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Abstract

Phosphine ligands play a crucial role in homogeneous catalysis, allowing to fine-tune the catalytic activity
of various metals by modifying their structure. An ultimate challenge in this field is to reach controlled
modulation of catalysis in situ, for which the development of phosphines capable of photoswitching
between states with differential electronic properties has been proposed. To magnify this light-induced
behavior, in this work we describe a novel phosphine ligand incorporating two dithienylethene
photoswitchable moieties tethered to the same phosphorus atom. Double photoisomerization was
observed for this ligand, which remains unhindered upon gold(l) complexation. As a result, the
preparation of a fully ring-closed phosphine isomer was accomplished, for which amplified variation of
phosphorus electron density was verified both experimentally and by computational calculations.
Accordingly, the presented molecular design based on multiphotochromic phosphines could open new
ways for preparing enhanced photoswitchable catalytic systems.

Introduction

Diarylethenes (DAE) are amongst the principal molecular photoswitches used for the development of
light-responsive compounds, materials and processes.”” In part, this is due to the excellent
photochemical properties that most DAEs exhibit, namely reversible photoisomerization between ring-
open (o) and ring-closed states (c) with high thermal stability, conversion efficiency and fatigue
resistance.” In addition, DAEs undergo large geometrical and electronical changes upon o-c
photoswitching, a feature that is exploited to accomplish light-control in a variety of applications (e.g.,
information storage and processing,”*® chemical reactivity and catalysis,>**° soft matter actuators*® and
(bio)imaging®™). In several of these cases, the photoinduced performance of the final system would
benefit from the incorporation of multiple DAE units in a single molecular construct;'>™* for instance, to
obtain multistate behavior in molecular switches for larger information storage density, or to amplify the

electronic modulation between the two states of a photoswitchable catalyst or reagent.

However, the development of high-performance multiphotochromic molecules based on DAEs is not
straightforward. In many of these systems, complete photoisomerization of their DAE units is inhibited
by excited state energy transfer between neighboring ring-open and ring-closed units. As a result, only
partial photoswitching can be reached where one (or more) of the DAE moieties in the construct remain
in their initial open state.”*™* This detrimental effect is very sensitive to the distance between
neighboring DAE photochromes as well as the electronic properties of the linkers through which they are
tethered.””™ In particular, only very few examples have been reported where full photocyclization was
observed for two very close DAE groups separated by short spacers such as silylene,” phenylene'®'” and

divinylene bridges.'® By contrast, the use of much longer linkers favors multiple DAE photoswitching,
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though at the cost of preventing through-bond electronic communication between nearby photochromic
. 14,19,20
units.”™™

In this work we tackled this challenge by directly connecting two dithienylethene (DTE) photochromic
units, the most common type of DAE, through a phosphine bridge. Dithienylethene-phosphine tethers
have been proposed for the light-control of coordination compounds and catalytic reactions, as the
electronic changes occurring upon DTE photoisomerization can modulate the electron-donating ability of
phosphane ligands.>** To our knowledge, this goal has only been explored by attaching one DTE unit to
phosphines, either through the central®® or the lateral thiophene®**?*?® rings of the photochromic
moiety. Consequently, only limited photomodulation of phosphine properties can be accomplished in
this way. Herein, we hypothesized that this light-promoted effect could be further amplified by
introducing additional DTE units to the same ligand, for which we developed bisDTE-substituted
phosphine 1 that can present three different isomer states: fully ring-open (00), fully ring-closed (cc) and
an intermediate form with one ring-open and one-ring-closed unit (oc) (Scheme 1). The structure of
compound 1 was designed on the basis of two main principles: (i) two DTE units were connected to the
same phosphorus atom, which should be double affected by photochrome isomerization; and (ii) a
strong electron-withdrawing trifluoromethyl ketone group was installed in the external thiophene ring of
both DTE units, which only communicates with the phosphorus atom laying on the other thiophene
moiety upon light-induced ring-closure. As a result, the effect of DTE photocyclization on the electronic
features of the phosphorus atom in 1 should be maximized if full photoisomerization from the initial oo
isomer to the final cc state is accomplished.
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Scheme 1 Two-step reversible photoisomerization of the phosphine ligand 1 studied in this work.

