforded a stronger C=O bond. Due to vibrational coupling
effects,™® only a small difference in the thiourea C=S
stretching frequency (<2 cm™') was observed when the IR
spectra of 20 and 2 ¢ were compared.

In addition to demonstrating a photoinduced redistrib-
ution of electron density in the imidazolone ring of 10 in situ,
we also isolated and characterized the photocyclized product
1c. After UVirradiation (4;,=280nm) in acetonitrile, the
photocyclized urea 1¢ was separated from its mixture with 10
by column chromatography and isolated in 62 % yield. The
UV/Vis, 'H NMR, and IR spectra of this compound were in
good agreement with the in situ experiments described above.
Moreover, the *C NMR spectrum of 1¢ featured a signal at
0 =67.8 ppm (CDCl,), which was assigned to the sp® carbon
nuclei adjacent to the sulfur atoms in the dihydrothiophene
moieties. Upon isolation and storage in the dark, 1c¢ was
found to be stable in the solid state and in solutions of
chloroform, toluene, and hexanes at room temperature for
>24h, or for weeks at —20°C (<5% decomposition was
observed by 'HNMR spectroscopy). In acetonitrile, 1c
cleanly reverted back to 1o upon exposure to visible light
(Ziry > 500 nm) for 3 min, or upon standing in ambient light for
3hM

The structures of 10 as well as 1¢ were also confirmed by
single crystal X-ray diffraction analysis.”® The solid state
structure of 1c is to the best of our knowledge the first
example of an isolated, photocyclized DAE containing a
heterocyclic linker. As shown in Figure 2, the changes in bond
lengths and angles from 1o to 1¢ were consistent with the
aforementioned photocyclization reaction. For example, the
C,-symmetric thiophene rings in 10 were twisted with respect
to the imidazolone ring and featured an interplanar torsion
angle of 57.3(3)°. In contrast, due to the formation of a bond
between C6 and C7, the dihydrothiophene rings in 1¢ were
significantly more planar with respect to the imidazolone ring
and featured an interplanar torsion angle of 16.40(12)°. The
C6-C7 distance in 1¢ (1.53(2) A) was consistent with that of a
C—C single bond, whereas the analogous distance in 10 was
significantly longer (3.23 A). Additionally, the hybridization
state of C7 changed from sp® in 1o to sp’ in 1c¢, as evidenced
by the sum of the bond angles around this atom (10: 360°, 1¢:
324°P1). As expected for a photochemical electrocyclic ring
closure of a 1,3,5-hexatriene,”” the C14 and C15 methyl
groups in lc adopted a trans configuration.” Finally, the
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Figure 2. POV-ray representations of urea 1o (left) and its cyclized
derivative 1c (right) showing ellipsoids at 50% probability. Hydrogen
atoms have been omitted for clarity. Key distances [A], angles [°], and
torsions [°] with errors expressed in parentheses: 1o: N1-C1 1.379(3),
N2-C1 1.363(3), C1-O1 1.233(2), N1-C2 1.402(2), C2-C4 1.466(3),
C4-C7 1.367(3), C2—C3 1.361(3); N1-C1-N2 106.29(16), N1-C2-C4
122.56(17), C3-C2-C4 130.37(17), C4-C7-S1 110.80(15), C14-C7-S1
120.60(16), C3-C2-C4-C7 57.3(3). Tc: N1-C1 1.386(8), N2-C1
1.377(9), C1-O1 1.228(8), N1-C2 1.395(8), C2-C4 1.356(9), C4-C7
1.556(16), C2—C3 1.439(9), C7-C6 1.53(2); N1-C1-N2 107.4(6), N1-C2-
C3 131.6(6), C3-C2-C4 122.4(6), C4-C7-S1 99.4(10), C14-C7-S1
109.7(10), C3-C2-C4-C7 —16.4(12).

aforementioned increase in vq induced by the photocycliza-
tion reaction may be further rationalized by comparing the
C2-C4 and C2-C3 distances measured in the solid-state
structures of 10 and 1e. In the latter, each nitrogen atom is
formally conjugated to a dihydrothiophene moiety, which
effectively attenuates donation into the carbonyl’s st*-orbi-
tal.l¥

Having demonstrated the ability of the DAE photo-
cyclization to alter the bonding character of a NHC-
chalcogen adduct, we sought to alter the ligand donating
ability of a photochromic NHC contained within a metal
complex. With NHC precursor 7 in hand, the {Ir(cod)Cl}
(cod =1,5-cis,cis-cyclooctadiene) complex 9 was synthesized
through transmetallation from the silver complex 8
obtained by deprotonating 7 with silver oxide.?”! Bubbling
1 atm of carbon monoxide into a dichloromethane solution of
9 afforded the carbonyl complex 30, which was used to
evaluate the change in electron-donating ability of NHCs by
monitoring the Avcq upon irradiation.”

