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Photoswitchable catalysts based on phosphorus ligands have
been overlooked so far, despite the growing current interest for
catalysts control through external stimuli. This review surveys
the current knowledge in the field, including synthetic
approaches to photoswitchable phosphines and their transition
metal complexes, and applications in rhodium, palladium, gold,

1. Introduction

Molecular photoswitches have received attention as suitable
tools for the non-invasive, external control and modulation
of biological systems,!" as well as for the miniaturization of
key technologies: nanoscale electronic devices,? artificial
molecular machines,” functional materials”’ and energy
storage devices,”” among others. Moreover, photoswitch
phenomena have been considered in the field of homoge-
neous catalysis, with the aim to mimic the dynamic behaviour
of bio-catalysts that regulate their catalytic activity via subtle
conformational changes.” Notably, photoresponsive oxazo-
line-Cu complexes,”” NHC ligands® and a number of
organocatalysts” have been investigated, by targeting prod-
uct control, ON/OFF switch of the catalytic activity and
enantioselectivity tuning. However, studies on photoswitch-
able phosphines and their catalytic uses have been rarely
disclosed so far, despite the key role of phosphines in both
organometallic and organocatalysis.

This short review intends to survey the current knowl-
edge in this overlooked field, so as to hopefully stimulate
more extended future developments. This paper will summa-
rize the main synthetic approaches to photoresponsive
phosphines and their metal complexes, as well as the known
examples of catalytic switches. A non-catalytic use of photo-
switchable phosphines in organic synthesis is also illustrated.

2. Synthesis of photoswitchable phosphines

Synthetic strategies toward photoresponsive phosphines rest
on three well-known photochromic moieties, namely azoben-
zenes, dithienylethenes and 1,1'-biindanes (Scheme 1), to
which phosphorus functions can be appended easily.
Azobenzenes are known to toggle between E- and
metastable Z-forms under irradiation with UV light, while the
reverse process takes place either thermally (T-type chromo-
phores) or under irradiation with visible light."” Dithienyle-
thenes, typified in Scheme 1 by dithienylcyclopentenes, are
P-type chromophores undergoing conrotatory ring-closure/
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ruthenium and copper catalysis. This survey demonstrates that
both regulation of the catalytic activity and tuning of the
chemo- and enantioselectivity can be achieved using irradiation
as a non-invasive external stimulus. Non-catalytic uses of
photoswitchable phosphines in organic synthesis are also
mentioned.

ring opening reactions under irradiation at different
wavelengths."V Finally, 1,1"-biindanes belong to the family of
overcrowded alkenes!? that alternate between E and Z
isomeric forms when irradiated in the UV and visible range
respectively (P-type chromophores).

The synthetic approaches to phosphines based on these
three photoswitchable backbones are typified hereafter.

2.1. Azobenzene derived phosphines

Phosphines displaying azobenzene units are easily available
by either forming the azo linkage from suitably functional-
ized aryl-phosphines or by late introduction of phosphorus
on preformed azobenzenes.

In the late nineties, K. R. Flower first demonstrated that
the aromatic electrophilic substitutions of arenediazonium
tetrafluoroborates on naphthols or phenols tolerate trivalent
phosphine and phosphine sulfide functions, allowing the
synthesis of the azobenzene-phosphine derivatives 1-3 in
Scheme 2."¥ The regioselectivity of these reactions is con-
trolled by the ortho/para-directing effects of the OH func-
tions of the substrates. Phosphines 1a-g formally display an
azo linkage, but exist primarily as the hydrazone tautomers
1'. Tautomerization can be prevented by O-acylation that
leads thus to defined azobenzene moieties (1 h).

Alternatively, the azo-linkage can be created through
dehydrative condensation of aminoaryl-phosphines with
appropriate nitrosobenzenes (Mills reaction). As illustrated in
Scheme 3, the method has been applied to the synthesis of
the first axially chiral azobenzene-phosphine (S)-4 that
displays a binaphthyl core.m

S S
. D
(c) pm— \
\ 22 .
Scheme 1. Structural units for the engineering of photoresponsive trivalent
phosphines: (a) azobenzenes, (b) dithienylethenes, (c) biindanes.
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Scheme 2. Synthesis of azobenzene-phosphines and phosphine sulfides
from arenediazonium salts by electrophilic aromatic substitutions on
naphthols or phenols.
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Scheme 3. Condensation of an amino-phosphine with nitrosoaryls.

BUOK OO N/,N‘Ar
tBuOH-DMSO i PPh,

rt, 30 min
Ar = 3,5-Me,CgH3 (43%) (S)-4

+ ArNO

Ar = Ph (80%)

Beyond the few examples above, the most general
synthetic method remains the introduction of phosphorus
functions on preformed iodo- or bromo-azobenzenes, via
either a halogen-lithium exchange/phosphination sequence,
or by palladium-promoted couplings with secondary phos-
phines. The lithiation-phosphination method has been used
initially for the synthesis of the amino-substituted mono-
phosphine 5a (Scheme 4a), with the purpose to investigate
the nonlinear optical properties of the corresponding oxides,
e.g. 5b, and phosphonium salts."™ Later, the parent mono-
phosphine, p-Ph,P—C¢H,~N=N—C¢H; 6a,"'® and the mono- and
diphosphines 7 and 8, with fluoro-substituted azobenzene
units, have been obtained in good yields by the same
method (Scheme 4b). In the last two examples, the lithiation
step must be carried out at very low temperature (—95°C to
—130°C) to reach good yields."” Also, phosphines 9a-c that

applications of chiral phosphorus ligands and
organocatalysts.
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_N 95 °C or-80 °C
N \@X ii. PCy, THF

X=Br, | 9a, R = NBuy, p-P (45%)
9b, R = H, m-P (54%)
9¢, R = H, p-P (10%)

Scheme 4. Synthesis by lithiation/phosphination of iodo- or bromo-azoben-
zenes.

display three azobenzene units on phosphorus have been
prepared by halogen-lithium exchange, followed by reaction
with PCl; (Scheme 4¢).["*“'® Alternatively, lithiated azoben-
zenes have been reacted with CIP(S)Ph, and the correspond-
ing phosphines 10 have been obtained then by desulfuration
with tributylphosphine (Scheme 5).1'”

Palladium(ll)-promoted couplings of iodo-azobenzenes with
secondary phosphines (Ar,PH) are typified in Scheme 6 by the
synthesis of phosphines bearing hydroxyl (or alkoxy) and
sulfonate functions, reported by Corriu® and Monflier?”
respectively (Scheme 6a-b). These reactions were performed by
heating the substrates mixtures at 100-135°C in the presence
of Pd(OAc),. The same strategy and analogous conditions
allowed the synthesis of the ester-functionalized phosphines
13 and the parent para- and meta-phosphines 6a and 14a""®”
(Scheme 6¢). These few examples show that, despite the rather
harsh conditions, the method tolerates the diazo unit as well as
the presence of functional groups. It tolerates also a degree of
steric hindrance, since the ortho-substituted phosphines 13
could be obtained in good yields.

ii. PhoP(S)CI

R
BusP \©\ PPh,
toluene, 150°C N°N\©\

N | i. nBuLi R P(S)Ph,
_N -105°C, Et,0 _N
NG — e, N
R! R
10a, R=R'=H (70%)?

10b, R=Me, R'=H (55%)?
10c, R=R'=Me (33%)?

4over two steps

R!

Scheme 5. Two-step synthesis from lithiated azobenzenes and Ph,P(S)CI.
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\Q 100 °C, 16 h
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© N PPh, @\ -
N
CO,Me PPh;
13c, R = O(CH,CH,0)sMe (85%)

6a, p-PPh, (74%)
14a, m- PPh, (58%)

Scheme 6. Synthesis by Pd(Il)-promoted coupling of iodoazobenzenes.