Synthesis

Bis(dithienylethenyl)phosphine ligand 1 was synthesized through sequential lithiation-mediated
reactions from 1,2-bis(2-chloro-5-methylthien-4-yl)cyclopentene (2), a common intermediate for the
preparation of DTE derivatives (Scheme 2a).”’ At first, the phosphanyl group was introduced by
performing chlorine-lithium exchange with t-butyllithium (tBuli) and reacting 2 equivalents of the
resulting monolithiated substrate with PhPCI, to yield compound 3 (52% vyield). In a second step, the
remaining chlorine atoms in 3 were substituted for the trifluoroacetyl function through a similar
lithiation protocol using ethyl trifluoroacetate as an electrophile source, which finally led to target ligand
1 in its fully ring-open state oo (49% yield). In the *'P{"H} NMR spectrum this compound presents a
singlet at 6 = -33.4 ppm that very much resembles the reported value for phenyldi-2-thienylphosphine (6
=-33.6 ppm),”® thereby corroborating the introduction of two DTE units tethered to the central
phosphanyl group in 1. The introduction of the external trifluoromethyl ketones in the final ligand was
confirmed by a singlet registered at & = -71.9 ppm in °F NMR, which is in agreement with other
trifluoroacetyl-functionalized DTEs (8 ca. - 72 ppm)**®. One of these described compounds, monoDTE-
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substituted phosphine 50 (Scheme 2b), *® was used herein as a reference in the photochemical and
electronic characterization of 1.

To further investigate the properties of the obtained ligand 1 upon metal binding, the monophosphine
gold(l) complex 4 in its ring-open state oo (89% vyield, Scheme 2a) was prepared by reaction with
(dimethylsulfide)gold(l) chloride. For this compound, complexation was corroborated through the
downfield shift of the singlet in the *'P{*H} NMR spectrum to & = 6.1 ppm.
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Scheme 2 a) Synthetic route to bisDTE-substituted phosphine 1 and its gold (1) complex 4. (i) t-BuLi/THF,
PPhCl,, (ii) t-BuLi/THF, CF;COOEt, (iii) [AuCl(SMe,)]/CH,Cl,. b) Structure of the monoDTE-substituted
phosphine 5 used as a reference in this work.

Photochemical characterization

As depicted in Scheme 1, DTE-based ligand 1 is expected to undergo photoinduced isomerization
between three distinctive states: 0o, oc and cc. This photochemical behavior was investigated both
experimentally by UV-vis absorption and NMR measurements in organic solvents as well as through TD-
DFT calculations at the CAM-B3LYP-D3/6,31G(d,p) level. First, the UV-vis absorption spectrum of the
synthesized 1oo isomer was recorded in cyclohexane (Fig. 1a). Similar to other DTE derivatives,’ the
open-state absorption spectrum of 1 resembles that of substituted thiophenes and features a distinct
absorption band with Apsmax = 273 nm corresponding to a dithienylethene m — nt* electronic transition
(Table 1, Fig. S7a and Tables S1-S2 in the ESIt). Notably, the presence of the electron-withdrawing
trifluoroacetyl group results in the observation of an absorption shoulder that extends up to A, ~ 400
nm, which should allow irradiation of 100 with less energetic UV-A light to promote photoisomerization.
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Indeed, when a cyclohexane solution of 100 was illuminated at A.,. = 355 nm, the emergence of a broad,
red-shifted peak at Aypsmax = 599 Nm was registered, which is characteristic of the lowest-energy m — n*
electronic transition of closed-state DTEs exhibiting higher conjugation pathways (Fig. S7b and Tables S1-
S2 in the ESIT).? For 1, this spectral change made the initial colorless solution turn deep blue, a behavior
already reported for other trifluoroacetyl-functionalized DTEs upon photocyclization.’®*° UV-induced
photoisomerization of 1 was further confirmed by subsequent irradiation of the sample with visible light
(Aexc = 532 nm). The absorption band at Aupsmax = 599 nm disappeared entirely while the original
spectrum of the initial 1oo isomer was recovered, i.e., quantitative ring-opening of the previously
formed photocyclized species occurred (Fig. 1b). The reversible open-close photoisomerization of 1
could be repeated for ten consecutive cycles of illumination with UV and visible radiation without
observing any spectral sign of photodegradation, thus proving the high fatigue resistance of the bisDTE-
substituted phosphine ligand 1 (Fig. 1c).
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Fig. 1 Photochemical properties of 1 in cyclohexane solution. a) Variation of the UV-vis absorption
spectrum of 100 (¢ = 3.12-10° M) upon irradiation at Aec = 355 nm until a photostationary state is
obtained (PSS@355 nm). b) Variation of the UV-vis absorption spectrum of PSS@355 nm for 1 (¢ =
1.83:10° M) upon irradiation at A, = 532 nm until the initial spectrum of 100 is recovered. c) Variation
of the ring-closed absorbance of 1 (c = 2.39-10° M) in the visible region (A« = 599 nm) upon 10
consecutive photoswitching cycles with UV and visible light (A = 365 and 520 nm).

