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ABSTRACT: Unidirectional molecular rotation based on alternating
photochemical and thermal isomerizations of overcrowded alkenes is
well established, but rotary cycles based purely on photochemical
isomerizations are rare. Herein we report three new second-generation
molecular motors featuring a phosphorus center in the lower half,
which engenders a unique element of axial chirality. These motors
exhibit unusual behavior, in that all four diastereomeric states can
interconvert solely photochemically. Kinetic analysis and modeling
reveal that the behavior of the new motors is consistent with all-
photochemical unidirectional rotation. Furthermore, X-ray crystal P
structures of all four diastereomeric states of two of these new motors PR L Wi
were obtained, which constitute the first achievements of crystallo- metastable stable

graphic characterization of the full 360° rotational cycle of over-

crowded-alkene-based molecular motors. Finally, the axial phosphorus stereoelement in the phosphine motor can be thermally
inverted, and this epimerization enables a “shortcut” of the traditional rotational cycle of these compounds.
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Thermal Helix
Inversion
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B INTRODUCTION

The complex artificial molecular machines of the future will be
built from components with tailored properties suited to their
particular function." Thus, there is a need for new functional
molecules, such as molecular motors and switches, with novel
and varied attributes for molecular engineers to draw from in

only known example of an all-photon molecular motor is one
based on the hemithioindigo chromophore, reported by Dube
and co-workers in 2018.°

Here, we report the design, synthesis, and properties of a new
second—generation7 molecular motor 1 with a Lewis-basic
phosphorus atom embedded in the lower half. Also disclosed

their designs. Overcrowded-alkene-based molecular motors,
which operate through a unidirectional rotary cycle consisting of
alternating photochemical and thermal steps (Figure 1A),” are
an appealing class of actuators for such machines because of their
ability to convert light energy into mechanical force at the
nanoscale. The design and study of a wide range of motors
utilizing this operating principle have enabled the engineering of
functional systems including dynamic metal—organic and
covalent frameworks,® hierarchical supramolecular assemblies
with artificial muscle-like function,” and liquid crystals with
rotating helicity capable of mechanically rotating microscale
objects.’

Barely explored, however, are molecular motors that rotate
through a unidirectional sequence consisting solely of photo-
chemical steps. Aside from the fundamental challenge of
orchestrating consecutive photoisomerization reactions so as
to form a rotary cycle, such all-photochemical motors could have
practical advantages over traditional molecular motors. For
example, their rotation is limited only by the light they absorb
and the quantum yield of their photoreactions, and does not
depend in the same way on the ambient temperature. So far, the
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are the gold(I) complex 2 ligated by 1, and the phosphine oxide
derivative 3 (Figure 1B). These motors feature an element of
axial chirality® that is unprecedented in molecular motors,
engendered by the tetrahedral phosphorus atom lying on the
motor’s axis of rotation. Unexpectedly, we have found that all
four of the diastereomers of motors 1—3 can be interconverted
solely photochemically, which stands in contrast to the relatively
clean-cut photochemical double-bond isomerization typical of
overcrowded alkenes. We show that photochemical intercon-
version of all four states of overcrowded-alkene-based rotary
motors is possible, and we provide strong evidence that it can be
considered all-photochemical unidirectional rotation, in that
there is a predominant sequence of isomerizations that mimics
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Figure 1. (A) Conventional rotary cycle of a second-generation molecular motor, consisting of alternating photochemical and thermal steps. (B) New
phosphine-based molecular motors 1—3, which are capable of accessing all four diastereomeric states photochemically, even at low temperatures. (C)
A unique isomerization cycle of phosphine motor 1 taking advantage of pyramidal inversion at phosphorus, which occurs at elevated temperatures.

that of the conventional rotary cycle of alternating thermal and
photochemical steps.

Also demonstrated herein is a unique isomerization cycle of
the free phosphine motor 1 in particular (Figure 1C). The
stereochemical lability of the phosphorus center allows the
configuration of the axial stereoelement to be inverted, which
converts one isomer of stable helicity (1c) directly into the other
(1a), thereby bypassing half the conventional isomerization
cycle of molecular motors.