The photochemical behavior of azobenzene-derived
phosphines is illustrated in Scheme 7 by the E/Z reversible
isomerization of phosphines 6a and 10b."%'% These reac-
tions have been monitored by UV-vis and *'P NMR spectro-
scopy. Thus, when a toluene solution of E-6a was irradiated
at 350 nm in toluene, UV monitoring showed a decrease of
the 325 nm band typical of the E-isomer (m—um* transition),
with concomitant increase of the 440 nm band characteristic
of the Z-isomer (n—ut* transition). After 1 h an approximately
1:4 E:Z mixture was obtained. The thermal back Z—E
isomerization proved to be slow, a~1:1 ratio of the two

L
- N
N

6a, p-PPhy, R=H
10b, 0-PPh,, R = Me

—_—
-

PPh,

o

N=N

hv, 350 nm, 1 h, toluene
E-6a - = Z-6a’
9 days in the dark, rt Amax = 440 nm

Amax = 325 nm
3P NMR: 6 =-1.9 3P NMR: 5 =-3.8
hv, 360 nm, 1 h
benzene-dg, 27%
E-10b Z-10b'

3 23°C, k=3.1x10%s™
P NMR: 8 =-9.2

(b)
O DR
_N
= N
0T TR0
Ph,P PhoP

@

3P NMR: & = -16.0

E-10a

Scheme 7. Representative photoswitch of azobenzene-derived phosphines.
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isomers 6a/6a’ being observed after 38 h in the dark at
25°C.[1831

An analogous behavior has been observed for the o-
phosphine 10b that bears a p-tolyl group (R=Me) on the
diazo unit (Scheme 7a). However, the unsubstituted o-
phosphine 10a (R=H, Scheme 7b) does not undergo photo-
isomerization under analogous conditions. This phosphine is
locked indeed in its E-form as a result of the equilibrium
between the P(lll) and the inner phosphonium salt forms
(Scheme 7b, right)."® As far as we know, this is the only
example in which photoisomerization of a trivalent azoben-
zene-phosphine does not proceed.

2.2. Dithienylcyclopentene derived mono- and diphosphines

Besides azobenzenes, the most widely studied photochromic
backbones are 1,2-dithienylethenes (DTE). They are P-type
chromophores that interconvert reversibly between “ring-
opened” and “ring-closed” forms by light induced C—C bond
formation/cleavage (Scheme 1b). Compounds of this class
generally display good thermal stability of both forms and
tolerate a large number of switching cycles (high fatigue

F_F F_F
F F F F
F F i) tBuLi, Et,0 F F
@ 78°C,1h
/\ I\ ii) Ph,PCI / -\ !
Cl g s Cl rt,14h,44% PhPT g s~ M
15
(b)
J\ 7\ 16a, R = Ph
RoP™ g 5~ PR, 16b, R = Cy

Scheme 8. Synthesis of dithienylethene-based diphosphines.

resistance). Furthermore, the two isomers have markedly
different three-dimensional geometries, conformational free-
dom and physicochemical properties.

In 2005, Branda disclosed the first examples of trivalent
phosphines displaying a dithienylethene backbone.”® Start-
ing from 1,2-bis-(5'-chloro-2’-methylthienyl)perfluoro-cyclo-
pentene, an halogen-lithium exchange and subsequent
reaction with Ph,PCl, led to diphosphine 15. The phosphorus
functions are attached to positions 5 of the two thiophene
units (Scheme 8a). Later on, Liu® applied the same method
to the synthesis of the related C,-symmetric diphosphines
164a,b (Scheme 8b) from a non-fluorinated dithienylcyclopen-
tene dichloride. The corresponding oxides, sulfides and
selenides have been described as well.

The photocyclizations of fluorinated and non-fluorinated
phosphines of this series have been investigated independ-
ently (Scheme 9). Diphosphine 15 undergoes ring closure
under irradiation at 313 nm in CH,Cl,, giving a 20:80 ratio of
the two isomers at the photostationary state.”” The solution
changed from colorless to deep purple, since the closed
isomer 15’ shows an absorption band at A, =570 nm. The
reverse ring-opening process occurred under irradiation at
A>434 nm. Most noteworthy, the photoisomerization cycle
could be performed several times without significant degra-
dation. To get insights on the effects of the photoisomeriza-
tion on the electronic properties of 15/15’, the authors
measured 'J(’Se—*'P) coupling constants in the correspond-
ing bis-selenides. The results showed that the open form of
the phosphine ('Jp_s. =744 Hz) is significantly more electron-
rich than the corresponding closed isomer ('J,_s. =756 Hz).

The non-fluorinated dithienylethene diphosphines 16a,b
gave cyclization/ring opening reactions under irradiation at
254 nm and 510 nm respectively. The UV-vis spectra of the
open forms 16a,b (Y=PPh, and Y=PCy,) show absorption
bands at A,,,,=228 and 233 nm, while the red-colored closed
forms 16a’,b’ display red-shifted absorption bands at 505 and

[\
Y S
1517 15' 17’
Comp X Y 3P NMR Al 22 PSS Ref
3 (ppm), J (Hz)
15/15° F PPh, -18.7/-8.3 313 >434 | 20:801€ | [
17 F | P(Se)Ph, 22.4/127.0 313 >434 | 45550 | [
Jp.so=T44/756
16a/16a‘ | H PPh, -20.0 254ial [ 510k | 70:306 | 24
16b/16b° | H PCy, -9.1 254 510 73274 | 24

[a] Quantum yield @ = 0.14; [b] @ = 0.84; [c] Ratio determined by 1H NMR; [d] Ratio determined by

HPLC

Scheme 9. Photoisomerization of dithienylcyclopentene-derived diphosphines and a diphosphine bis-selenide.
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497 nm respectively. Thus, compared to diphosphine 15/, the
non-fluorinated diphosphines 16a’,b’ display the red-shifted
absorption bands at significantly lower wavelengths (Ad=
—65 nm).

In 2015, Wass, Scarso et al.** have reported on two series
of mono-phosphines, 18a-c and 19a-c, with fluorinated and
non-fluorinated dithienylcyclopentene backbones respec-
tively. These compounds feature chlorine, phenyl and anisyl
substituents on the second thiophene unit (Scheme 10). They
were obtained from the corresponding thienyl chlorides by a
lithiation/phosphination sequence. The *P NMR spectra of
the corresponding selenides showed that phosphines with
fluorinated backbones have lower electron-donating ability
(e.g. "Jp_ce=744Hz for 18c vs 737 Hz for 19¢), while the
nature of the R substituent on the remote thiophene unit
does not make substantial difference.

The photoinduced cyclization took place under UV
irradiation at 365 nm for the aryl-substituted compounds
18b,c and 19b,c (R=aryls), while the chloro-substituted
phosphines 18a and 19a were irradiated at 310 nm to
generate their closed forms. The reverse ring-opening
reaction took place under irradiation at A > 600 nm. As shown
in Scheme 11, the absorption wavelengths of the cyclized
isomers 18" and 19’ in the visible region are highly depend-
ent on their respective substitution patterns. Thus, solutions
of 18b’ and 18c’ are blue-colored, while 19b" and 19¢’ give

Xe

i. nBuLi, B(OBu)3
THF/hexane
ii. RBr, Pd(PPhg)s, KoCO3
THF, 70 °C, 16 h [N 0N
s 55-57% yield CI™ g s~ R
Xs
nBuLi, CIPPh, nBuLi, CIPPh,
THF, 0°C, 16 h THF, 0°C, 16 h
7\ ]\
Ph,P S S R

18a, X = F, R = Cl (42%) 19a, X = H, R = Cl (48%)
18b, X = F, R = Ph (63%) 19b, X = H, R = Ph (63%)
18¢, X = F, R = 4-MeO-CgH, (60%)  19¢, X = H, R = 4-MeO-CgHj (64%)

531P =-20.9 ppm 53'P =-18.9 ppm

Scheme 10. Synthesis of dithienylcyclopentene derived mono-phosphines.