As previously described for other systems bearing multiple DTE units,”>™** a critical parameter of the

photoswitching performance of 1 is the extent of its UV-induced photocyclization process, i.e., whether
its fully ring-closed isomer 1cc can be produced. This issue could not be investigated by UV-vis
absorption spectroscopy, as no clear spectral shift with the irradiation time was observed for the
absorption band in the visible region characteristic of ring-closed DTE species. According to our TD-DFT
calculations, this is to be expected during the formation of 1oc and 1cc, because both compounds must
present similar spectral maxima for their lowest-energy electronic transitions (Fig. S7b and Tables S1-S2
in the ESIt). For this reason, we analyzed the ring-closing reaction of 1 upon UV irradiation by NMR in
toluene-dg (Fig. 2 and Fig. S1-S2 in the ESIt). For this study, we had to consider the particular
stereochemistry of DTE photocyclization, which produces a racemic mixture of two ring-closed
enantiomers due to its conrotatory nature.” As a result, UV-induced photoisomerization of bisDTE-
functionalized phosphine 1oo should generate (i) a diastereomeric mixture of two pairs of enantiomers
for the state oc, which could give rise to two distinctive sets of NMR signals, and (ii) a distereomeric
mixture of two meso forms and one pair of enantiomers for the state cc, which could produce three
separate sets of NMR signals (Scheme S1 in the ESIT). This behavior was indeed experimentally observed
by *'P NMR spectroscopy, where one, two and three different resonances lying at significantly different
spectral regions could be identified for 100, 1oc and 1cc after UV irradiation, respectively (Fig. 2 and Fig.
S1 in the ESIT). Therefore, this result demonstrates the capacity of 1 to undergo full DTE ring-closing, a
quite remarkable feature that has been seldom reported for compounds bearing multiple
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dithienylethene units separated at short distances.”>*® However, the efficiency of complete DTE

photocyclization was found to be moderate for 1. Instead, a photostationary state (PSS) mainly enriched
in the intermediate oc isomer was observed to form upon irradiation at Ae = 365 nm in toluene-ds. In
particular, the oo:oc:cc molar ratio determined for the PSS mixture produced was 7:84:9, which
corresponds to a 52% efficacy in DTE ring-closing (Table 1). This is clearly lower than for reference
monoDTE phosphine 5, which generates 91% of the fully closed isomer under the same irradiation
conditions.”® To rationalize this behavior, the separate oo—oc and oc—>cc photocyclization quantum
yields were determined for 1 (®y0.oc = 0.435 and @, = 0.020, Table 1). On the one hand, @y, closely
resembles the photocyclization quantum yield of reference 5 (®,. = 0.480)%, which indicates that the
first ring-closing step in 1 is not significantly affected by the presence of a nearby ring-open DTE unit. By
contrast, a 20-fold reduction in ® was measured for the second ring-closing reaction of 1, which
proceeds notably less effectively when a close-by DTE unit is already in the closed state. As reported for
many other multiphotochromic systems,">** energy transfer from the photoexcited open DTE group to
the closed DTE unit in 1oc must account for this situation, which eventually leads to photoconversion
back to 1loo instead of full photocyclization to 1lcc. This behavior was indeed suggested by TD-DFT
calculations, where electronic transitions that transfer electron density from the ring-open to the ring-
closed units of 1oc contribute to the UV absorption of this compound (Tables S1-S2 in the ESIT). Notably,
intramolecular DTE interactions did not seem to affect the efficacy of the ring-opening reactions of 1, as
similar ®¢.oc and Dy Values were obtained that are of the same order of magnitude as the
photocycloreversion quantum yield of reference 5.%°
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Fig. 2 *'P{*H} NMR spectra (121 MHz, toluene-ds) of 100 (top) and the PSS@365 nm (bottom), where
partial DTE photocyclization produces a mixture of 0o, oc and cc isomers.

Metal complexation often leads to a change in the photochemical behavior of DTE-based ligands.?****°

