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Abstract: A catalyst that couples a photoswitch to the biaryl
backbone of a chiral bis(phosphine) ligand, thus allowing
photochemical manipulation of ligand geometry without
perturbing the electronic structure is reported. The changes in
catalyst activity and selectivity upon switching can be attributed
to intramolecular mechanical forces, thus laying the foundation
for a new class of catalysts whose selectivity can be varied
smoothly and in situ over a useful range by controlling
molecular stress experienced by the catalyst during turnover.
Forces on the order of 100 pN are generated, thus leading to
measurable changes in the enantioselectivities of asymmetric
Heck arylations and Trost allylic alkylations. The differential
coupling between applied force and competing stereochemical
pathways is quantified and found to be more efficient for the
Heck arylations.

“SWitchable” catalytic systems have generated consider-
able interest because of their potential to trigger and/or
optimize activity in situ with spatiotemporal control. This
external modulation of chemical processes may benefit fields
ranging from nanofabrication to biologically relevant ther-
apeutics and diagnostics."! Ultimately, such systems might
enable otherwise inaccessible reactivity by switching between
multiple active forms on the timescale of catalytic turnover!™
or polymer enchainment.”) A potentially useful, but here-
tofore untapped, trigger is the application of a mechanical
force. Whereas mechanical force has been used to activate
latent catalysts,”! it should also be capable of modulating an
active catalyst, for example by distorting ligand geometry. As
a first step toward that end, we sought a catalyst whose
activity could be modulated™ (rather than turned on/off or
reversed) externally, but through purely mechanical/geomet-
ric effects as opposed to electronic changes. Our design
employs a stiff stilbene (1,1’-biindane) photoswitch which
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offers good quantum efficiency, large geometry changes,
molecular rigidity, and thermal stability."”! Stiff stilbenes have
been used in light-driven molecular machines,”® including
Feringa’s rotor-based catalyst for photoswitchable asymmet-
ric thiol-Michael additions."”! Additionally, the Z to E isomer-
ization of stiff stilbene has been used to generate highly
strained macrocycles which function as molecular force
probes for quantitative studies of mechanochemical reactiv-
ity.[s] Given this foundation, we set out to construct a ligand
that was switchable between two states and would have
differential reactivity,”! as has been well-characterized in the
C,-TunePhos ligands:""! a “compressed” state with a biaryl
dihedral angle (¢; see Scheme 2) which is more acute than
that of the acyclic analogue (MeOBiphep, ¢ =97°), and an
“extended” state with a more obtuse dihedral angle.
Synthesis of the macrocyclic ligand (Z)-1 (Scheme 1)
proceeded using modifications of previously described pro-
cedures (see the Supporting Information).®> ! DFT cal-
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Scheme 1. Synthesis of the photoswitchable chiral bisphosphine (2)-1.
DMF = N,N-dimethylformamide, Ms =methanesulfonyl, THF = tetrahy-
drofuran.

culations predict that (Z)-1 is compressed (¢ =83°), (E)-2 is
extended (¢=106°), and (E)-2' is virtually undistorted in
terms of biaryl geometry (¢=98°) relative to untethered
MeOBiphep. The natural dihedral angle (as well as the
related natural bite angle) of bis(phosphine) ligands is
a geometric parameter commonly referenced in regard to
catalyst selectivity.'®<12l When irradiated at A=365nm in
dichloromethane, (Z)-1 yielded a photostationary 68:23:9
("H NMR; see the Supporting Information) mixture of (Z)-1/
(E)-2/(E)-2" within minutes (Scheme 2). Each isomer was
isolated from the mixture using conventional flash or medium
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Scheme 2. Irradiation of (Z)-1 at =365 nm generates a photostation-
ary mixture (given as %) of (2)-1, (E)-2, (E)-2". (E)-2 and (E)-2’ are
isolable diastereomers because of the combination of atropisomerism
in the tethered stiff stilbene and fixed chirality of the bis(phosphine).
(2)-1 also exists as a pair of diastereomers (effectively diastereomeric
conformers) that are unresolvable because of the low barrier for
isomerization across the alkene (ca. 6 kcalmol™ in untethered Z-stiff
stilbene®). Distortion of ligand geometry is evaluated using the
calculated (DFT) “natural” dihedral angle (¢) defined by the biaryl
carbons at the positions shown in bold (bottom right). All ligands
used in this study are axially chiral about the biaryl backbone in the

S configuration.

pressure liquid chromatography, thus allowing further study
of pure (Z)-1 and (E)-2. When embedded in a macrocycle,
E stiff stilbenes assume axial chirality, such that both (E)-2
and (E)-2' are diastereomers of atropisomers. X-ray crystal-
lography of the derivative phosphine selenides of (E)-2 and
(Z)-1 confirmed the stereochemistry of all three isomers and
the expected greater dihedral angle in (E)-2 relative to that in
(Z)-1 (see the Supporting Information).

