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Selective E to Z isomerization of 1,3-Dienes Enabled
by A Dinuclear Mechanism
Eiji Kudo1, Kota Sasaki1, Shiori Kawamata2, Koji Yamamoto1 & Tetsuro Murahashi 1✉

The E/Z stereocontrol in a C=C bond is a fundamental issue in olefin synthesis. Although the

thermodynamically more stable E geometry is readily addressable by thermal Z to E geo-

metric isomerization through equilibrium, it has remained difficult to undergo thermal geo-

metric isomerization to the reverse E to Z direction in a selective manner, because it requires

kinetic trapping of Z-isomer with injection of chemical energy. Here we report that a dinuclear

PdI−PdI complex mediates selective isomerization of E-1,3-diene to its Z-isomer without

photoirradiation, where kinetic trapping is achieved through rational sequences of dinuclear

elementary steps. The chemical energy required for the E to Z isomerization can be injected

from an organic conjugate reaction through sharing of common Pd species.
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The E/Z stereocontrol of a C=C moiety has been a central
issue in olefin chemistry. Significant efforts have been made
to obtain the thermodynamically less stable Z-alkenes as a

kinetically preferred product, because Z-alkenes are contained in
many natural products, biologically active molecules, and syn-
thons for organic synthesis1,2. Several bond-construction methods
have been developed to obtain Z-alkene selectively, such as syn
1,2-adition to alkynes, stereoretentive cross-coupling using Z-vinyl
reagents, Z-selective olefin metathesis, modified Wittig reactions,
and Z-selective double bond migration3–10. In view of the fact that
an E/Z mixture of alkenes in which a thermodynamically more
stable E-alkene is the major isomer can be readily obtained by a
common alkene construction method such as the Wittig reaction,
the E to Z geometric isomerization may also become a powerful
method to address to Z-alkenes. Despite its potential usefulness,
however, the E to Z geometric isomerization of alkenes is not
straightforward. Although photoirradiation of several alkenes
leads to the E to Z isomerization1,11–13, Z stereoselection under
photoirradiation is sometimes incomplete, mainly because a
photochemical E/Z ratio depends on a photostationary state
derived from an excited state structure1,14,15. Moreover, it has
been difficult to undergo E to Z geometric isomerization without
photoirradiation, because an equilibrium of a reversible E/Z iso-
merization lies largely to the side of E-alkenes (Fig. 1a). The claims
that thermal E to Z isomerization of 1,3-dienes proceeds in the
presence of a cobalt catalyst16 have proven erroneous recently.
There has been no rational mechanism that allows kinetic trap-
ping of Z-alkenes through a thermal E/Z isomerization. For
example, E/Z geometric isomerization of alkenes is efficiently
mediated or catalyzed by a transition metal hydride ([M]−H)17,
where the production of Z-alkenes is disfavored due to the diffi-
culty of kinetic discrimination of one of two diastereotopic β-H
atoms during β-H elimination10, in addition to the rapid rever-
sibility of migratory insertion and β-H elimination (Fig. 1b). Any
other established mechanisms involving transition metal species
such as (allylic C–H oxidative addition)-(reductive elimination),
(allylic C–H radical abstraction)-addition, and (nucleophile/elec-
trophile addition)-elimination18–21 also preferentially gives E-
alkene over Z-alkene. It is noted that even a technique using 1,2-
addition and 1,2-elimination reactions has been considered as a
formal E to Z isomerization, in which an E-alkene is initially
converted to an isolable C–C single bonded organic product
through syn (or anti) addition, and then 1,2-anti (or syn) elim-
ination reaction gives a corresponding Z-alkene22–24. Thus, it is
highly desirable to develop a mechanism that enables straight-
forward, selective E to Z geometric isomerization of alkenes.