For this reason, we evaluated both experimentally and computationally the photochemical properties of
gold complex 4 (Scheme 2), which can also present three different 0o, oc and cc isomers. Resembling
free ligand 1, a solution of the open-state complex 400 in cyclohexane exhibited strong absorption in the
UV region with an intense peak at Ajpsmax = 262 nm and an additional shoulder at A,ps max = 336 nm (Table
1 and Fig. S3 a in the ESIt). However, it must be noted that, aside from the expected electronic
transitions associated with the open state DTE units of 400, other transitions involving metal-to-ligand
and ligand-to-metal charge transfers were also found to occur for this compound within the UV region
according to TD-DFT calculations (Fig. S8a and Tables S1-S2 in the ESIt). In spite of this, the expected
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spectral changes accounting for DTE photoisomerization were observed upon UV irradiation of 400
cyclohexane solutions. A new band in the visible part of the spectrum appeared, which was
accompanied by a color change of the sample to deep blue, i.e., gold complex 4 also undergoes
photocyclization (Table 1 and Fig. S3a in the ESIt). Although a 10-nm hypsochromic shift was observed
for this band relative to free ligand 1 (Aspsmax = 589 nm), TD-DFT calculations proved that (i) it could also
be attributed to m — m* transitions associated with the closed-state DTE units of the complex, and (ii)
these transitions present similar spectral maxima for both the oc and cc isomers of 4 (Fig. S8b and Tables
$1-S2 in the ESIT).

As in the case of the free ligand, partial photoconversion of 400 under UV irradiation was revealed by
NMR analysis. A very similar behavior to 1 was indeed obtained, as an 0o:oc:cc molar ratio of 10:77:13
with an overall 52% content in DTE closed units was determined by **P NMR for the PSS accomplished at
equivalent illuminations conditions (Table 1 and Fig. S4-S6 in the ESIt). This result could also be
attributed to the change in ring-closing quantum yield values upon partial photocyclization due to
excited state energy transfer between neighboring ring-open and ring-closed DTE units in the complex.
Thus, a 35-fold decrease in @, was measured relative to @y for 4, in a similar fashion to free ligand 1
(Table 1). Therefore, metal complexation did not cause notable effects on the capacity of our bisDTE-
functionalized phosphine to undergo full photocyclization, which allows preparing the double ring-closed
isomer 4cc though with minor efficiency. Photoinduced ring-opening of the bisDTE ligand was not found
to be affected either in gold complex 4, as quantitative photocycloreversion could be promoted through
irradiation at A= 532 nm with similar @, and @y, values (Table 1 and Fig. S3b in the ESIt). As a
result, complex 4 demonstrated good fatigue resistance, enduring 10 reversible photoswitching cycles
without significant degradation (Fig. S3c in the ESIT).

Table 1 — Photochemical properties of DTE-based ligands 1 and 5, and of gold complex 4.

o c PSS
(E ?;/lbi [:nTl])a (E [R;bl?l [:r:]»l])b com[[:i/c:]scition (Doo-ocd q)oc-ccd q)cc-oce q)oc-ooe
1 273 (32 423), 336 (5 820) 599 (22 000) 7:84:9 0.435 0.020 0.032 0.022
4 262 (47 527), 336 (7 727) 589 (26 542) 10:77:13 0.246 0.007 0.026 0.023
5°° 268 (35 673), 339 (6 431) 598 (12 261) 9:91 0.480 0.012

“ Wavelength and molar absorptivity coefficient of the absorption band maxima of the open isomer (for 1 and
4, the oo state) in cyclohexane. b Wavelength and molar absorptivity coefficient of the maximum of the visible
absorption band of the closed isomer (for 1 and 4, the cc state) in cyclohexane. © Composition of the PSS
reached for the photocyclization process in toluene-dgs upon irradiation at Ae, = 365 nm. DTE*:DTE®:DTE™ (for 1
and 4) and DTE®:DTE® (for 5) concentration ratios are given. a Photocyclization quantum yields measured in
cyclohexane at Ay = 355 nm. For ligand 5, a single ®,.. value is given for its 0 — ¢ ring-closing process. °
Photocycloreversion quantum yields measured in cyclohexane at A, = 532 nm. For ligand 5, only ®_, value is
given for its ¢ — o ring-opening process.

Photomodulation of phosphine electronic properties

The introduction of DTE photochromes into phosphine ligands pursues modulating their metal-binding
properties upon photoisomerization, eventually aiming to light-control the catalytic activity in situ of the
resulting complexes.>® For this goal to be accomplished, the phosphorus atom of these compounds
should undergo a sufficient change in its electronic properties upon photoswitching of the DTE units to
which it is connected. Due to the nature of the phosphorus-selenium bond,?®*' a common method to
assess this effect and, more particularly, to estimate the modulation of the phosphorus o-donating
ability upon DTE photoisomerization is through the coupling of "’Se to the P nuclei in the
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corresponding phosphine selenides.”®*?® Generally, the rearrangement of the electron density caused