Xe
hv, 365/310 nm

_ >
-

// J\ hv, > 600 nm
PhoP™ g s~ R Ph,P
18a-c, 19a-c 18a'-c’, 19a’-c’
}\‘ﬂ'la)( (nm)

18a', X=F, R=Cl 535
18b', X =F, R=Ph 577
18c, X = F, R = 4-MeO-CgH, 572
19a', X=H,R=Cl -
19b’, X =H, R = Ph 529
19¢’, X = H, R = 4-MeO-CgH,4 500

Scheme 11. Photocyclization conditions and absorption maxima of the
closed forms 18 and 19'.

ChemCatChem 2020, 12, 5573 -5589 www.chemcatchem.org

red solutions and 19a’ a yellow-orange one. This last
compound showed an increased absorption in the range
450-300 nm, but did not display defined A,,,, values.

In this series also, ring closure decreases the o-donating
ability of the phosphines, as shown by the increased Jp .
coupling constants in the corresponding selenides after
cyclization (e.qg. 'Jp_so =742 Hz for 18a and 'J,_s.=757 Hz for
18a’; 'Jp_.=737 Hz for 19a and 'J,_..=747 Hz for 19a’).

2.3. Biindane derived diphosphines

Only three recent literature reports relate to the synthesis of
biindane-derived phosphines from suitably functionalized
biindanes.

In 2014, Widenhoefer, Boulatov and Craig have prepared
the macrocyclic diphosphine 21 by O-alkylation of the (S)-
diphosphine 20, using a biindane-derived bis-mesylate
(Scheme 12).% The diphosphine has been used then as chiral
ligand in palladium-promoted Heck reactions that will be
discussed in section 4.3.1 hereafter.

The two other reports on biindane-derived diphosphines
are from the Feringa group. In 2015, the group disclosed the
synthesis of diphosphines trans-23 and trans-25 in which
amide functions connect a biindane scaffold to diphenyl-
phosphino-aryl groups (Scheme 13).?” The phosphorus func-
tion of trans-23 has been introduced by amidation of the
enantioenriched biindane-carboxylic acid trans-22 with or-
tho-diphenylphosphino-aniline. On the other hand, the
optically pure amino-biindane trans-24”® has been converted
into diphosphine trans-25 by coupling with ortho-diphenyl-
phosphino-benzoic acid in the presence of BOP. The photo-
chemical and thermal isomerization of trans-23 will be
discussed later in the context of its uses in catalysis (see
§ 4.3.2).The isomerization of trans-25 under irradiation at
312 nm (—15°C in THF) led to only 7% conversion into the
corresponding cis-isomer and, therefore, this phosphine was
not investigated further.

Finally, in 2020, B. L. Feringa reported on the synthesis of
the parent Z- and E-biindane-derived diphosphines 26 and
26’ via palladium-promoted couplings of the corresponding
6.6'-diiodobiindanes with Ph,PH (Scheme 14).”" The two
compounds have distinct absorption spectra with A, ,,=
356 nm for Z-26 and \,,,=338 and 356 nm for E-26'. Z—E

PPh,
o) 0 20
K,CO3, DMF, 60 °C
Ph,P
57% fo)
OMs  MsO ©
O PPh, cis-21

Scheme 12. Synthesis of a biindane-derived macrocyclic diphosphine.
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HO,C \

PPh,
22 23, 44%

NH,
i. 1. oxalyl chloride, DMF 2. ©i DCM, Et3N, rt, 24 h
THF/DCM, rt PPh,

O’ "“ZF’ O’
NH, —>
CO CO bon,

25, 65%
CO,H
i @: . BOP, Et;N, THF, 35 °C, 48 h
PPh,

BOP = benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexafluorophosphate

Scheme 13. Synthesis of biindane-based diphosphines.

O PPh,
O;‘Q PPh,

Pd(PPhs)s, NEts, toluene .O
100°C, 24h, 52% 726
hv, 365 nm
" E:Z =54:46

PhyP \
Pd(OAc),, KOAc, dimethylacetamide

PPh,
120°C, 3h, 42% .O

E-26"

hv, 385 nm
E:Z=100:0

Ph,PH —|

Scheme 14. Synthesis of the biindane derived diphosphines 26 and 26’ via
Pd-promoted phosphination.

conversion takes place quantitatively under irradiation at
385 nm and the reverse E—Z isomerization under irradiation
in benzene at 365 nm (E/Z 54/46 mixture at the photosta-
tionary state). From *'P NMR experiments on the correspond-
ing selenides, it was demonstrated that the donor properties
of phosphorus are almost identical for the two isomers
(Jp_se=364 Hz).

3. Transition metal complexes
3.1. Complexation of preformed phosphines

Most commonly, transition metal complexes of azobenzene,
DTE and biindane derived phosphines are obtained by
coordination of the preformed phosphine to a suitable metal
precursor. The known examples of metal complexes obtained
by this method are listed in Table 1.

ChemCatChem 2020, 12, 5573 -5589 www.chemcatchem.org

h,
\©\ PtCI2 cod)
THF, rt.

E-10c

Q\Pt —RPh,

31p:5=30.2 (Upt_p = 2072 Hz)
Scheme 15. An example of platinacyclic complex.

PPh,

PtCI,

@\ 350 nm, 1h N=N
. toluene '
NN PICl; —— 5—1(7:62
5 days + =17.2ppm
PPh; |,

dark, rt E-6a)(Z-6a")PtCI
ce (EGazEaPICl
31 LS =
P'NMR: § =23 ppm §=17.9and 16.7 ppm
Jpp = 15.8 Hz

Scheme 16. Photoisomerization of the platinum(ll) complex C6.

3.1.1. Azobenzenes

For all the examples of azobenzene derivatives quoted in the
Table, coordination of phosphorus to a transition metal takes
place under standard conditions and does not induce major
structural changes of the ligands. A divergent behaviour has
been reported however for ligand E-10c in its reaction with
PtCl,(cod). In this case, the reaction leads to the platinacyclic
species C17 by concomitant coordination of phosphorus and
nitrogen and metalation of the aryl ring (Scheme 15).%% The
molecular structure of the final product has been ascertained
by X-ray diffraction studies.

In most instances, in the azobenzene series, coordination
does not influence significantly neither the E—Z photo-
isomerization nor the reverse thermal process. Thus, coordi-
nation of E-6a to Pt(ll), generates the cis-(E-6a),PtCl, complex
C6 that undergoes E—Z isomerization under irradiation at
350 nm in toluene for 1 h. The resulting mixture contains the
(Z-6a’),PtCl, complex C6’ and a complex featuring both an E-
and a Z-ligand (C6”), together with traces of the starting
material C6. The mixture undergoes slow back isomerization
in the dark at room temperature (Scheme 16)"'® The same
holds for the (p-cymene)Ru(9)Cl, complex C9 displayed in
Table 1: the half-life time of the Z-isomer is roughly identical
to that of the corresponding phosphine 9c¢ (115 min at
55 OC).“sb]

3.1.2. Dithienylcyclopentenes

Concerning dithienylcyclopentene based diphosphines, coor-

dination to gold,”***® palladium® and ruthenium® has
been reported.
5579 © 2020 Wiley-VCH GmbH
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Table 1. Transition metal complexes obtained from preformed phosphines.