The isolated ligands were employed in the asymmetric
Heck reaction between 2,3-dihydrofuran (DHF) and either
phenyl™ or 1-naphthyl™ triflate to form 2-aryl dihydrofur-
ans. In the case of arylation with phenyl triflate (Table 1,
entries 1-3), (E)-2 yields 3ain 79 % ee (e.r.=89:11; GC) and
high conversion (GC, 95%), whereas the distortion in ¢ in
(Z)-1 yields 3a in 96 % ee (e.r.=98:2) (Figure 1a) and 55%
conversion. Here, the stretched ligand (E)-2 results in
a decreased enantioselectivity relative to the acyclic MeOBi-
phep (90 % ee), while the compressed ligand (Z)-1 exhibits
higher selectivity. In contrast to prior photoswitchable

Table 1: Summary of ligand screen in the asymmetric Heck reaction of
phenyl triflate and 2,3-dihydrofuran.?!
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Figure 1. The ee value of (S)-3a (a) and (5)-3b (b) as a function of
force for ligands used in this study. c) Irradiation of catalyst solution in
situ at 1 =365 nm yields a presumed photostationary mixture of
ligands, thus changing the selectivity in asymmetric Heck arylations.

catalysts,” (Z)-1 and (E)-2 differ in their shape but not
their electronics (o-donating ability) at the phosphorus atoms,
as indicated by the identical *'P-""Se coupling constants ('/p,
both 739 Hz) of the corresponding phosphine selenides!” and
supported by a comparison with the C,-TunePhos ligands (see
the Supporting Information).'!% This evidence suggests that
geometric/steric effects predominate, and that the contribu-
tion of the stiff stilbene moiety can be considered from
a purely mechanical point of view.

For arylation with 1-naphthyl triflate, qualitatively similar
effects are observed (Table2), with (Z)-1 yielding 3b in
60% ee (HPLC), versus only 13% ee from (E)-2. Both
reactions proceed to high conversion (ee is independent of
conversion; see the Supporting Information), although, in
contrast to the reaction with phenyl triflate, ligand distortion
now has a substantial impact on regioselectivity [for (E)-2,
3b/4b =88:12; for (Z)-1, 3b/4b=72:28; Figure 1b]. The
selectivity of Heck arylations has been attributed to two

Table 2: Summary of ligand screen in the asymmetric Heck reaction of
1-naphthyl triflate and 2 3-dihydrofuran el

OoTf
{ \} hgand Pd(OAc),
o OO benzene, iP,NEt
40°C,24h
(R 3b ()4l b

(S)-3a (S)-4a
Entry Ligand Conv. 3a/4al Total (S) (S)-3aee  Entry Ligand Conv. 3b/4bH Total (S) (S)-3b ee
(96" products [%)] [96] [96]" products [%] [96]
1 MeOBiphep 23 95:5 91 90 1 MeOBiphep 98 79:21 64 54
2 21 55 97:3 96 96 2 (21 91 72:28 63 60
3 (F)-2 95 98:2 88 79 3 (E)-2 >99  88:12 52 13
4 (E)-2+365nm 93 97:3 93 90 4 (E)-2+365nm >99  85:15 69 42

[a] Reaction carried out using phenyl triflate (1 equiv, 0.6 m), ligand
(0.06 equiv), Pd(OAc), (0.03 equiv), 2,3-DHF (5.6 equiv), iPr,Net

(3.4 equiv) in benzene at 40°C for 24 h. All values are averages of
duplicate runs. [b,c] Determined by GC. [d] Determined by GC on chiral
stationary phase (Supelco -Dex). Absolute configuration determined by
comparison with sign of optical rotation as previously reported.!**'"
Tf=trifluoromethanesulfonyl.
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[a] Reaction carried out using 1-naphthyl triflate (1 equiv, 0.6 m), ligand
(0.06 equiv), Pd(OAc), (0.03 equiv), 2,3-DHF (5.6 equiv), iPr,NEt

(3.4 equiv) in benzene at 40°C for 24 h. [b,c] Determined by GC

[d] Determined by HPLC on chiral stationary phase (Daicel CHIRALPAK
AD-H) and GC on normal stationary phase (see the Supporting
Information). Absolute configuration determined by comparison with
sign of optical rotation as previously reported.'
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sequential processes:'?! the initial irreversible insertion of
DHF at C2 into the Pd-aryl bond (which determines the total
S/R ratio at C2 in all regioisomers), and then the isomer-
ization and regiodetermining displacement of the metal to
generate either the 2,3- or 2,5-DHF product. Here, as the
natural dihedral angle of the ligand increases, selectivity of
the initial enantiodiscriminating step decreases, as reflected in
an overall decrease in the percentage of (S)-3b + (S)-4b is
obtained. Further, the wider dihedral angle slows ligand
displacement to form (S5)-3b or accelerates the insertion/B-
hydride elimination processes which lead to isomerization
and formation of the 2,3-dihydrofuran isomers 3, as evidenced
by the greater total content of 3 (both enantiomers) relative
to that of 4 with increasing ligand dihedral angle. In contrast
to the Heck arylations examined, Trost allylic alkylations
using standard substrates (Table 3) showed more modest
changes in selectivity between the ligands Z-(1) and E-(2),
thus demonstrating a lower sensitivity to the forces or
geometric changes which we are able to achieve by photo-
mechanical actuation.