by DTE photocyclization results in the retraction of electron density from thiophene 5-substituents, thus
leading to a decrease in phosphorus o-donating properties for the closed state of the DTE-based
phosphines that can be evidenced by an increase in ‘J,s. for the selenide derivative (A(ljp,SQ) > 0 upon
ring-closing).”**>*® Herein, we envisioned to amplify this effect through a two-fold strategy. First, by
introduction of the strong electron-withdrawing trifluoroacetyl group at position 5 of the other
thiophene ring of the system, which should only become electronically connected to the phosphanyl
moiety upon DTE ring-closing. As we have established before for monoDTE-based phosphine 5, this
design leads to a large decrease in 'J,s. upon photocyclization compared to other DTE-functionalized
phosphines (A(*/pse) = 14 Hz, Table 2). In the bisDTE phosphine 1 reported in this work, a second factor
should allow further increasing the photomodulation of electronic properties of the phosphine, namely
the additive effect arising from the photoisomerization of the two DTE units linked to the phosphorus
atom. This hypothesis was successfully validated by evaluating the variation in **P="’Se coupling constant
upon successive photocyclization of the selenide derivative 6 (Scheme 3). Phosphine selenide 600 was
prepared by reacting 100 with grey selenium powder in CDCls. Irradiation at 365 nm then produced
compounds 6oc and 6¢cc that were studied in situ. For the fully closed isomer 6c¢cc, a total change in 1Jp,5e
of 19 Hz was determined (Table 2), the highest modulation measured to date for DTE-based
phosphines®**>?® that exceeds the variation reported from 2-thienyldiphenylphopshine (“/ps. = 743 Hz) to
tri-2-thienylphosphine (ps. = 757 Hz).?®

¢}
| N
g CFs
365 nm
-
532 nm \ d Ph 532 nm
] AN
S
o
CFs
600 6oc 6cc
'Jpse = 743 Hz "Jp e = 754 Hz "Up ge = 762 Hz

Scheme 3 — Photoisomerization-induced variation of 1Jp,5e in the 00, oc and cc isomers of phosphine selenide 6.

To corroborate this experimental result, several descriptors commonly used to assess the electronic
properties of ground state phosphine ligands were computed using DFT calculations at the B3LYP-
D3/6,31G(d,p) level. On the one hand, clear decrements in the Mulliken charge on the phosphorus atom
of 1 were predicted upon DTE ring-closing (A(qg"“'“ke”), Table 2). While the first DTE photocyclization
process in 1 should result in a similar A(qg"”"”‘e”) value as for monoDTE ligand 5, the second ring-closing
reaction should lead to further lowering of the electron density on phosphorus. This effect is typically
accompanied by changes in the composition of the lone pair of electrons at the phosphorus atom, with
an increased participation of the s orbital. Indeed, according to natural bond orbital (NBO) analysis,** the
photoconversion from the 1oo to the 1cc state must lead to a progressive increment of the contribution
of the s orbital to the lone pair of electrons at phosphorus, eventually reaching twice the variation
computed for phosphine 5 (Table 2).

Finally, we computationally evaluated how the electron density change on the phosphorus atom in
compound 1 and reference 5 upon photoisomerization should affect the ligand-metal bond energies of
their respective gold (I) complexes (Table 2). As expected, weaker phosphorous-gold bonds were
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predicted after DTE ring-closing in both ligands. More importantly, double DTE photocyclization in 4
should result in almost a two-fold variation in ligand-metal binding energies compared to the complex
with monoDTE-based phosphine 5. In combination with the experimental and theoretical data disclosed
in this section, this result confirms the capacity to accomplish large photomodulation in the electronic
properties of phosphines by tethering two photoswitchable DTE units to a central phosphorus atom.

Table 2 — Experimental and computed parameters to estimate the photomodulation of properties for
phosphines 1 and 5.

A(Jpse) [Hz]” Algprtien)? A(%sp )° A(BEp.4,) [keal-mol™]’
00 — 0C 00 — CC 00 — 0C 00 — CC 00 — 0C 00 — CC 00 — 0C 00 — CC
1 11 19 0.011 0.036 0.52 1.58 1.52 2.13
0—>¢C 0—>¢C 0—>¢C 0—>¢C
5 14% 0.014% 0.79% 1.23

? Difference in l-lP,Se for the corresponding selenides measured in CDCl;. ® Difference in Mulliken charges in
electronic units on the phosphorus atom. ¢ Difference in percentage of s character of the lone pair of electrons
at phosphorus. ? Difference in phosphine-Au bond energy.