Phosphine Metal complex

Metal precursor Yield ref

trans-L,PdCl,”

RO Ql
< c
N PPh,

cis-L,PtCl, (R=H, Ac, R=Me, NMe,) Na,PtCl, 55-59% 130
N c3 LAuCI® (R'=H, Ac; R=Me, NMe,, NO,) NaAuCl,/(HOCH,CH,),S
N ca LM(CO); (M=Cr, Mo, W) (CO)sM(MeCN) 30-72% 132

1a-h

R
g
6a PPh,

MeO F e
N"NJC(PP“Z 7 LAuCI
F E .

cis-L,PtCl,

F
F
P PP
PhyoP N’N]ij/ h «:}
F
F 8

L(AuCl),
N > >—
N P c9 |
s RuLCl,
9b,c
\©\ PPh,
_N
N @\ c1o LW(CO)s
10c
L(AuCl),
c11 L=15, R=Ph
Xe c12 L=16a, R=Ph
L=16b, R=Cy
Cc13 L(PdCl,),
J \ 7\ L=16a, R=Ph
RP™ Ng s~ PRy c14 L[Ru;(0)(OAC)cPy,] + PFg
Cci15 L[Ru;(0O)(OACQ)sPy,],> " (PFg)*~
15 (X=F)
16 (X=H) L=16a, R=Ph

\ Cc16 trans-L(PdCl,)

[trans-L(PACI,)],

PPh, 16
AT

cs L,Mo(CO), (R'=H, R=H, Me, Et, iPr, tBu; R=Ac,° R=Me)

Na,PdCl, 56-72% [30]
]
59-85% [31]
]
]

(CO)4Mo(piperidine), 42-75% [32

Cl,Pt(COD) - [18a]
(Me,S)AuCl 75% [17]
(Me,S)Audl 82% [17]

Ru[(p-Cymene)Cl,], 90-95 % [18b]

W(CO)s(THF) 75% [33]
AuCl(tetrahydrothiophene) 18% [23]
(Me,S)AuCl 89% [34]
(Me,S)AuCl [34]
PACL,(PhCN), 85% 341
Py 1@ 80% 135]
SR 82% [35]
[O‘Ru’o\R/o] 2
Py [(') | l MeOH
2

Pd(MeCN),Cl, 78% [29]
Pd(MeCN),Cl, 74% [29]

[a] For R'=H the ligands adopt mainly ketohydrazone tautomeric forms. [b] For R=COMe, the complex was obtained by O-acylation of the corresponding OH-

functionalized L,Mo(CO), complex.

The bis-gold complexes C11, C12a and C12b that contain
diphosphines 15 (X=F, PR,=PCy,), 16a and 16b (X=H, PR,=PPh,
and PCy,) respectively, undergo reversible conversion between
ring-opened and ring-closed isomers under irradiation with
302 nm UV light and >400 nm visible light (Scheme 17). The
red-colored closed forms C11’, C12a" and C12b’ have absorp-
tion maxima at 565, 517 and 503 nm respectively, that is slightly

ChemCatChem 2020, 12, 5573 -5589 www.chemcatchem.org

blue-shifted for C11" and red-shifted for C12a" and C12b’, with
respect to the corresponding phosphines (A,.,=570, 505 and
497 nm respectively).

In further studies, the bimetallic gold chloride complex
C12a has been converted into a bis-gold-acetylide complex
featuring two additional dithienylcyclopentene units (C18,
Scheme 18).5° The aim was to induce multiple photochromic

5580 © 2020 Wiley-VCH GmbH

85UB0|7 SUOLULLIOD BATe81D) 3(dedl|dde ayy Aq peusenob ae ssjpie O ‘8sn JO e 1o} ARiqiT8uljuO A3[IAR UO (SUONIPUOD-PUR-SLLIBYWOY"AB 1M ARIq U1 UO//SdNL) SUONIPUOD PUe SWB | 8L 88S *[£202/50/£0] U0 A%iqiTauliuO A8|IM ‘oue I Id eISAIUN AQ 029000202 9199/200T 0T/I0p/W0d"fe i Are.q 1 jeuljuoadoune-Als Iweyo//:sdny wo.j pepeojumod ‘zz ‘040z ‘668€298T


https://chemistry-europe.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1867-3899.Phosphorus-in-Catalysis

Chemistry
Europe

European Chemical
Societies Publishing

Minireviews

ChemCatChem doi.org/10.1002/cctc.202000620

X
I )
"8 857 PR,
I‘\uCI
c11/c12 c11'/c12
Comp | X PR, dmax | COMP | Aax il 2 Ref
c1 F | PPh, - c11e 565 | 313 | >434@ | 23

C12a | H PPh, | 229 | C12a' | 517 302 >400 (34
C12b | H PCy, 232 | C12b 503 302 >400 4]

[a] The PSS consists in a €11:C11’ 40:60 mixture in CH,Cl,.

Scheme 17. Photoisomerization and absorption maxima for the gold com-
plexes C11 and C12.

F. F
F F
PhyP (S [ PPh
+
27 S s e I\ I\
A.u A.“ = s s~ “Ph
Cl C12a Cl
MeONa
THF/MeOH R

Ph,P—Au

Cc18

Scheme 18. Synthesis of multi-dithienylethenes from the bimetallic gold
complex C12a.

reactions in a single molecule. Thanks to the gold spacers,
the two non-equivalent photochromic switches of C18
operate independently. Thus, the closed forms are obtained
in a stepwise manner, under irradiation at 365 nm for the F,-
cyclopentene units and under irradiation at 254 nm for the
cyclopentene unit.

The examples given in Scheme 17, but also analogous
studies on ruthenium complexes,®® suggest that coordina-
tion of dithienylethene based phosphines to transition metals
may not change significantly the photoswitch process. In
other instances the nature and the electronic properties of
the ancillary ligands on the metal may modulate the photo-
switch properties of the complexes (see § 3.2 hereafter).
Finally, it has been found that the bimetallic, chloride
bridged palladium complex C13 (Scheme 19) does not under-
go photoisomerization because of the geometrical con-
straints of its macrocyclic structure that enforces a long C—C

ChemCatChem 2020, 12, 5573 -5589 www.chemcatchem.org

'ava)
PhoR" g s "PPh,
\Pd/CI\Pd
o’ e ol
c13

Scheme 19. A non-photoactive palladium complex.

distance between the reactive carbons (4.2 A). It also enforces
a parallel conformation of the two thiophene units, while an
anti-parallel orientation is required for the symmetry-allowed
conrotatory electrocyclization of the DTE moiety. &

3.1.3. Biindanes

In the biindane series, transition metal complexes have been
isolated only recently.”” Diphosphines Z-26 and E-26" (see
Scheme 14) have been coordinated to palladium dichloride
in separate experiments by reacting the free ligands with Pd
(MeCN)Cl,. The Z-isomer of the ligand generated the mono-
metallic trans-configured chelated complex C16, while the E-
ligand 26’ afforded the dimeric complex C17 (Scheme 20).
These complexes do not undergo photoisomerization, be-
cause of their geometrical constraints.

3.2. Building of photoswitchable phosphines in the
coordination sphere of a metal

An alternative to complexation of preformed ligands consists
in building the photoswitchable ligands directly in the
coordination sphere of the metal. This approach is illustrated
in Scheme 215 by the synthesis of the macrocyclic rhodium
(I) complexes C19a,b. These complexes are formed by
reacting the p,p-diaminoazobenzene in Scheme 21 with the
carboxylic acid functions of the bis-phosphine rhodium
complexes 27 a,b. The amidation reaction creates a macro-
cyclic tetradentate ligand that incorporates an azobenzene
bridging unit.