We envisioned that a dinuclear M–M bonded species might
promote E to Z isomerization through a rational mechanism. Our
strategy is based on the following hypotheses; i) an M–M bonded
species that can accommodate alkenes at its semi-bridging or
bridging coordination site undergoes stereoretentive syn addition
to an E-alkene, ii) subsequent stereoinversion at the α-carbon
center of the dimetalated intermediate generates the Z-equivalent
intermediate, that then gives Z-alkene selectively via dinuclear syn
elimination, and iii) as an alternative to ii), dinuclear anti elim-
ination from the syn addition product gives Z-alkene selectively
(Fig. 1c). Concerning the pathway i)→ii), the previous stereo-
chemical study by our group proved that the dinuclear addition
and elimination of a Pd–Pd moiety to/from 1,3,5-trienes occur in
a highly stereoretentive (syn) manner, although the stereoinver-
sion in a bi-π-allyl dinuclear adduct is very slow in the absence of
Pd0 impurities25. If the stereoinversion at the α-carbon center
occurs reversibly, the Z-equivalent intermediate is expected to
become a major component because the metal moieties, which
are usually the most sterically demanding groups, prefer an
antiperiplanar conformation with a transoid R1–C–C–R2

geometry (Fig. 1c). The pathway i)→iii) may be considered when
the stereoinversion at the α-carbon center is very slow or inac-
cessible, although the selective dinuclear anti elimination giving
Z-alkenes has not been reported. When synthetically important
1,3-dienes are used as the alkene substrate, these mechanisms
involve dimetallated intermediates having either η1-σ-M or η3-π-
M (Fig. 1d)26,27.

Here, we report that a dinuclear PdI–PdI complex has the
ability to mediate selective isomerization of E-1,3-diene to its Z-
isomer without photoirradiation. We demonstrate that the
sequence of dinuclear elementary steps involving either pathway
i)→ii) or i)→iii) provides a rational way to obtain Z-1,3-dienes.
Furthermore, we also show that the chemical energy required for
the E to Z isomerization can be injected from an organic con-
jugate reaction through sharing of common Pd species, making
the net process exergonic (Fig. 1a).

Results and discussion
A sequence of dinuclear addition, stereoinversion, and syn
dinuclear elimination. We employed a dinuclear PdI–PdI bon-
ded complex [Pd2(CH3CN)6][BF4]2 (1)28, which shows high
reactivity with unsaturated hydrocarbons. We chose 1,3-dienes as
the alkene substrate, not only because 1,3-dienes become useful
starting substrates for many synthetic applications, but also
because 1,3-dienes are smoothly introduced to the bridging
coordination site of a dinuclear Pd–Pd27,29–32. We found that the
reaction of 1 with either methyl E-5-methylhexa-2,4-dienoate (E-
2) or its Z-isomer (Z-2) immediately gave an equilibrium mixture
of transoid-antifacial and cisoid-antifacial isomers of the dinuc-
lear adducts [Pd2(μ-η3:η1-mmd)(CH3CN)5][BF4]2 (3, mmd =
methyl 5-methylhexa-2,4-dienoate) in a 92:8 molar ratio at 25 °C.
The molar ratio of 3-transoid-antifacial:3-cisoid-antifacial
reached 95:5 at −25 °C (Fig. 2a). The structures of these iso-
mers were assigned by 1H-NMR and 13C-NMR analyses, where
the vicinal coupling constant JH3–H4 of the transoid-antifacial
isomer (JH3–H4= 10.4 Hz) is larger than that of cisoid-antifacial
one (JH3–H4= 6.8 Hz), and the η1-bound 13C atom, which is
located at the α-position with respect to the COOMe group,
appeared at the high-field region (δ = 31 ppm for 3-transoid-
antifacial). The molecular structure of the major isomer 3-
transoid-antifacial was confirmed by X-ray structure analysis
(Fig. 2b). The η3-bound Pd1 atom and the η1-bound Pd2 atom
are antiperiplanar with each other, and the conformation around
the C3–C4 bond is transoid. The C3–C4 bond length (1.446(12)
Å) is longer than those of C1–C2 (1.413(11) Å) and C2–C3 (1.385
(11) Å) due to its single bond character. The minor production of
3-cisoid-antifacial after the dinuclear addition to E-2 indicated
that the stereoinversion of the dinuclear adduct 3 proceeded
rapidly. That is, the syn dinuclear addition of 1 with E-2 initially
gives 3-cisoid-antifacial, and subsequent stereoinversion occurs
through the π–σ–π interconversion of the η3-allyl Pd moiety33,34,
giving the thermodynamically more stable 3-transoid-antifacial
in rapid equilibrium (Fig. 2c). As mentioned below, it was con-
firmed that the dinuclear addition of 1,3-diene to the Pd–Pd
moiety proceeds in a stereoretentive (syn) manner when
employing a 1,4-disubstituted 1,3-diene as the reactant. The
theoretical calculations supported the relative stability of the
dinuclear addition products; i.e., 3-transoid-antifacial is more
stable by ΔG= 6.9 kJ/mol than 3-cisoid-antifacial; cf. Z-2 is in
higher energy by ΔG= 8.3 kJ/mol compared to E-2.