Enabling our studies are a number of unique features of the
new motors 1—3. First, their unstable states have barriers to
thermal helix inversion (THI) large enough that the process can
be frozen out at low temperature, so that study of the
photochemical processes is not convoluted by superimposed
thermal reactions. Furthermore, the phosphorus-31 nucleus
provides an ideal handle for monitoring the evolution of the
complex photochemical reaction network by NMR. Because of
the central position of the phosphorus atom along the axis of
rotation, each of the four diastereomers of motors 1—3 has a
distinct *'P resonance.

B RESULTS AND DISCUSSION

Synthesis of New Motors 1—3. Our synthesis of the new
phosphine motor 1 (Scheme 1) begins from known acrido-
phosphine derivative 4.” Heating 4 with 2.5 equiv of Lawesson’s
reagent results in deoxysulfurization of both the ketone and
phosphine oxide groups, giving the new thioketone S. Barton—
Kellogg coupling of 5 with diazoalkane 6, generated in situ by a
standard method,7b gives thiirane 7 as a mixture of
diastereomers. Desulfurization of 7 with hexamethylphosphor-
triamine yields the phosphine motor 1 as a mixture of
diastereomers la:1c = 77:23, differing in their configuration at
phosphorus. The diastereomers 1a and 1c do not interconvert at
room temperature; they are separable by careful chromatog-
raphy, and can be obtained essentially diastereomerically pure
(>99% for 1a, >96% for 1c). Starting from 1a and 1c, gold(I)
phosphine complexes 2a and 2¢ were obtained through ligand
substitution of CIAu(SMe,). Furthermore, oxidation of 1a and
1c with hydrogen peroxide proceeds chemoselectively to yield
the corresponding phosphine oxides 3a and 3c. These
derivatizations of la and lc proceed with complete stereo-
chemical fidelity, and the relative stereochemistry of each

Scheme 1. Synthesis of Motors 1—3
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diastereomer was definitively established by X-ray crystallog-
raphy (vide infra).

The phosphine motor 1 and its derivatives 2 and 3 possess a
unique stereoelement, unprecedented in molecular motors; the
tetrahedral phosphorus atom lies on the axis of rotation of the
motor (the central alkene double bond), which introduces an
element of axial chirality of the kind encountered in alkylidene-
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Figure 2. Illustration of the axial chirality engendered by the tetrahedral
phosphorus center of motors 1—3, using (R)-1a and (R)-1c as an
example.

Table 1. Photostationary State Ratios of 2a—d as a Function
of Wavelength®

wavelength 2a 2b 2c 2d
340 nm 27 S1 8 14
365 nm 17 70 3 10
395 nm 3 97 0 <1

“Irradiation conducted in dg-THF at —20 °C starting from 2a. PSS
ratios measured by *'P NMR.

Table 2. Photostationary State Ratios of 3a—d as a Function
of Wavelength®

wavelength 3a 3b 3c 3d
36S nm 13 75 S
385 nm 4 85 3
405 nm 3 88 <1

“Irradiation conducted in dg-THF at —50 °C starting from 3a. PSS
ratios measured by *'P NMR.

cycloalkanes (Figure 2).51% The configuration of this stereo-
element can be inverted by one half-turn of the motor, and as
such, this axial chirality constitutes a unique means of
desymmetrizing the lower half of the motor, which is normally
accomplished by placing a substituent on one or the other side of
the lower half.

Photochemical Behavior of Motors 1—3. Motors 1, 2,
and 3 fit the typical pattern of second-generation motors, in that
each has four diastereomeric states, two of which are metastable
and convert to their thermodynamically more stable counter-
parts through a thermally activated helix inversion (THI), as
shown in Figure 1A. For a typical motor, irradiation of a stable
diastereomer results in double-bond isomerization to an isomer
with a metastable helix configuration, establishing a photosta-
tionary state (PSS) of the two isomers. However, investigation
of the photochemical isomerization of motors 1—3 revealed a
completely unexpected departure from this clean-cut photo-
chemical behavior.