A second example is the synthesis of the bimetallic
copper(l)-complex €20, in Scheme 22.%¥ The key intermedi-

Scheme 20. Mono-and bimetallic Pd(Il) complexes of biindane-derived
diphosphines.
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®
HO,C Phz BNz CO,H
2 -RhP 2 S}
\M/\NQP P:\\N/\P{n OTf
Ph, Ph,
27ab
HATU, DIPEA
THF, rt, 24 h
Natsavalni
S
n Phy  Ph,  ({, o
N[\\PP\Rh’P \ or PFe
RiE P, C19a, n =0 (42%)

C19b, n =1 (40%)

HATU = 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo-
[4,5-b]pyridinium-3-oxide hexafluorophosphate

Scheme 21. Synthesis of macrocyclic Rh(l) complexes.

s s

N/ \
CICpyZr——FPPh, -

i. nBuLi — i. CucCl thP\C /Pth
ii. DMAP . d
Cp,ZrCly [N _J ) THRSOTT N
iii. BDTE 5 S ii. CIPPh, \Cu/
iv. CIPPh 2l

70% - 28 67% Ph,R PPh,

e ~

BDTE= ¢ )= ¢ /S\ /s\

c20

Scheme 22. Synthesis of a copper-complex of DTE-based diphosphines.

ate is the phosphino-dithienylethene-zirconacycle 28 that
undergoes a zirconium-copper transmetalation, followed by
phosphination of the resulting copper intermediate with
Ph,PCl. It must be noticed that the diphosphine ligands in
complex C20 belong to a distinct series of dithienylethene-
diphosphines with respect to the previous examples: here,
the phosphorus functions are attached to the central olefinic
bond, instead of being attached to the thiophene units.
Starting from the bimetallic complex C20, ligand ex-
change reactions gave access to the copper complexes C21
(Scheme 23) that display either phosphorus or nitrogen
ligands. This homogeneous series of metal complexes has
allowed comparative studies of their photochemical behav-
ior. These studies have highlighted a crucial effect of the
ancillary ligands on the ratio between open and cyclized
forms at the PSS, under irradiation at 365 nm (Scheme 23).5
Thus, it has been shown that changing one of the coordinat-
ing phosphorus groups in C21a, by either a chloride (as in
C22) or a pyridine-type ligand (as in C21b) decreases the
amount of cyclized forms at the photostationary state, from
51% to 33% and 16% respectively. Moreover, isomerization
was totally prevented in C21c that displays a 1,10-phenan-

ChemCatChem 2020, 12, 5573 -5589 www.chemcatchem.org

®
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N
o,
Ph,R”  "PPh,
I\ I\
S S
/N
L L=
PhyP PPh2 pph2
C21a c21b C21c
49:51 84:16 100:0
S S
Ci._PPhy \ / \ /
/Cu\ —
PhoR  PPhy Ph,P__PPhy
/ L‘I\
J\ 7\ thP_PPhZ
S S
c22 I\ c23
67:33 S S 56:44

Scheme 23. Photoisomerization of a series of copper complexes of dithieny-
lethene-diphosphines. Ratios of open:closed forms at the photostationary
states (365 nm).

throline as the ancillary ligand. DFT calculations have
suggested that the decreased photoreactivity of the pyridine-
ligated complexes C21b and C21c might result from local-
ization of their LUMOs orbitals mainly on the quinoline and
1,10-phenanthroline ligands. Complex C21a showed photo-
cycloreversion under irradiation at A>500 nm, with good
reversibility after up to eight photochromic cycles.

As a conclusion it may be recalled that, in many instances,
coordination of photoswitchable phosphines to transition
metals does not change significantly their photoswitch
properties. However, in some cases, either geometrical
constraints or electronic effects of ancillary ligands may
modulate their photochemical behaviors. To fully enlighten
these effects, more extended, systematic studies on homoge-
neous series are still required.

4. Catalytic applications

In the following sections we will summarize literature reports
where significant effects of photoswitch on the catalytic
activity of transition metal complexes have been highlighted.
In a few additional reports the catalytic activity has been
investigated, but the effects of photoswitch haven’t been
mentioned.!'**%*4
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4.1. Catalysts derived from azobenzene based mono- and

diphosphines

CO; + H;p

40 atm (1:1 ratio), DBU

Rh-catalyst

HCO?HDBU@)

4.1.1. Palladium-promoted decarboxylation of allylic
carbonates

The water soluble, sulfonated azobenzene derived phos-
phines E-12a,b undergo isomerization under irradiation at
365 nm, leading to 54:46 and 48:52 E/Z mixtures respectively
at the photostationary state. The mixtures give back the
initial E/Z ratios after one night at room temperature in the
dark, or after 10 min under daylight. These phosphines have
been used as amphiphilic ligands in the Pd(ll)-promoted
decarboxylation of allyl undecyl carbonate with diethylamine.
The reactions were run both in the dark and under
irradiation, and parallel experiments have been conducted
with the analogous biphenyl-phosphine 29, for comparison
purposes (Scheme 24).2" Overall, without UV irradiation, the
presence of the diazo function has a detrimental effect on
the reaction rate (entries 1,3,5 in Scheme 24). However, upon
irradiation (entries 4, 6), the reaction rate increased. Espe-
cially, with 12b, an increase of the rate by more than 2.5-
folds led to the best turnover frequency in this series (80 h™").
It has been shown that phosphines 12a and 12b form
aggregates in water (decreased surface tension). Therefore,
the positive effect of the E—Z isomerization on the reaction
rate has been assigned to the formation of new aggregates
that possibly solubilize the substrates in a more efficient way.

P N
~ Et,NH
s e o} 2 'v’\““/ﬂ‘OH

o il _ Pd(OAc),/Ligand
P T heptane/water:1/1 *+CO; E
20°C +ENT
Ligands:
NaO;S ””

2 -----PPh2
T | 365 nm \ i
ey N R
N e rj
| £ —PPhy
SO;Na
hv 90 min: 54:46 E:Z ratio
hv 150 min: 48:52 E.Z ratio

12a, p-PPhs; 91% E-isomer
12b, m-PPhy; 95% E-isomer

Naoss—/  —(_ )—pPh
3 \:/,f W J 2
29
Ligand TOF (h1)ial

1 29 56

2 29 + hv 56

3 12a 11

4 12a + hv 18

5 12b 30

] 12b + hv 80

[a] at 40% conversion

Scheme 24. Palladium-promoted decarboxylation of allylic carbonates.
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N-methylpyrrolidinone, 27 °C

Rh-catalyst:
@ @RNHT 6
O
Z Phy Phs (j}z

P=Rr;—P
N/“P/Rh PAN C19a,n=0
Phy Phy C19b,n =1
Catalyst TOF (h)
1 C19a 11+2
2 | C19a+hv, ., 365 nm 16:2
3 C19b 17+0.2
4 C19b+ hv, A, 365 Nm 18+0.2

Scheme 25. Rhodium(l)-promoted hydrogenation of CO,.

These studies have afforded the first example of organo-
metallic catalysis in biphasic media, regulated and stimulated
by the in situ photoisomerization of the ligands.

4.1.2. Rhodium-promoted hydrogenation of CO,

The macrocyclic rhodium(l) complexes C19a and C19b
feature a tetradentate phosphine ligand and an azobenzene
moiety spanning the metal centre. The two complexes
display one and two carbon units respectively (n=0,1) in the
chains tethering the phosphorus functions. They have been
specifically designed to investigate the impact of geometry
changes on the catalytic hydrogenation of CO,
(Scheme 25).%7 |rradiation of these complexes at 375 nm
converts E-C19 into their Z-isomers C19a’ and C19b’, as
shown by UV and NMR monitoring. The reverse isomerization
takes place slowly (k=9.9x107® and 8.7x10*min™" for
C19a’ and C19b’ respectively), with complete relaxation after
6 to 8 hours. (For comparison, the Z—E isomerization of the
4,4'-diaminoazobenzene precursor in Scheme 21 takes place
in 15 min). The slowdown is likely due to the restricted
flexibility of the macrocyclic complexes.