We then examined the kinetic trapping of Z-2 from 3-transoid-
antifacial through syn elimination (Fig. 2d), although the rapid π–σ–
π allyl-Pd interconversion can cause elimination of E-2 via the
reverse way of the formation of 3-transoid-antifacial from E-2. Bis
(diphenylphoshino)methane (dppm) has been used as a good
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dinuclear eliminating reagent owing to its bridging coordination
ability25,35, but addition of dppm to 3-transoid-antifacial showed
poor Z-selectivity (E:Z= 80:20). Addition of PPh3 gave only E-2. P
(OPh)3 showed improved but moderate Z-selectivity. Iodide also
induced elimination of 2 with a moderate Z-selectivity (E:Z= 49:51),
while 1,3-diene elimination with chloride or bromide was sluggish.
We then examined the trans-olefination. Norton et al. previously
revealed that the reversible trans-olefination of
the diosmacyclobutane complex Os2(μ-η1:η1-C2H4)(CO)8 proceeds
in a stereoretentive manner36,37. Our group also reported that the
trans-olefination of the μ-η3:η3-1,3,5-triene Pd2 adduct with a linear
1,3,5-triene proceeds in a stereoretentive manner25. Although
initial attempts of trans-olefination using 1,6-diphenyl-1,3,5-hexa-
triene gave only E-2, the use of 1,3,5-cycloheptatriene gave much
better Z-selectivity (E:Z= 18:82). The trans-olefination with 1,3,5,7-
cyclooctatetraene (COT) appeared to give a nearly perfect Z-
selectivity (E:Z= 4:96) at −30 °C from the 95:5 mixture of the
dimetallated intermediate 2. The 1H NMR analysis showed
that [Pd2(μ-η3:η3-COT)(CH3CN)4][BF4]2 (4)38 was formed after
the trans-olefination with COT. By using the present method, the Z-
isomer of 2 and several other 1,3-dienes 5-8 having an ester group at
one of the diene termini were obtained conveniently in 71–83%
yields from the corresponding pure E-isomer (Fig. 2e). Typically, Z-2
was obtained by treatment of E-2 with 1 for 30min at room
temperature in CH3NO2 and subsequent addition of COT (2 equiv)
at −30 °C for 15min, where the Pd complex 4 can be easily removed
by filtration after pouring the reaction mixture into Et2O, gave a
crude product containing E-2:Z-2= 9:91. It is noted that the
observed high Z-selectivity is in contrast to the relatively lower
selectivity of a previously reported photoinduced isomerization of 2;
e.g., E-2:Z-2= 40:60 from E-2 after irradiation with ultraviolet (UV)-
light (254 nm)39. By using the present method, terminally aryl
substituted dienes Z-9 and Z-10 were formed in low Z-selectivity
(Fig. 2e) probably due in part to the concomitant formation of more
than one dinuclear addition product; i.e., we observed unidentified
isomers of the dinuclear adducts for these dienes by 1H NMR
monitoring experiments.