Irradiation of either stable state of 1—3 leads to a four-
component PSS consisting of all possible diastereomeric states.
Tables 1 and 2 give the composition of PSS for motors 2 and 3,
respectively, as a function of wavelength. For both motors,
higher wavelengths increasingly favor the metastable isomers 2b
and 3b, to the point where these isomers are present almost
exclusively at 395 and 405 nm, respectively. These irradiation
experiments were conducted at low temperature (—20 °C for 2

A 2a

Pure (>99%) 2a

2b

PSS at 395 nm

T T T
16 15 14 13 12 11 10 9 8 7 6

B & (ppm)

1 — 23
041 —— PSS (395 nm)

Absorbance (au)

0.0 =+ LU Ty vy

Wavelength (nm)

Figure 3. Pure 2a and the PSS mixture after irradiation at 395 nm (—20
°C) as observed by (A) P NMR spectroscopy and (B) UV/vis
spectroscopy.

and —50 °C for 3) at which the rate of THI is negligible, and the
ratio of the four species remained constant when irradiation was
suspended. Therefore, the processes giving rise to all four
diastereomers must be solely photochemical, rather than a
mixture of thermal and photochemical reactions. Figure 3
depicts the starting point and PSS of irradiation of 2a with 395
nm as followed by P NMR and UV/vis spectroscopy. The
enantiomers of phosphine oxide motor 3a could be separated by
chiral supercritical fluid chromatography, and the absolute
configuration of the (S)-enantiomer was determined by X-ray
diffraction (vide infra). Figure 4 shows 3a and the PSS mixture
arising from irradiation at 405 nm by 31p NMR, UV/vis, and
circular dichroism spectroscopy with (S)-3a. The CD spectra
show the expected sign-inversion of Cotton effects moving from
(S)-3a to the PSS composed predominantly of (8)-3b.°

Photochemical study of the parent phosphine motor 1 is
complicated by its rapid reaction with oxygen upon UV
irradiation. This precludes the use of our standard apparatus
for NMR monitoring, from which it is impossible to exclude
oxygen to a sufficient degree. Clean photoisomerization of 1a
and 1c was accomplished by irradiation of a sample of each
isomer in rigorously degassed dg-toluene solution, prepared
through several freeze—pump—thaw cycles in a J-Young NMR
tube. Irradiation at 365 nm of either stable isomer yielded the
same mixture composed mainly of 1b (la:b:c:d = 4:92:3:<1),
consistent with the behavior of 2 and 3.

Though such atypical photochemical behavior has been
observed once before in a second-generation motor,'! the
question of whether it represents a specific predominant
sequence of isomerizations, and if such a sequence can be
considered unidirectional rotation, has never been addressed.
Recently, the group of Dube has elegantly shown that a
hemithioindigo-based alkene does in fact undergo a “photon-
only” isomerization sequence that can be considered unidirec-