Conclusions

In this work we reported the synthesis and characterization of a bis(dithienylethenyl)phosphine bearing
two photoswitchable moieties connected to the same phosphorus atom. Upon light irradiation,
reversible transformation between open-open, open-closed and closed-closed states was accomplished
for this compound due to sequential DTE photoisomerization, in contrast to many other
multichromophoric systems where several DTE units are arranged at short distances. More importantly,
photoconversion allowed switching the communication between the phosphorus atom and the electron-
withdrawing trifluoromethyl ketone substituent of the nearby DTE units on and off. In combination with
the additive effect caused by double DTE photoisomerization, this resulted in an unprecedented light-
modulation of the electronic properties of the phosphine, as proven experimentally and through
computational calculations. As the phosphine’s ability to undergo photocyclization remained unhindered
upon complexation with gold(l), this study provides valuable insights for the design of novel
photoswitchable phosphines with amplified activity for light-controlled catalysis.
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Experimental section
General procedures

All reactions were carried out under nitrogen atmosphere in the absence of air and water using standard
Schlenk line techniques. All solvents (hexanes, CH,Cl,, cyclohexane) were dried and degassed prior to
use. THF was distilled over sodium/benzophenone and stored over 4 A activated molecular sieves. CDCl,
was degassed by freeze—pump—thaw cycling. Toluene-dg was degassed with nitrogen. All starting
materials and reagents were commercially purchased and used without further purification. Flash
column chromatography was done using silica gel (230-400 mesh) using a stream of nitrogen.

NMR spectra were recorded on a BRUKER Avance Ill HD 400 MHz, BRUKER Ascend 300 MHz and BRUKER
Ascend 400 MHz at 25°C. Tetramethylsilane (TMS) was used as an internal reference in 'H and *C NMR;
all other nuclei were referenced to TMS using = scale.*® Chemical shifts are reported in parts per million
(ppm). Assignment of *H and *C NMR signals was carried out using *H-"H COSY, *H-"*C HSQC and 'H-"C
HMBC NMR experiments. IR spectra were recorded on FT-IR spectrometers Thermo Scientific Nicolet iS5
and BRUKER Alpha Il. Electrospray ionization mass spectrometry was carried out with BRUKER Impact II,
BRUKER Esquire 3,000+ and micrOTOF-Q Il BRUKER spectrometers in positive ion mode. UV-vis
absorption spectra were recorded on an Agilent HP 8453 spectrophotometer using HPLC quality solvents
and 1-cm quartz cuvettes. Photoisomerization studies were carried out using different irradiation
sources: 365 nm and 520 nm LEDs (Chanzon), and a Nd:YAG pulsed laser (Brilliant, Quantel, Aexc = 355 or
532 nm).

Photochemical characterization

DTE photoswitching in 1 and 4 was monitored by UV-vis and NMR spectroscopies. PSS composition was
determined via *'P or °F NMR from a PSS state produced by irradiating a toluene-ds solution in an NMR
tube with the appropriate wavelength. UV-vis absorption spectra of the closed-state isomers shown in
Fig. S7-S8 in the ESIT were estimated from the PSS@365 nm and the corresponding open-state UV-vis
spectra. Photoisomerization quantum yields were determined by monitoring the variation of the UV-vis
absorption spectra of 1 and 4 in cyclohexane upon irradiation with UV (for photocyclization, A = 355
nm) or visible light (for photocycloreversion, A, = 532 nm). A kinetic model previously reported that
accounts for the sequential photoisomerization of DTE units in 1 and 4 was used to separately determine
the photoisomerization quantum yields of their 0o, oc and cc isomers.”’ To apply this model, we
assumed the UV-vis absorption spectrum of each DTE unit to be independent of the isomerization state
of the other, i.e., the extinction coefficients of open DTE units are the same in the oo and oc states, while
those of closed DTE groups are equal in the oc and cc states, as suggested by TD-DFT calculations and
observed in previous works on DTE dimers.”® In all the cases, the irradiation intensities used in our
photoisomerization quantum vyield experiments were determined by monitoring the photocyclization
and photocycloreversion processes of 1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene in
hexane as a reference (O, = 0.59 and ®, = 0.013).**
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Computational methods

DFT calculations were carried out using the Gaussian16 program package.*> Geometry optimizations
were conducted without any constraints using the B3LYP functional®® with Grimme’s D3 correction to
account for dispersion effects.’’” Geometry optimizations were performed in THF using the SMD
continuum model®® with basis set 1 (BS1). BS1 included the 6-31G(d,p) basis set for the main group
atoms® (H, C, O, F, P, S) and the SDD effective core potential (ECP) and its corresponding double- basis
set”®, with a set of f polarization functions** for Au. Frequency calculations were performed for all the
optimized geometries to determine the stationary points as either minima or transition states. Energies
in THF were refined through single-point calculations of the optimized BS1 geometries with an extended
basis set (BS2). BS2 consisted of the def2-TZVP for main group atoms, and the quadruple-{ def2-QZVP
basis set for Au, together with the def2 ECP.** Frontier molecular orbitals and natural bond orbital
(NBO)™ analysis were calculated at the B3LYP-D3/BS1 level in THF using the SMD continuum model. TD-
DFT calculations were carried out using the CAM-B3LYP functional* with Grimme’s D3 correction to
account for dispersion effects.” The first 15 electronic transitions were calculated in cyclohexane using
the SMD continuum model with the BS1 described above.