The hydrogenation experiments have been carried out in
a stainless reactor with a sapphire window, under 40 atm of a
1:1 CO,/H, mixture, both in the dark and under continuous
irradiation. The largest macrocycle C19b (n=1), displayed
the same reaction rate under both conditions. On the
contrary, irradiation of complex C19a (n=0) led to a more
active catalyst, giving a 40% rate enhancement. In depth
theoretical, kinetic and thermodynamic studies of the indi-
vidual catalytic steps (Scheme 26) showed that the reaction
rates do not correlate, in a direct way, with the extent of
geometrical changes in the outer coordination sphere that
are induced by irradiation. They do not correlate either with
the rates of the oxidative addition of H, on complexes C19.
Finally, it is postulated that the reaction rate should be
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Scheme 26. Key steps of the rhodium-promoted hydrogenation of CO..

affected by small changes of the P—Rh—P bite-angles that
modulate critically the hydricity (hydride transfer ability) of
the rhodium monohydride intermediate Il in Scheme 27.

This study suggests that geometrical changes of a remote
azobenzene moiety, in the outer coordination sphere of a
transition metal, can regulate reaction rates by subtle
changes of the bite angles at the metal center.

4.1.3. Ruthenium-promoted release of dihydrogen from
ammonia-borane

Ammonia-boranes, NH;—BHj;, provide promising materials for
hydrogen storage and subsequent release under metal
catalysis. Thus, the (p-cymene)ruthenium dichloride com-
plexes C9 have been considered as catalysts for the
controlled release of hydrogen from these adducts
(Scheme 27)."® Complexes €9 bear the monodentate tris
(azobenzene)phosphines 9 as photoswitchable ligands. The
three azobenzene units of each ligand adopt mainly the most
stable E-forms (EEE-isomers), but small amounts of the
isomeric EEZ-ligands may be present, with up to a 25%
amount for C9b. Irradiation of these samples at 324 nm, for
30 min in CD5CN, induces E—Z isomerization. The reverse Z

catalyst
(0.5 mol %)

® ©
NH3IBH3 + 2 H20 NH4 BOQ +3 H2

THF/water:1/3

rt
catalyst: @—-p
C9a,L=
P H>— Q s
I
_Ru\ r N
| el N
Cl Cob, L=

w

Catalyst Conversion ratefel
t= 50 min t= 100 min
1 C9a 30% 45%
2| C9a+hv 60% 100%
3 C9b 35% 50%
4 | C9b + hv 65% 95%

[a] approximate values from reaction profiles in ref [180]

Scheme 27. Ruthenium-promoted H, release from ammonia-borane.
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to E isomerization takes place at 65°C, with t,,=115 and
144 min for C9a and C9b, respectively.

The ruthenium complexes C9 enabled the hydrolytic
generation of hydrogen from ammonia-borane at a 0.5 mol %
catalyst loading, in a THF-water mixture. The release of H,
was monitored from pressure evolution, both in the dark and
under continuous irradiation (immersion lamp, 125W,
365 nm). For both complexes C9, the catalytic activity was
much higher under irradiation, compared to dark conditions.
In an additional experiment, with catalyst C9b, irradiation
and no-irradiation periods were alternated. The reaction
profiles clearly showed alternating slopes with different
reaction rates.

After several control experiments, including comparison
with the model (Ph;P)Ru(p-cymene)Cl, complex, the positive
effect of UV irradiation has been assigned to the increased
steric bulk of the Z-configured phosphorus ligands (increased
cone angle). However, the effect couldn’t be fully rational-
ized, mainly due to lack of mechanistic knowledge on this
reaction.

Overall, the phosphine-ruthenium complexes C9 proved
to be suitable photoswitchable hydrogen release catalysts.
Interestingly, complexes C9 perform better than analogous
ruthenium complexes with azobenzene-derived bipyridine
ligands that isomerize less efficiently and suffer dissociation
under irradiation.

4.1.4. Gold(l)-promoted intramolecular hydroaminations

Our group has reported recently on photoswitchable bimet-
allic gold complexes of azobenzene-derived diphosphines
and their use in the intramolecular hydroamination of N-
alkenylureas.™”

The bimetallic complex E-C8 undergoes fast photoisome-
rization under irradiation at 320 nm in MeCN (Scheme 28). As
shown by UV monitoring, the photostationary state is
reached after 60 seconds, with an E:Z ratio=35:65. The
reverse process takes place either under irradiation at
406 nm (240 sec) or under thermal conditions, with a t,,=
278 h at 60°C. The fluorine substituents on the azobenzene
core make the Z-form stable enough to be isolated,

(o/N
Alppp, .
F F. £ N=N
N:N hv 320 nm pth@ﬂ: F
/
F P w406 nm Au of-Au~PPh2
Ph,P- or heating  Cl
Au.

Cl

E-C8 z-Cc8'

3P NMR, 6 25.6 (Jp.£= 20 Hz) 3P NMR, & 24.8 (broad)

PSS at 320 nm E:Z = 35:65
PSS at 406 nm E:Z = 100:0

Scheme 28. Photoisomerization of the bimetallic gold complex C8.
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CD,Cly, 0.4 M, it MeO2C
CH,Cly, 1t MeO,C 2012,
Ph
P Ph Ph Cat = E-C8 and Z-C8'
(b) () E
: » ﬁgg photoswitch F N=N Scheme 30. Enyne cycloisomerization promoted by the bimetallic gold
. E-C8' Q complexes C8.
/’M‘ FF
a Ph,P N
s 2\ Au
y Au

Scheme 29. (a) Hydroamination reactions promoted by the bimetallic gold
complexes C8; (b) Kinetic profiles; (c) Postulated bimetallic activation of the
substrate.

characterized by X-ray diffraction, and used then in the
catalytic tests shown in Scheme 29.

The active cationic catalysts were generated from E-C8 and
Z-C8' separately, by removing chlorides with AgSbFs. The
reaction course was monitored by insitu '"H NMR (CD,Cl,
solutions) with automatic recording. Both Z- and E-catalysts
displayed good catalytic activity in the intramolecular hydro-
amination reaction, with the Z-isomer giving significantly higher
reaction rate and conversion (Scheme 29). Also, an in situ switch
experiment was carried out. The experiment started with
catalyst E-C8 and then, after 30 min (at ~55% conversion rate),
the mixture was irradiated at 320 nm for 10 min to generate Z-
C8'. Irradiation led to acceleration of the hydroamination
reaction, the conversion rates approaching those obtained with
preformed Z-C8' under analogous conditions.

After several control experiments, including comparison
of C8 with the azobenzene derived monometallic gold
complex C7 (see Table 1), the higher catalytic activity of the
Z-isomer C8 has been assigned to synergistic cooperative
effects between the two metal centers. Indeeda bimetallic
activation of the substrate can be postulated (Scheme 29¢),
that is expected to be enhanced with Z-configured catalysts,
owing to the shorter distance between the two metals.

In parallel, the same gold complexes C8 have been used
as pre-catalysts in the enyne cycloisomerization reaction
shown in Scheme 30. In this reaction where synergistic
effects between the metals are not expected, the Z- and E-
forms of the catalyst show the same kinetic profiles.

Overall, these results validate the working hypothesis on
which the study had been built initially, i.e. that bimetallic
complexes are especially suited to demonstrate photoswitch
phenomena in catalysis, as far as they may enable ON-OFF
switch of cooperative effects between the two metals.
Beyond the external control of catalytic reactions, bimetallic
complexes of this class might also afford unprecedented
probes to highlight cooperative effects in bimetallic proc-
esses.