https://dx.doi.org/10.1021/jacs.0c08249
J. Am. Chem. Soc. 2020, 142, 16868—16876


https://pubs.acs.org/doi/10.1021/jacs.0c08249?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08249?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08249?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08249?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08249?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08249?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08249?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08249?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c08249?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS
A 3a S S
Me l%u Me MD Me ui
Pure (>99%) 3a O I < O | O O l O
R 21 K R
PR AuCl PH Auc PR O PO
(%) (%) () ()
2a 2b 3a
b N |
PSS at 405 nm ©
fawm]) oo
3d ==
A
T T T T T T T T T O R G X
17 16 15 14 13 12 11 10 9 8 PR huci PH Auci PR O
B 5 (porm)
0.2
10, A 10, C
....... PP rratan
— — 3a 08{"* 08
g —— PSS (405 s |- s |
Y (405 nm) gos| - - 2a §OSY, 3a
e & . 26 = | 3b
_‘é’ 0.1 4 %0,4- -. . 2d %0.4 3d
o E . g |
2 024 . 0.2
< *e oo -
00-?--."',","-,‘-,-:"3',':"' Ovﬂkm B et
0 50 100 150 200 0 400 800 1200 1600 2000
time (min) time (min)
0.0 1.0 B . 10, D
300 350 400 AT { ST
Wavelength (nm) 08 e 081, OV e e
C 20- c o & s | P
o Fa 5 2a Sg6l % s 3a
goss ™y [ b & [ W7 3b
— (S)-3a 8 {7 N/ g [ ¥
© 04 ¢ @o04f N, 3c
10 - PSS (405 nm) —g i Y 2d 8 |5 3d
! 024
02 ¢ i< \ﬁp‘vf-’a‘—
5 0.0 e — e PSP 0 peetm ey s =
04 0 200 400 600 800 1000 0 200 400 600 800
time (min) time (min)
Wavelength (nm
- gth (nm) Figure S. Photokinetic profiles of approach to PSS from (A) 2a
irradiated with 395 nm at —20 °C, (B) 2c irradiated with 395 nm at —20
°C, (C) 3a irradiated with 405 nm at —50 °C, and (D) 3c irradiated
20 with 405 nm at —50 °C. In the runs starting from 2a and 3a (panels A

Figure 4. Pure 3a and the PSS mixture after irradiation at 405 nm (—50
°C) as observed by (A) 3P NMR spectroscopy, (B) UV/vis
spectroscopy, and (C) CD spectroscopy from enantiopure (S)-3a.

tional rotation. This was established through Markov chain
analysis of the absolute rates (derived from individually
measured quantum yields) for all of the possible isomerizations.’
Such an analysis is not possible in our case because unlike Dube’s
motor, only two of the four diastereomers (a and c) of motors
1-3 are thermally stable and isolable."”

Nevertheless, we were able to exploit two key features of our
system to gain insight into the relative rates of the various
processes at play. First, because the PSS of photoisomerization
of motors 2 and 3 can be pushed to a single predominant isomer
(2b and 3b) through the choice of wavelength, the photokinetic
profile of approach to these end states can be especially
revealing. Second, each diastereomer of 2 and 3 presents a single,
distinct phosphorus resonance, allowing the processes to be
accurately followed by *'P NMR spectroscopy. Samples of 2a
and 2c¢ in dg-THF were irradiated at 395 nm through a fiber-
coupled LED while inserted in an NMR probe at —20 °C. Under
these conditions, 2a appeared to convert directly to 2b, with
small amounts (<2%) of 2d appearing as the PSS was
approached (Figure SA); thus, the dominant photoisomeriza-
tion of 2a appears to be double-bond isomerization to form 2b,
with subsequent transformations giving rise to a small steady-
state concentration of 2d.

16871

and C, respectively), isomers 2c and 3¢ remained below the detection
limit throughout the run.

In contrast, when 2c is irradiated under the same conditions,
2b is not formed directly, but rather as the product of an
apparent sequence of isomerizations involving 2d and 2a as
intermediates (Figure SB). Similar to the case of 2a, the most
rapid transformation of 2c is double-bond isomerization,
yielding 2d as the first intermediate; thus, in the initial phase,
the concentration of 2c¢ falls rapidly, while the concentration of
2d rises to a maximum of ~70% of the mixture. Subsequently, 2a
builds up and reaches its own maximum as 2d is consumed.
Then, the concentration of 2a declines after its peak, while 2b
assumes its status as nearly the sole isomer present at PSS. Note
additionally the sigmoidal shape of the curve for 2b, which
indicates a lag time in its formation. Overall, this time course has
the familiar and classic profile of a series of consecutive
reactions,'>** pointing to the sequence 2c-2d-2a-2b as the
predominant trajectory of the system. This sequence corre-
sponds to a net unidirectional rotation of the motor exclusively
through photochemical isomerization steps.