Synthetic procedures

Phenyldi-(4-(2-(5-chloro-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-yl)phosphine
(3)

A stirred yellowish solution of 0.330 g (1.00 mmol, 1.0 eq.) 2* in 20 ml THF was cooled to -78°C
(hexane/N,), and then 0.687 ml (1.6 mol-L™, 1.10 mmol, 1.1 eq) tBuli in pentane were added dropwise.
The resultant bright yellow mixture was kept stirring for 65 min at -78°C, followed by the addition of
0.068 ml (0.50 mmol, 0.5 eq) of dichlorophenylphosphine in one swift motion. Reaction mixture was left
overnight to warm up to room temperature, and then quenched with a degassed brine solution. Under
nitrogen atmosphere, the phases were separated, the aqueous phase was extracted with THF (2x 5 ml),
and the combined organic phases were dried over degassed Na,SO,. After canula filtration, the product
mixture was absorbed on silica gel and purified through flash column chromatography (hexanes). After
solvent removal in vacuo, a white oil was obtained (0.182 g, 52% vyield).

R¢ 0.29 (hexanes)

'H NMR (300 MHz, CDCls, 8): 7.35 — 7.29 (m, 5H), 6.98 (d, J = 6.6 Hz, 2H), 6.57 (s, 2H), 2.80 — 2.68 (m,
8H), 2.09 —1.97 (m, 10H), 1.87 (s, 6H) ppm.

BC{*H} NMR (75 MHz, CDCl;, §): 142.0, 139.0 (d, “Jcp = 6.3 Hz), 137.4 (d, *Jcp = 27.8 Hz), 136.8 (d, *Jcp =
8.3 Hz), 135.2, 135.2, 134.2, 133.9 (d, "¢ = 23.3 Hz), 133.3, 131.9 (d, “Jcp = 19.1 Hz), 128.7, 128.4 (d, *Jcp
= 6.7 Hz), 127.0, 125.1, 38.4, 23.1, 14.8, 14.3 ppm.

31p{*H} NMR (162 MHz, CDCls, 8): -33.4 (s) ppm.

IR (ATR, V): 3068 (w), 3050 (w), 2948 (s), 2914 (s), 2841 (s), 2730 (w), 1547 (w), 1456 (m), 1434 (s), 1376
(w), 1307 (w), 1288 (w), 1202 (m), 1162 (m), 1026 (w), 1010 (s), 990 (m), 964 (w), 829 (m), 742 (m), 696
(m), 652 (w), 530 (m), 519 (m), 482 (m), 430 (w) cm™.

HRMS (ESI-TOF, m/z): calculated for [M+Na]* 717.0472; found 717.0479.

Phenyldi-(4-(2-(5-trifluoroacetyl-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-yl)-
phosphine (100)

A stirred solution of 0.174 g (0.25 mmol, 1.0 eq.) 3 in 5 ml THF was cooled to -78°C (hexane/N,)), and
0.625 ml (1.6 mol-L™*, 1.00 mmol, 4 eq) tBuLi in pentane were added dropwise. The resultant deep red
mixture was kept stirring for 60 min at -78°C, followed by the addition of 0.238 ml (2.00 mmol, 8.0 eq) of
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anhydrous ethyl trifluoroacetate in one swift motion. Reaction mixture turned bright yellow and was left
to warm up to room temperature over an hour. After quenching with a degassed brine solution, the
organic phase was separated, the aqueous phase was extracted with THF (2x 5 ml), and the combined
organic phases were dried over degassed Na,SO,. After canula filtration, the product mixture was
absorbed on silica gel and purified through flash column chromatography (hexanes/dichloromethane
80:20). After solvent removal in vacuo, a yellow oil was obtained (0.100 g, 49% yield). Caution: product is
very sensitive to oxygen nucleophiles; special care should be taken during the work up to avoid
formation of the corresponding hydrate.

R 0.18 (hexanes/dichloromethane 80:20)

'H NMR (300 MHz, CDCls, 8): 7.57 (s, 2H), 7.32 — 7.21 (m, 5H), 6.89 (d, J = 6.6 Hz, 2H), 2.79 (m, 8H), 2.16
—2.03 (m, 10H), 1.99 (s, 6H) ppm.