ChemCatChem 2020, 12, 5573 -5589 www.chemcatchem.org

4.2, Catalysts based on dithienylethene diphosphines

As far as we know, only one example of light-induced
modulation of the catalytic activity of metal complexes
featuring dithienylethene-phosphines has been reported so
far.

4.2.1. Copper(ll)-promoted hydroboration of styrenes

The bimetallic copper complex C20 has been used as pre-
catalyst in  the hydroboration of 4-fluorostyrene
(Scheme 31).5% The active catalyst was generated in situ from
C20, by addition of potassium tert-butoxide in the presence
of pinacolborane. Hydroboration was performed first in the
dark, then, in a second experiment, the active catalyst was
irradiated for 20 minutes at 365 nm before addition of the
substrate. Under irradiation, the orange catalyst solution
turned red, as expected. The hydroboration reactions were
monitored by gas chromatography. In the dark, the hydro-
boration reaction gave a 62% yield, while irradiation
decreased the yield to 44 %.

Based on DFT calculations, the decreased reactivity of the
closed form of the catalyst has been tentatively assigned to
its electronic features, namely to the extended m-conjugation
over the dithiophene backbone that decreases the electron
density at the metal center.

S S
\ \
F
thP PPh;,
%
cat (1.5 mol %) /Cu\
KOtBu (6 mol %) o= Cl\c U/CI
!oluene it B-o pth’ “PPh,
24 h o}&
7\ /\
S S
C20
catalyst conversion
1 C20 + 62%
tBuOK+catecholborane
2 C20 + 44%
tBuOK+catecholborane hv,
365 nm, 20 min

Scheme 31. Copper-catalyzed hydroboration of 4-fluorostyrene.
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4.3. Catalysts based on biindane-diphosphines
4.3.1. Palladium-promoted Heck reactions

The biindane-derived macrocyclic diphosphine (S)-20
displays an (S)-configured biaryl and a cis olefin moiety.
When irradiated at =365 nm in CH,Cl,, it undergoes isomer-
ization into a mixture of two trans-isomers with opposite
configurations of the olefinic units. (Note that the stiff
olefinic moiety adopts a non-planar, chiral configuration.)
The photostationary state, reached after 40 min irradiation,
contains a 68:23:9 mixture of cis-20, trans-20'"" and trans-20?
(Scheme 32).2

According to DFT calculations, the three diphosphines
have significantly different dihedral angles at the biaryl
moiety, with ¢ =283° for cis-20 (compressed angle), ¢ =106°
for trans-20"" (extended) and ¢ =98° for trans-20'* (virtually
undistorted). These compounds have been separated and
two of them have been tested as ligands in the enantiose-
lective Pd-promoted Heck reactions in Scheme 33. Also,
in situ switch experiments have been carried out to evaluate
the catalytic activity of the mixture of palladium catalysts,
presumably generated from trans-20’" under irradiation.

From the Heck reactions in Scheme 33, the level of chiral
induction has been correlated to the mechanical distorsion of
the dihedral angle of the biaryls, induced by photoisomeriza-
tion. In the reaction between dihydrofurane and phenyl
triflate (entries 1-4 in Scheme 33), the ligand with the more
compressed dihedral angle, cis-20, afforded the 2,3-dihydro-
furane 29a with the highest enantiomeric excess (96 % ee),
while trans-20"" afforded 29a with only 79% ee. Moreover, it
has been shown that in situ irradiation of the catalyst formed
from trans-20'" increases the enantioselectivity level, giving
an intermediate 90% ee. The observed effect is assigned
exclusively to geometrical changes of the dihedral angles,
since the electronic properties of the two isomeric ligands
are identical (identical J,_,=739 Hz for the corresponding
selenides).

Analogous trends have been observed in the Heck
reactions involving 1-naphthyl triflate (entries 5-8 in
Scheme 33). In this case, the dihedral angles of the ligands
affect also the 30a:30b product ratios. Ligands with larger
dihedral angles (trans-18’) favor indeed the 2,3-dihydrofurane
30a vs 2,5-dihydrofurane 30b.

In parallel studies, the same ligands cis-20 and trans-20’
have been compared in model allylic alkylation. However, in
these reactions the mechanical distorsion of the ligands
induced only modest changes of the enantioselectivity levels.

This work demonstrates that externally induced photo-
switch of a remote structural unit of the ligand can result in
the effective actuation of a chiral metal catalyst.

ChemCatChem 2020, 12, 5573 -5589 www.chemcatchem.org
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Scheme 32. Photoisomerization of the biindane-derived diphosphine 20.
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o~ benzene iPraNEt Ar Ar
40°C, 24 h
Ar=Ph, 1-naphthyl 30a 30b
il [
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Ar=Ph
1 MeOBiphep 97° 23 95:5 20
2 cis-20 83° 55 97:3 96
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5 MeOBiphep 98 79:21 54
6 cis-20 91 72:28 60
7 trans-20*1 >90 88:12 13
8 trans-20"1 + hvidl =99 85:15 42

[a] irradiation at 365 nm, 3W, 60s

Scheme 33. Effect of the dihedral angle of the ligands on the enantioselec-
tivity of Heck reactions.

4.3.2. Palladium-promoted desymmetrization of allylic
carbamates

The second example hereafter also relates to enantioselectiv-
ity switch using chiral biindane-derived ligands.

The biindane-based diphosphine 23 behaves as a light-
driven molecular motor, switching reversibly between four
different forms, under combined photochemical and thermal
conditions (Scheme 34). It displays both a stereogenic carbon
with (R)-configuration and a hindered olefinic unit with
helical chirality (P or M-configurations).

Under UV irradiation (312 nm), the starting diphosphine
(Ro,P)-trans-23 undergoes photoisomerization into its cis-
isomer (RoM)-cis-23" (7:93 trans:cis ratio at the PSS). The

© 2020 Wiley-VCH GmbH

85UB0|7 SUOLULLIOD BATe81D) 3(dedl|dde ayy Aq peusenob ae ssjpie O ‘8sn JO e 1o} ARiqiT8uljuO A3[IAR UO (SUONIPUOD-PUR-SLLIBYWOY"AB 1M ARIq U1 UO//SdNL) SUONIPUOD PUe SWB | 8L 88S *[£202/50/£0] U0 A%iqiTauliuO A8|IM ‘oue I Id eISAIUN AQ 029000202 9199/200T 0T/I0p/W0d"fe i Are.q 1 jeuljuoadoune-Als Iweyo//:sdny wo.j pepeojumod ‘zz ‘040z ‘668€298T


https://chemistry-europe.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1867-3899.Phosphorus-in-Catalysis

Chemistry
Europe

European Chemical
Societies Publishing

Minireviews

ChemCatChem doi.org/10.1002/cctc.202000620

Ph,P

ZT

PhoP R>
©/N o Q hv 312 nm
-15°C
o ’O ﬁ THF O
(R) PPh,

o
(Rc,M)-cis-23"
PPh,

2
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Iz
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Scheme 34. Four-step cycle of rotary motion of diphosphine 23.

process involves a counterclockwise rotation of the indane
fragment around the olefin C=C axis and leads therefore to
inversion of the helical configuration (demonstrated by
circular dichroism spectra). The rotation sense is dictated by
the (R)-configured stereogenic carbon. Then, the (R.,M)-cis-
23’ isomer tends to convert into the other cis isomer (R.P)-
cis-23"" by thermal inversion of its helical configuration. From
this compound, a second photochemical step generates the
diphosphine (R.M)-trans-23" that couldn’t be isolated be-
cause it converts into the starting (R.,P)-trans-23 below room
temperature. The whole process has been monitored by
NMR, UV and CD spectroscopy.