The photokinetic behavior of oxide motor 3 is similar in
several respects. Irradiation of the stable isomer 3a at 405 nm
(dg-THF, —50 °C) apparently yields 3b directly (Figure SC)
through double-bond isomerization, after which the concen-
tration of 3b approaches its lower PSS concentration asymptoti-
cally. The approach of the system to PSS starting from 3c is
qualitatively similar to the behavior of 2c (Figure SD); initial

https://dx.doi.org/10.1021/jacs.0c08249
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Figure 6. Optimized kinetic models and simulated time courses (solid
lines) overlaid with experimental photokinetic data (open circles)
starting from 2a (A), 2¢ (B), 3a (C), and 3c (D).

Table 3. Rates and Activation Parameters for Thermal Helix
Inversion of 1b, 2b, 2d, 3b, and 3d“

metastable compound  product ), (25 °C,h) AG* (25 °C, keal/mol)

1b 1c 37.9 24.68 + 0.0S
2b 2c 30.3 24.54 £ 0.10
2d 2a 12.1 24.0 £ 0.08
3b 3c 5.4 23.53 + 0.02
3d 3a 15.2 24.14 £ 0.08

“Rates determined by *'P and '"H NMR monitoring of THI in d-
toluene (1b) or dg-THF (all others) at 25—5S5 °C (see Supporting
Information for details).

rapid conversion to 3d implicates photochemical double-bond
isomerization as by far the fastest initial process. However, as 3d
is consumed, no clear maximum is observed for 3a; instead, its
concentration initially rises and then remains level, which
implies a kinetic steady state.

Kinetic Modeling. To glean more quantitative insight into
the reaction trajectories depicted in Figure S, and to test whether
the observed trajectories can really be explained by a
predominantly unidirectional cyclic isomerization sequence,
we have employed the techniques of reaction network modeling.
We considered a model involving the eight possible isomer-
izations around the periphery of the square depicted in Figure
1B; that is, interconversion of isomers a and b, b and ¢, c and d,
and d and a. The transformations of motors 2 and 3 appear to be
well-approximated as systems of first-order reactions, so we have

considered them as such, and assumed a constant photokinetic
factor in our models.' '

Figure 6 depicts the optimized models and their predicted
trajectories, overlaid on the observed time courses. The fitting
procedure was applied to the feature-rich time courses starting
from 2c¢ and 3¢, and in both cases converged on a model that
reproduces the observed concentration—time curves for all
species very well. The measured time courses starting from 2a
and 3a pose an important test for our optimized models; if the
models simulated from these different initial conditions
reproduce the measured data, it would serve as independent
validation. Indeed, the model reproduces the shape of the curves
quite well, though the simulations appear to converge slightly
faster or slower than the measured data. This can be accounted
for by the inconsistent light intensity reaching the sample
between different experiments, which cannot easily be stand-
ardized with our fiber optic NMR irradiation apparatus.

The conventional rotary cycle involving THI implies a
sequence proceeding alternately through stable and less-stable
states; in principle, an all-photochemical isomerization manifold
could involve direct interconversion of one stable state into
another, or one metastable state into another. The models
depicted in Figure 6 do not consider interconversion of isomers
b and d, or a and ¢, which would involve an extreme geometric
change within a single photochemical step. We cannot rule out
with the current data whether these transformations are feasible
or contribute at all to the overall kinetic behavior of 2 and 3.
However, our experimental data and modeling indicate that
direct interconversions of b and d or a and c¢ is not involved.
Analytical treatment of the photokinetics of motors 2a and 2c
can also rule out acyclic networks for 2, because they cannot
accommodate the observed features of the time courses (see
Supporting Information).