Table 3: Summary of ligand screen in Trost asymmetric allylic alkyla-
tions.®

MeOOC._COOMe
]f\/\ 5a:R=Ph
RTNAR

OAc ligand, [{Pd(allyl)Cl}]
5b: R = Me

+ MeOOC._COOMe
RN R ~ CH,Cl, KOAC, BSA
RT,20h

Entry Ligand Yield [%6]! Product ee [%)]
1 MeOBiphep 98 (R)-5a 934
2 (21 95 (R)-5a 930
3 (B)-2 96 (R)-5a 910
4 MeOBiphep 96 5b 37t
5 (21 92 5b 451
6 (E)-2 96 5b 40t

[a] Reaction carried out using allyl acetate substrate (1 equiv, 0.2 M),
ligand (0.05 equiv), [{Pd(allyl)Cl},] (0.025 equiv), dimethyl malonate

(3 equiv), BSA (3 equiv), and KOAc (cat.) in CH,Cl, at RT for 20 h.

[b] Yield of product isolated after column chromatography. [c] Absolute
configuration determined by comparison with sign of optical rotation as
previously reported.? [d] Determined by HPLC on chiral stationary
phase (Daicel CHIRALPAK AD-H). [e] Determined by '"H NMR spec-
troscopy with [Eu(hfc);] chiral shift reagent. Absolute configuration not
determined. BSA = bis (trimethylsilyl)acetamide.

Importantly, the changes in reactivity are a consequence
of an applied mechanical distortion, and the relevant forces
can be quantified. Following previously described method-
ology,®8l DFT calculations at the B3LYP/6-311 4 G(d) level
of theory on complete conformational ensembles of MeOBi-
phep, with constraining potential imposed across the C atoms
of the Me groups, yielded a calibration curve which relates the
O--O bond distance to the force applied to adjacent carbon
atoms (indicated by arrows in Figure 2) for (Z)-1, (E)-2, and
(E)-2'. The O--O distance was chosen because it best
represents the pulling coordinate through which the dihedral
angle is compressed or widened by stiff stilbene. This
approach has been validated previously®™ against single-
molecule force spectroscopy datal'” in the context of gem-
dibromocyclopropane ring opening. As summarized in
Table 4, the compression of the dihedral angle in (Z)-1 to
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Figure 2. a) Constraint applied to terminal methyl groups on MeOBi-
phep generates a calibration curve (solid curve in d) of O--O distance
(dashed line) versus force. Calibration yields a compressive force of
—130 pN and an extensional force of 140 pN for (2)-1 (b) and (E)-2
(c), respectively. d) Calculated O---O distance of (2)-1 and (E)-2 plotted
on MeOBiphep calibration curve yields force values. Shaded area
illustrates the work done along the O---O between (2)-1 and (E)-2.

Table 4: Summary of geometric and force parameters of ligands used in
this study.

Ligand Photostationary  Dihedral 0--0 Force
content [%] angle [¢] distance [A] [pN]®
MeOBiphep - 97 3.77 0
2 68 83 3.36 ~130
(E)-2 23 106 3.99 140
(B)-2 9 98 3.74 —14

[a] Negative sign corresponds to compressive force.

83° requires the equivalent of 130 pN of compressive force
applied to MeOBiphep, whereas the extension of the dihedral
angle of (E)-2 to 106° would be observed if a tensile load of
140 pN were applied in the opposite direction. The highest
energy isomer, (E)-2', shows negligible distortion along the
O:--O coordinate, a minimal compressive force (14 pN), and
only 1° distortion about the dihedral angle relative to
MeOBiphep, thus illustrating that even in such fairly small
molecules the local restoring force is a better predictor of
reactivity than strain energy.”*4 The magnitude of these
forces provides a first benchmark for the design and
implementation of catalysts and catalyst platforms which
are mechanically tunable and/or switchable in situ. Interest-
ingly, although secondary to our purposes, photoswitching
also occurs in the presence of Pd(OAc), in benzene (Fig-
ure 1¢). Irradiating (E)-2 (A =365 nm, 3 W, 60 s) presumably
gives a photostationary mixture of isomers, and the ensuing
Heck reactions proceed with a selectivity which is intermedi-
ate to that of (E)-2 and (Z)-1 (Figure 1a,b).
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Looking ahead, we note that the forces required to effect
significant pertubation of the dihedral angle of (Z)-1 and (E)-
2 (A¢p=23°) are small relative to those necessary to trigger
covalent chemistry in many mechanophores whose activity
has been previously characterized.?!! In particular, similar
forces (<500 pN) are believed to be operative in the
mechanically driven ring-opening reaction of spiropyran to
merocyanine on the time scale of seconds,? and so the forces
demonstrated here are directly relevant to those experienced
by molecules in a range of material platforms.””! In such
materials, the MeOBiphep-based catalysts, and other modu-
lated mechanocatalysts might therefore provide an amplified
chemical response to localized stress and/or access to new
reversibly tunable reactions. Materials and soft devices in
which the necessary forces can be generated reversibly and
repeatedly® are especially attractive in this regard, because
of the potential to toggle between multiple active forms of the
same catalyst.
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