A sequence of syn dinuclear addition and anti-dinuclear
elimination. According to the mechanism shown in Fig. 2a, the
E to Z isomerization of 1,4-disubstituted 1,3-dienes is not
straightforward, because the corresponding dinuclear addition
intermediate unlikely undergoes stereoinversion through π–σ–π
allyl interconversion that accompanies the exchange of the
syn/anti-substituents at the terminal η3-allyl moieties. In fact, it was
confirmed that addition of 1 to the (2E,4E)- or the (2Z,4E)-isomer
of methyl 5-phenylpenta-2,4-dienoate (11) in a CD3NO2-CD3CN
solution (v/v= 9/1) proceeded in a highly stereospecific (syn)
manner, yielding the transoid-antifacial or cisoid-antifacial dinuc-
lear adduct [Pd2(μ-η3:η1-mpd)L5][BF4]2 (12-cisoid-antifacial or
12-transoid-antifacial, mpd = methyl 5-phenylpenta-2,4-dieno-
ate) (Fig. 3a). The structure of each isomer of 12 was identified by
the 1H NMR analysis, where the vicinal H3–H4 coupling constant
of the transoid isomer (JH3–H4= 10.4 Hz) is larger than that of the
cisoid isomer (JH3–H4= 6.0 Hz). We then examined the direct
anti elimination from the E-equivalent intermediate 12-cisoid-
antifacial that may give (2Z,4E)-11. For the anti elimination, we
focused on the free-radical-induced metal elimination, since it is
known that a metal–carbon bond undergoes homolysis by addition
of radical species40–42. The double homolysis of the C–Pd bonds
proceeded by addition of 2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPO) (2 equiv) to 12-cisoid-antifacial in CD3NO2-CD3CN
(v/v= 9/1) at −30 °C, giving (2Z,4E)-11 (76% yield, (2E,4E)-11:
(2Z,4E)-11= 24:76), where the mononuclear TEMPO-adduct [Pd
(η2-TEMPO)(CH3CN)2][BF4] (13) was concomitantly formed

(Fig. 3a). The TEMPO adduct 13 was isolated upon treatment of 1
with TEMPO in 91% yield, and its structure was determined by X-
ray structure analysis (Fig. 3b). The observed Z-selectivity indicated
that association of TEMPO to each PdII center in 12-cisoid-
antifacial and subsequent Pd–C bond cleavage occurs with con-
servation of the cisoid geometry. The partial loss of the stereo-
chemistry may be caused by the TEMPO-induced elimination
mechanism, where a palladium moiety could eliminate in a step-
wise manner. We confirmed that the treatment of 12-transoid-
antifacial with TEMPO gave (2E,4E)-11 selectively (Fig. 3a). It is
noted that treatment of 12-transoid-antifacial with COT resulted
in the quantitative recovery of (2Z,4E)-11. For the preparative
scale, in-situ-generated 12-cisoid-antifacial in CH3NO2–CH3CN
(v/v= 95/5) from pure (2E,4E)-11 was treated with TEMPO (4
equiv) at −20 °C to give (2Z,4E)-11 in 56% yield (Fig. 3c). Other
1,4-disubstituted (2E,4E)-dienes such as 14, 15, and 16 were also
isomerized to the corresponding (2Z,4E)-isomers in 27–64% yields
(Fig. 3c). It was reported that UV-irradiation of (2E,4E)-11 at 313
nm gives a mixture of possible four isomers (2E,4E), (2Z,4E),
(2E,4Z), and (2Z,4Z)-11 with low selectivity (18:16:34:32)39.