Rates of Thermal Helix Inversion. Kinetic barriers and
half-lives at room temperature for THI of unstable motors 1b,
2b, 2d, 3b, and 3d are given in Table 3 (see Supporting
Information for measurement details). The activation parame-
ters for these processes are within the normal range for second-
generation motors in which the alkenes are flanked by two six-
membered rings.”” The room-temperature rate constants, which
correspond to the maximum rate of rotation under ideal
irradiation conditions, range from 1.8 X 102 t0 1.3 X 107! s7L,
Importantly, the rates for all of these thermal processes are far
too small to play any role in the photoisomerization studies at
low temperature described above.

Crystallographic Characterization of 2 and 3. The gold-
complexed motors 2 and phosphine oxide motors 3 crystallize
readily. This has enabled, for the first time, the crystallographic
characterization of all four isomers of members of this class of
molecular motors. Previously, only two second-generation
motors have been crystallized in a metastable helix config-
uration,”"” and only one of these two has the central double
bond flanked by two six-membered rings as in 1-3.” No
overcrowded-alkene-based molecular motor of the first-,
second-, or third-generation types pioneered by our group has
ever been crystallized in all of the diastereomeric states
constituting its rotary cycle."® Our crystallization of compounds
2a—d and 3a—d triples the number of structurally characterized
metastable second-generation motor isomers, greatly increasing
the structural information available on these strained com-
pounds.

The compounds of stable helix configuration (2a, 2¢, 3a, and
3c) were easily crystallized from dichloromethane/pentane
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Figure 7. X-ray structures of gold complexes 2a—d and phosphine oxides 3a—d. Thermal ellipsoids at 50% probability level. Co-crystallized solvent
molecules omitted for clarity.

Table 4. Selected Bond Metrics for Compounds 2a—d and 3a—d“

2a 2b 2c 2d 3a 3b 3c 3d
C(1)—C(15) 1.350(6) 1.349(5) 1.352(4) 1.351(4) 1.350(3) 1.349(3) 1.352(3) 1.353(2)
D, 11516 —-0.7(8) —1.2(6) 0.5(5) —3.4(5) 3.1(3) 2.3(3) —1.9(4) 0.2(2)
D3y 1507 —2.3(8) —5.2(6) 4.7(5) -6.7(4) —-0.2(3) 8.0(3) 2.0(4) —5.4(2)
twist angle @ 1.5(6) 3.2(4) 2.6(4) 5.1(3) 1.7(2) 52(2) 2.0(3) 2.8(1)
helical pitch 4.682(3) 4.328(2) 4.2445(15) 4.3768(15) 4.2493(12) 4.0098(10) 4.3414(14) 4.2115(8)
£C(2)-C(1)-C(13) 112.8(3) 106.6(3) 111.1(2) 107.3(2) 113.36(18) 107.28(15) 112.37(18) 107.56(11)
£C(2)—C(1)—C(15) 124.9(4) 128.7(3) 123.9(2) 131.0(2) 123.69(19) 129.81(17) 124.9(2) 130.28(13)
£C(13)—C(1)—C(15) 122.3(4) 124.7(3) 124.9(3) 121.6(2) 122.89(19) 122.90(17) 122.6(2) 122.06(12)
sum 360.0(6) 360.0(5) 359.9(4) 359.9(4) 359.9(3) 359.99(28) 359.9(3) 359.90(21)
£C(16)-C(15)—-C(27) 112.7(3) 113.1(3) 113.1(2) 112.1(2) 112.41(18) 113.67(15) 113.71(18) 113.27(12)
£C(16)—C(15)—C(1) 123.5(4) 125.1(3) 124.1(3) 126.7(2) 124.14(19) 125.16(17) 124.1(2) 125.99(13)
£C(27)—-C(15)—-C(1) 123.8(4) 121.7(3) 122.9(2) 121.1(2) 123.44(19) 121.06(16) 122.2(2) 120.73(13)
sum 360.0(6) 359.9(5) 360.1(4) 359.9(4) 359.99(32) 359.89(28) 360.0(3) 359.99(22)
folding angle @y 120.6(2) 132.87(18) 129.24(14) 123.30(12) 121.62(10) 133.79(9) 126.97(12) 132.22(7)
P—Au 2.2316(11) 2.2266(9) 2.2277(7) 2.2274(7)
£P—Au—Cl 172.99(5) 178.22(3) 179.56(3) 176.01(3)
P=0 1.4949(16) 1.4921(13) 1.4877(16) 1.4874(10)