The isolated diphosphines (R.P)-trans-23, (R,M)-cis-23’
and (R.P)-cis-23"" have been tested separately in the
enantioselective intramolecular allylic amination of the meso-
carbamate 31 (Scheme 35), with palladium catalysts gener-
ated in situ from Pd,dba; and the ligands. As expected, the
less hindered trans diphosphine (R, P)-trans-23 gives a nearly
racemic oxazolidinone (6% ee), while the (R,M)-cis-isomer
23’, formed by photoisomerization, promotes the reaction
with excellent stereocontrol: (3R,4S)-32 was obtained in 90 %
yield and 86 % ee. Finally, the (R.P)-cis-isomer 23", thermally
generated from (RoM)-cis-23’, also gives excellent ee and
opposite stereochemical control: (35,4R)-32 was obtained in

- -23
(R, P)-trans: 6% ce

R¢,M)-cis-23' (0]
0 0 Pdydbay [ HCMPISET, j \f
J( ’6\ )\\ _Ts (2.5 mol%) 86% ee
(o} o N ]

DIPEA, THF (3R, 48 -32
31 0°C,rt
| (Rg,P)-cis-23" oﬁ,
-88% ee —U
(3S,4R)-32

Scheme 35. Stereodivergent synthesis of oxazolidinones via palladium
promoted desymmetrization of the meso bis-carbamate 31.
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85% yield and 88% ee. This result indicates that the sense of
chiral induction is dictated mainly by the helical configu-
ration of the biindane unit.

In summary, these studies have highlighted a photo-
responsive chiral biindane diphosphine, 23, that achieves
unidirectional rotation around its double bond under UV
irradiation. The photoswitch provides an isomeric ligand
giving largely improved enantioselectivity levels. This process
couldn't be translated into an effective catalytic in situ
photoswitch procedure, because the palladium catalyst
showed only moderate stability under UV and heating.

5. Non-catalytic applications in organic
synthesis

Beside their use as ligands in organometallic catalysis,
azobenzene derived phosphines have found relevant syn-
thetic applications as Staudinger-type reagents. Thus, B.L.
Feringa envisioned the Staudinger-Bertozzi ligation as a tool
to incorporate photoswitchable azobenzene tags in bio-
logical systems.®” The method consists in reacting the ester-
functionalized azobenzene-phosphines 13 with biomolecules
displaying azido functions (Scheme 36b).

Azido homoalanine residues (AHA) were introduced at
positions 1, 9 and/or 79 of Lipase A from Bacillus subtilis. The
azido-modified proteins 34 were incubated then with
phosphine 13c¢ in a TRIS.HCl buffer /acetonitrile mixture
(pH 7.5, TRIS = tris(hydroxymethyl)aminomethane) for 22 h.
This procedure led to incorporation of up to three azoben-
zene molecular switches into the enzyme. Singly, doubly and
triply modified bioconjugated could be identified by ESI/MS
deconvolution.

The photoswitch process has not been investigated so far
on these azobenzene-modified proteins. However, it has
been demonstrated that the model azobenzene amide 33a
(Scheme 36a) displays efficient photoswitch under irradiation
at A=365nm (80% cis-isomer at the PSS state in aqueous

R
o I
N

Illl BnNj3 llll

CO,Me CONHBn
13aR=H PPh, 33a O=PPh,
13b R = NEt, 33b
13¢ R = O-(CH,CH,),0Me 33c
(b)
ala
e L g, o
(20 equiv)

34

Protein = Lipase A with azido homoalanine residues
i. in TRIS.HCI buffer/acetonitrile

Scheme 36. Azobenzene-derived phosphines for the Staudiger-Bertozzi
ligation: (a) model reaction; (b) reactions on azido-functionalized proteins.
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Scheme 37. Modification of quartz surfaces with azobenzenes, via the
Staudinger-Bertozzi ligation.

buffer). The thermal Z—E conversion is slow, but it can be
accelerated by irradiation with white light. These features are
highly suitable for the targeted biochemical applications.
Further studies® highlighted then that the switch process,
and the stability of the Z-forms of the phosphine oxides 33
depend crucially on the nature of the R substituent.
Interestingly, the amino-substituted azobenzene 33b could
be isomerized under visible light (532 nm).

The same phosphines 13 have been used to introduce
azobenzene photoswitches into an homoalanine-modified
peptide (Sp1-f3 zinc finger), as well as on suitably functional-
ized quartz surfaces, as illustrated in Scheme 37.%%3*9 Surface
changes resulting from E- to Z-isomerization have been
highlighted under irradiation at 365 nm.

In summary, azobenzene-derived phosphines allow the
introduction of azobenzene units in biologically relevant
substrates through Staudinger-Bertozzi ligations. Neverthe-
less, biomedical applications of these azobenzene tags still
face highly challenging requirements, such as the thermal
stability of Z-azobenzenes in aqueous biological media and
implementation of photoresponsive processes under the
deeper penetrating visible light.

Phosphorus functionalized azobenzenes have been con-
sidered also for applications in material sciences that are
outside the scope of this minireview.

6. Conclusions

The remote spatio-temporal control of catalytic reactions by
means of photoresponsive catalysts represents today a major
but still challenging objective. As demonstrated by this short
survey, photoswitchable phosphines might play a significant
role in the field, as privileged ligands for transition metal
complexes enabling highly diverse catalytic processes. Thus,
for instance, photoinduced isomerization of phosphine-
coordinated catalysts has allowed to regulate the rates of the
Rh-promoted hydrogenation of CO, (section 4.1.2), Ru-pro-
moted release of H, from ammonia-borane (section 4.1.3),
Pd-promoted decarboxylations (section 4.1.1) and copper
promoted hydroborations of styrenes (section 4.2.1) The
in situ E—Z isomerization of azobenzene-diphosphine gold
complexes has been shown to accelerate an intramolecular
hydroamination reaction (section 4.1.4). Moreover, photo-

ChemCatChem 2020, 12, 5573 -5589 www.chemcatchem.org

isomerization of biindane-derived ligands has been shown to
control product ratios and enantioselectivity levels in Heck
reactions, as well as in some intramolecular allylic aminations,
under Pd-catalysis (sections 4.3.1 and 4.3.2).

When the phosphorus functions are close to the photo-
switch units, photoisomerization is expected to induce
significant changes of both geometrical features and elec-
tronic properties of the ligands. A clear-cut example is that of
dithienylcyclopentene derived phosphines, where the closed
forms display lower o-donating ability than the open forms.
Nevertheless, this well-established effect must not conceal
that, in most instances, the observed changes of the catalytic
behavior have not been correlated explicitly to tuning of the
stereoelectronic descriptors” of the ligands. Most often,
only rather speculative rational has been given, and therefore
the rational design of switchable ligands remains largely
unattainable.

To find rational to catalytic behaviors is even more
challenging when the photoswitch unit is remote from the
phosphorus functions and the catalytic activity is modulated
by subtle conformational changes of the ligand backbones in
the outer coordination sphere (sections 4.1.2, 4.3.1 and 4.3.2).

Another current limitation of in situ photoswitch catalysis
is that irradiation usually leads to incomplete isomerization
of the catalysts (mixtures are formed at the photostationary
states), which lowers consequently the amplitude of the
photochemically-induced catalytic tuning. Also, thermal
back-isomerization can take place spontaneously, notably
with azobenzene-derived ligands, if continuous irradiation
can't be applied during the whole catalytic process.

As a consequence of these practical limitations, but also
of an insufficient differentiation of the isomeric forms of the
ligands, a pure ‘on-off’ catalytic system based on photo-
switchable phosphines remains to be demonstrated. Toward
this goal, the design of new and improved ligands is eagerly
awaited.

Although sparse, the pioneering reports summarized in
this minireview highlight the huge potential of photo-
responsive phosphorus ligands, the scope and current
limitations of the field, and pave the way to further
investigations.
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