BC{*H} NMR (101 MHz, CDCls, 8): 173.0 (g, “Jer = 36.7 Hz), 150.1, 142.2, 138.9, 138.4 (d, "Jcp = 6.3 Hz),
138.1 (g, *Jer = 3.2 Hz), 137.3, 137.0 (d, *Jep = 27.7 Hz), 136.3 (d, *Jcp = 8.3 Hz), 134.6 (d, YJcp = 23.9 H2),
133.0, 132.2, 131.8 (d, “Jcp = 19.3 Hz), 128.9, 128.5 (d, *Jcp = 6.9 Hz), 116.6 (q, YJcr = 290.7 Hz), 38.4,
38.3, 23.1, 15.6, 14.7 ppm.

E NMR (376 MHz, CDCls, 6): -71.9 (s) ppm.
3p{*H} NMR (162 MHz, CDCls, 8): -33.3 (s) ppm.

IR (ATR, V): 2952 (w, vC-H), 2917 (w, vC-H), 2843 (w, vC-H), 1680 (s, vC=0), 1527 (w), 1425 (m), 1331
(w), 1246 (w), 1220 (m), 1194 (m), 1137 (s), 1025 (m), 999 (m), 970 (m), 923 (m), 867 (m), 801 (s), 753
(m), 739 (m), 716 (m), 694 (m), 684 (m), 660 (m), 580 (m), 528 (m), 490 (m), 426 (m) cm .

HRMS (ESI-TOF, m/z): calculated for [M+H]* 819.1078; found 819.1095.
UV-vis (cyclohexane, Amax (€)): 273 (32 423), 336 (5 820) nm (M cm™).

Phenyldi-(4-(2-(5-trifluoroacetyl-2-methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-methylthiophen-2-yl)-
phosphine gold chloride [AuCl(1)] (400)

In the dark, 0.015 g (0.05 mmol, 1.0 eq.) [AuCl(SMe,)] and 0.042 g (0.05 mmol, 1.0 eq.) 100 were
dissolved in 3 ml CH,Cl,. The reaction mixture was stirred at rt overnight and filtered through canula.
After solvent removal in vacuo, the complex was isolated as a white solid (0.046 g, 89%).

'H NMR (400 MHz, CDCls, 8): 7.52 — 7.43 (m, 5H), 7.43 — 7.37 (m, 2H), 7.11 (d, J = 10.0 Hz, 2H), 2.80 (m,
8H), 2.15 — 2.03 (m, 16H).

BC{*H} NMR (75 MHz, CDCls, 8): 172.9 (q, *Jcr = 36.5 Hz), 150.0, 145.5 (d, “Jcp = 3.1 Hz), 139.6 (d, *Jcp =
15.3 Hz), 138.4, 137.9 (q, *Jcr = 3.2 Hz), 137.3 (d, *Jcp = 12.6 Hz), 136.3, 134.5, 132.6 (d, *Jcp = 15.3 Hz),
132.3, 132.0, 130.9 (d, “Jep = 63.7 Hz), 129.2 (d, *Jcp = 12.4 Hz), 126.5 (d, Jcp = 64.3 Hz), 116.5 (q, "Jer =
290.8 Hz), 38.3, 38.1, 23.1, 15.5, 14.8 ppm.

E NMR (376 MHz, CDCls, 6): -71.9 (s) ppm.
31p{*H} NMR (162 MHz, CDCls, §): 6.1 (s) ppm.

IR (ATR, V): 2955 (m, vC—H), 2922 (m, vC-H), 2850 (m, vC-H), 1680 (s, vC=0), 1527 (w), 1434 (s), 1424 (s),
1332 (w), 1246 (w), 1221 (m), 1194 (s), 1139 (s), 1100 (s), 1061 (m), 1016 (s), 911 (m), 868 (s), 751 (s),
739 (s), 716 (s), 687 (s), 659 (m), 581 (w), 525 (s), 507 (s), 453 (m) cm™.

HRMS (ESI-TOF, m/z): calculated for [M+Na]* 1073.0252; found 1073.0243.

UV-vis (cyclohexane, Amax (€)): 262 (47 527), 336 (7 727) nm (M cm™).

https://doi.org/10.26434/chemrxiv-2023-3d0zf ORCID: https://orcid.org/0000-0002-1126-4138 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-3d0zf
https://orcid.org/0000-0002-1126-4138
https://creativecommons.org/licenses/by-nc-nd/4.0/

Preparation of phosphine selenides

Phosphine selenides were prepared by the addition of grey selenium powder to an NMR tube containing
1 in CDCl; and leaving the tube at 30 °C for 30 min. The reaction proceeded with 100% vyield. The
obtained selenides (600, 60c, 6cc) were not isolated and only studied in situ.
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