“All data collected at 100(2) K. ®,,.,., denotes the dihedral angle between the two planes defined by atoms w-x-y and x-y-z. The twist angle @ is
defined as the average of @, | 5 and @,5.1.5,7. The helical pitch is defined as the distance between the centroids of rings C(7—12) and C(22—
27). The folding angle @y is defined as the dihedral angle between the two average planes of rings C(16—21) and C(22—27). Bonds are given in

angstroms and angles in degrees.

solvent mixtures. Metastable compounds 2b and 3b were
crystallized from the photostationary mixtures generated
through irradiation at 395 and 405 nm, respectively, and 2d
and 3d were crystallized from mixtures enriched in these
isomers, prepared by timed irradiation of 2¢ and 3¢, respectively.
The irradiations were conducted in THF solution, after which
the solvent was removed, and the residue was re-dissolved in
dichloromethane, then either layered with pentane or allowed to
stand in a sealed chamber under pentane vapors.

ORTEDP representations of compounds 2a—d and 3a—d are
shown in Figure 7, and selected metrics are given in Table 4. We
discuss here some noteworthy structural features.'” The length
of the central double bond of all eight compounds is almost

16873

invariant, each alkene deviating from the average of 1.351 A by at
most 0.002 A. In all eight structures, both carbon atoms of the
central alkene are very close to ideal planarity, as indicated by the
sum of their bond angles, which in all cases falls between 359.9°
and 360.1°.

Inspection of the individual alkene bond angles, however,
reveals a significant in-plane distortion associated with the
unstable helix configuration. In the more-stable diastereomers,
each olefinic carbon has a somewhat contracted endocyclic
C(2)—C(1)—C(13) bond angle (112.0° on average), while the
exocyclic bond angles C(2)—C(1)—C(15) and C(13)—C(1)—
C(15) are each expanded in roughly equal measure (124.4° and
123.6° on average, respectively). All four of the less-stable
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Scheme 2. “Shortcut” Cycle of Motor 1 through Phosphorus
Inversion

hv (365 nm)
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Keqt= 7é1§2h 42°C  thermal
) 112 t.~4h helix
pyramidal 172 inversion
S.

diastereomers, however, exhibit a substantially greater exocyclic
bond angle C(2)—C(1)—C(15) on the side of the allylic methyl
substituent (129.9° on average), which is compensated by a
compression of only the endocyclic bond angle (107.0° on
average). This deformation is attributable to greater nonbonded
interactions in the less-stable isomers between the allylic methyl
group and the proximal aromatic ring in the lower half: in the
less-stable isomers, the allylic methyl group adopts a pseudo-
equatorial position and unavoidably clashes with the lower half,
while in the more stable isomers the methyl group is pseudo-
axial.

All of the structures have some modest twisting about the
central alkene double bond. Within each set of four
diastereomers of motors 2 and 3, the diastereomers of unstable
helicity exhibit greater twisting than the stable diastereomers, as

measured by the twist angle @ (see caption of Figure 7 for
definition). Intriguingly, the twist angle in the less-stable
diastereomers appears to correlate with their rate of THI
(Table 3); alkene 2d (® = 5.1(3)°) is more twisted than 2b
(@ = 3.2(4)°), and is correspondingly the faster of the pair.
Likewise, alkene 3b (® = 5.2(2)°) is more twisted than 3d (P
= 2.8(1)°), and is also the faster of the pair.

The Au—P bond lengths of gold complexes 2 are more or less
constant and very close to the typical value (2235 A in
Ph;PAuCl).”” The large atomic radius of gold engenders
considerable steric congestion between the AuCl fragment and
the aromatic moiety of the upper half in 2a in particular, which
manifests in an unusually large helical pitch compared to 2b—d
and a somewhat bent P—Au—Cl bond angle of 172.99(5)°. The
P—O bond lengths in all of phosphine oxides 3a—d are nearly
equal and close to the typical value (~1.49 A for Ph,P=0).”"