Injection of chemical energy through conjugate reactions.
Finally, we demonstrated that the concept of conjugate reactions is
applicable to the present E to Z isomerization of 1,3-diene, where
the required chemical energy is injected from a coupled reaction by
sharing of a common metal species (Fig. 1a). In biological systems,
many endergonic chemical reactions are operated by energetic
coupling with an exergonic reaction such as ATP-hydrolysis, that
makes the net reaction system exergonic43. However, it is rare that
the concept of the conjugate reaction system is applied to the
reaction-design of artificial metal mediated-hill or catalyzed up-hill
organic transformations. Although the above mentioned E to Z
isomerization of 2 is driven thermodynamically by the organo-
metallic complexation reaction of 1 with COT to yield the complex
4, a conjugate reaction system in which the E to Z isomerization is
energetically coupled with a downhill reaction (A+ B→C+D in
Fig. 1a) could give a net exergonic system. Furthermore, regen-
eration of 1 after the coupled down-hill reaction is highly desirable.
We developed the oxidative double amination of COT by using 1
for the organic coupled reaction. The reaction of 4 with a sec-
ondary amine such as pyrrolidine (2 equiv) at 0 °C in the presence
of dibenzylideneacetone (dba) (5 equiv) gave a disubstituted 9-aza-
barbaralane (17)44 (58% yield) and Pd2(dba)3 (18)45–47 (71%
yield) (Fig. 4a). The molecular structure of the fluxional molecule
17 was confirmed by X-ray structure analysis (Fig. 4b). The for-
mation of 17might involve the nucleophilic amine-attack at one of
the η3-allyl moieties in 4, subsequent deprotonation, intramole-
cular nucleophilic attack at the central carbon of the remaining
η3-allyl moiety, and reductive elimination. The resultant Pd0

complex 18 can be converted to the PdI–PdI complex 1 in 90%
yield by treatment with [Cp2Fe][BF4] in CH3CN–CH2Cl2 at room
temperature (Fig. 4a), although the selective synthesis of a PdI2
complex by one-electron oxidation of Pd0 or one-electron reduc-
tion of PdII has been rarely reported48. Thus, merging the up-hill E
to Z isomerization of 1,3-diene and the downhill oxidative double
amination of COT gave a net exergonic conjugate reaction system,
where delivery of the PdI–PdI species or its equivalent from one
reaction to another gives a closed cycle (Fig. 4a).

For the anti elimination mechanism, the downhill oxidative
protonation reaction of TEMPO becomes the coupled reaction
for the up-hill E to Z alkene isomerization of 11. That is,
protonation of the TEMPO-adduct 13 with HBF4·Et2O in
CH3CN afforded [Pd(CH3CN)4][BF4]2 (19)49 in 80% yield with
the elimination of [TEMPOH2][BF4] (20). The PdII complex 19
was then reduced with Cp2Fe in CH3CN to give 1 in 97% yield.
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In summary, we have described E to Z isomerization of 1,3-
dienes mediated by the dinuclear M–M bonded species. The E→
Z stereocontrol can be achieved by a rational dinuclear
mechanism that allows kinetic trapping of Z-1,3-diene. Further-
more, the concept of the conjugate reaction system demonstrated
in this work may provide a basis to promote the metal-mediated
up-hill organic transformation through energetic coupling with
an exergonic reaction.

Methods
General procedure. All manipulations were conducted under a nitrogen atmo-
sphere using standard Schlenk or drybox techniques. Unless specified, all reagents
were purchased from commercial suppliers and used without purification. Solvents
were purified according to the standard procedures. For experimental details,
spectroscopic characterization data, X-ray crystallographic data, and details of
quantum calculations, see the Supplementary Information.