UV irradiation (4;, =297 nm) of a cyclohexane!®” solution
of 3o resulted in a decrease in intensity of the high energy
absorption centered at 227 nm and the appearance of a new
band at 545 nm in the UV/Vis spectrum, consistent with the
spectral changes expected for the photocyclization process
shown in Scheme 3.%%! The cyclization was confirmed by
"H NMR spectroscopy, wherein a signal was observed at 6 =
5.38 ppm (C¢Dg) and attributed to the newly formed dihy-
drothiophene. Prior to irradiation, the IR spectrum of 3o
exhibited two signals at 2066 and 1978 cm™', which were
assigned to the vos of the carbonyl ligands. Upon irradiation,
two new bands appeared at 2072 and 1986 cm™' and were
assigned to the vs of 3¢; the formation of these signals was
concomitant with a decrease in the intensity of the vos of 30
(Figure 3). Subsequent irradiation with visible light (4, >
500 nm) resulted in reversion of 3¢ to the starting material
3o, as evidenced by the disappearance of the peaks at 2072
and 1986 cm ™' and an increase in the intensity of the signals
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Figure 3. Red: Normalized infrared difference spectra showing the
change in the vcos upon the photochemical conversion of 30 (2066
and 1978 cm™') to 3¢ (2072 and 1986 cm™) in cyclohexane solution
(130]o=10"*M). The reaction was promoted by 297 nm light in a
quartz cuvette. Aliquots were transferred to a CaF, IR solution cell
after 0, 3, 6, 8, and 10 min of irradiation, and then analyzed using an
IR spectrometer. Blue: Normalized infrared difference spectra showing
the change in the v¢os upon the photochemical reversion of 3¢ (2072
and 1986 cm™') to 30 (2066 and 1978 cm™'). These spectra were
recorded after irradiating a cyclohexane solution of 30 ([30],=10"2m)
at 297 nm for 10 min in a quartz cuvette followed by irradiating the
same sample with visible light (4;,>500 nm). Aliquots were removed
periodically over time, transferred to a CaF, IR solution cell, and then
analyzed using an IR spectrometer. The arrows indicate the evolution
of the spectral changes over time.

previously observed at 2066 and 1978 cm .l The Tolman
electronic parameters (TEPs),*® as calculated from these
IR data,® revealed that the ligand donating ability of the
NHCin 30 (TEP = 2049 cm™) falls within the range of known
NHCs while that of 3¢ (2055 cm™) approaches that of typical
phosphines. In other words, the 6 cm™ shift in TEP upon
irradiation indicates that the photocyclization of 30 to 3¢
significantly decreases the ability of the NHC to donate
electron density to the metal center. Since TEP values have
been tied to activities of various catalysts? the ability to
photochemically alter a ligand’s TEP may now be extended to
the photomodulation of catalytic activity.

In conclusion, we report the first example of photochemi-
cally switching the electron-donating properties of a NHC by
exploiting a photochromic DAE integrated with the back-
bone of an imidazol-2-ylidene. The chalcogen-NHC adducts
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10 and 20 were found to undergo photoinduced electrocyclic
ring closure, as determined by NMR, IR, and UV/Vis spec-
troscopy, as well as X-ray crystallography for the former.
Upon the photocyclization of 10, the donation of electron
density from the nitrogen atoms to the carbonyl moiety was
reduced, as evidenced by an increase in the measured v,
Likewise, a significant change in the TEP of the NHC ligand
contained within the {Ir(CO),Cl} complex 30 was measured
upon irradiation. Collectively, these data establish a new
approach to remotely changing the donating properties of
NHCs and potentially the electronic characteristics of other
heteroatomic systems.”” In a broader perspective, the results
described herein are expected to guide the discovery and
development of NHC-based catalysts with photoswitchable
activities, selectivities, and other functions.
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