A “Shortcut” Isomerization Cycle Taking Advantage of
Phosphorus Inversion. Finally, we note a unique feature of
motor 1 in particular, which provides an unprecedented
opportunity to regulate the rotary cycle. It is well known that
trivalent phosphorus compounds can undergo pyramidal
inversion, but the activation energy for this process is generally
between 30 and 35 kcal/mol, so the rate is negligible near room
temperature.”””” Indeed, although the chiral axes of motors 1a
and 1c are configurationally stable at room temperature, they
interconvert by pyramidal inversion at elevated temperatures to
reach an equilibrium favoring isomer 1a by a ca. 4:1 ratio at 100
°C (Scheme 2).”* Eyring analysis gave a free energy of activation
of AGF = 282 + 1.3 kcal/mol for the conversion of 1c to 1a,
which is near the expected range for a triarylphosphine.

Because pyramidal inversion converts one diastereomer of
stable helicity directly to the other stable diastereomer, it is
possible to bypass half the conventional rotational cycle through
this process. Thus, the configurational lability of the chiral axis of
1 at elevated temperatures enables a new rotational cycle that is

1a 1c

1b 1b 1a 1d 1c

1 I

T T T T T T T T T T T T T

— T .
42 40 38 36 34 32 30 28 26

1H NMR

T

T T | I B — T T T T
24 2.2 -20 -21 -22 -23 -24 -25 -26 -27

31p NMR 8 (ppm)

Figure 8. A full transit through the “shortcut” cycle involving pyramidal inversion of motor 1, monitored by 'H and *'P NMR. Top to bottom: (a) lain
dg-toluene, (b) after irradiating with 365 nm light for 11 min at room temperature, (c) after subsequent heating at 42 °C for 36 h, and (d) after heating

at 100 °C for 24 h.
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unique among molecular motors: irradiation of la leads
predominantly to 1b, THI of 1b gives 1c at modestly elevated
temperature, and increasing the temperature further establishes
an equilibrium favoring 1a, which closes the cycle.

Figure 8 depicts one full transit through this novel
isomerization cycle, as followed by 'H and *'P NMR. Starting
from 1a in rigorously degassed dg-toluene solution (panel a),
irradiation at 365 nm for 11 min at room temperature yields a
mixture heavily favoring 1b (1la:b:c:d = 4:92:3:<1), which is
most readily discerned by the typical upfield shift of the allylic
proton as it moves from a pseudo-equatorial position in 1a to a
pseudo-axial one in 1b (panel b). Gentle heating of this mixture
at 42 °C for 36 h converts 1b completely to 1c via THI (panel c).
Finally, more vigorous heating at 100 °C for 24 h induces
phosphorus inversion of ¢, establishing an equilibrium favoring
1a by nearly a factor of 4.

This unprecedented isomerization cycle is enabled by the
unique element of axial chirality present in motors 1 and the
semi-lability of the phosphorus center on which it is based. This
novel concept could form the basis for the design of new
molecular motors with a similar chiral axis but alternative, more
facile modes of configurational inversion.

B CONCLUSION

We have reported here the synthesis and characterization of
three new second-generation molecular motors with unique
axial chirality. We have shown for the first time that
photochemical interconversion of all four diastereomeric states
of such second-generation motors may be a rather general
phenomenon, and experimental data supported by kinetic
pathway calculations are consistent with all-photochemical
unidirectional rotation. Finally, a unique three-stage photo-
chemical—thermal—thermal isomerization cycle was found
involving inversion of configuration of an axial chiral phosphorus
stereoelement. Further work is aimed at precisely outlining the
scope and uncovering the origin of this unusual behavior, and in
particular elucidating the nature of the excited-state pathways at
work.
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