Isomerization of methyl E-2 to Z-2. To a solution of [Pd2(CH3CN)6][BF4]2 (1,
126.5mg, 2.00 × 10−1mmol) in CH3NO2 was added methyl (E)-5-methylhexa-2,4-
dienoate (E-2, 28.0mg, 2.00 × 10−1mmol) and stirred at room temperature for 30min.
The reaction mixture was cooled to −30 °C and COT (41.7mg, 4.00 × 10−1mmol, 2

equiv.) was added. After stirring 15min, the mixture was diluted with diethyl ether, and
filtered through a silica gel pad. The solvent was removed in vacuo and the residue was
purified by a silica gel column chromatography to give methyl (Z)-5-methylhexa-2,4-
dienoate (Z-2) as colorless oil (22.4mg, 1.60 × 10−1mmol, 80% yield, E:Z= <1:>99).

Isomerization of (2E,4E)-11 to (2Z,4E)-11. To a solution of [Pd2(CH3CN)6][BF4]2
(1, 168.1mg, 2.66 × 10−1mmol) in CH3NO2/CH3CN (v/v= 95:5) was added methyl
(2E,4E)-5-phenylpenta-2,4-dienoate ((2E,4E)-11) (50.0mg, 2.66 × 10−1mmol) and
stirred at room temperature for 15min. The reaction mixture was cooled to−20 °C and
a CH3NO2/CH3CN (v/v= 95:5) solution of TEMPO (167.7mg, 1.07mmol, and 4
equiv.) was added at −20 °C. After stirring 5min, the mixture was diluted with diethyl
ether, and filtered through Celite. The solution was washed with distilled water (two
times). The organic layer was collected, and the aqueous layer was extracted with Et2O
(two times). The combined organic layers were dried with MgSO4. The solvent was
removed in vacuo and the residue was purified by a silica gel column chromatography
and recycling size exclusion chromatography to give methyl (2Z,4E)-5-phenylpenta-2,4-
dienoate ((2Z,4E)-11) as colorless oil (28.2mg, 1.50 × 10−1mmol, 56% yield,
E:Z= <1:>99).

Synthesis of Pd2(dba)3 and 9-aza-barbaralane 17 through double amination of
4. To a solution of [Pd2(CH3CN)6][BF4]2 (1, 100.0 mg, 1.60 × 10−1 mmol) in
CH3CN was added the COT (17.3 mg, 1.70 × 10−1 mmol) and stirred at room
temperature. After 30min, dba (185.1 mg, 7.90 × 10−1 mmol) was added to the
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reaction mixture, and then the reaction mixture was cooled at 0 °C. After addition of
pyrrolidine (22.4 mg, 3.20 × 10−1 mmol) at 0 °C, the reaction mixture was stirred at
the temperature for 2 h. The violet precipitate in suspension was then separated by
decantation, and the supernatant was concentrated in vacuo. The solution was
diluted with CHCl3, and filtered through a silica gel pad. The silica gel pad was
washed with CHCl3. The product was extracted by MeOH/CHCl3 (v/v= 1:5), and
concentrated in vacuo. The crude product was purified by a silica gel column
chromatography (MeOH/CHCl3 (v/v= 1:10)) to give 9-aza-barbaralane 17 (24.2
mg, 9.00 × 10−2 mmol, 58% yield) as a red solid. The single crystal of 17 suitable for
X-ray diffraction analysis was obtained by recrystallization from CH2Cl2/diethyl
ether at −30 °C. The violet precipitate separated by decantation was washed with
CH3CN and diethyl ether and dried in vacuo to yield Pd2(dba)3 (18) in 71% yield
(Yield was determined by the free dba/Pd2(dba)3 molar ratio from 1H NMR).

Data availability
The authors declare that the data supporting the findings of this study are available
within the paper and its supplementary information files, as well as from the
corresponding author upon reasonable request. The X-ray crystallographic coordinates
for structures reported in this study (3-transoid-antifacial, 13, and 17) have been
deposited at the Cambridge Crystallographic Data Centre (CCDC), under deposition
numbers 2003060-2003062. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. The
experimental data are available in Supplementary Information.
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