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ABSTRACT: Transition metal catalyzed alkene double bond transposition
usually involves metal hydride intermediates. Despite significant advances in the
design of catalysts that dictate product selectivity, control over substrate
selectivity is less advanced and transition metal catalysts that selectively
transpose double bonds in substrates containing multiple 1-alkene function-
alities are rare. Herein, we report that the three-coordinate high spin (S = 2)
Fe(II) imido complex [Ph2B(tBuIm)2Fe�NDipp][K(18-C-6)THF2] (1-K(18-
C-6)) catalyzes 1,3-proton transfer from 1-alkene substrates to afford 2-alkene
transposition products. Mechanistic investigations involving kinetics, competi-
tion, and isotope labeling studies, supported by experimentally calibrated DFT
computations, strongly support an unusual nonhydridic mechanism for alkene
transposition that is enabled by the cooperative action of the iron center and
basic imido ligand. As dictated by the pKa of the allylic protons, this catalyst
enables the regioselective transposition of C�C double bonds in substrates containing multiple 1-alkenes. The high spin (S = 2)
state of the complex allows a wide scope of functional groups to be tolerated, including those that are typical catalyst poisons, such as
amines, N-heterocycles, and phosphines. These results demonstrate a new strategy for metal-catalyzed alkene transposition with
predictable substrate regioselectivity.

■ INTRODUCTION
The transition metal catalyzed positional transposition of
alkenes is an atom-economical transformation with many
applications in natural and industrial products synthesis.1−4

The importance of this transformation is illustrated in part
through the numerous reports over the past decade for highly
efficient noble (e.g., Ru, Rh, Pd and Ir) and base metal (e.g.,
Fe, Co and Ni) catalysts that facilitate the transposition of
terminal to internal alkenes.5−15

Despite significant advances in this field, catalyst-controlled
selectivity in alkene transposition is still a challenge. Generally,
three kinds of selectivity can be considered, two of which are
concerned with product selectivity (Scheme 1A). First, for
substrates where there may be multiple energetically similar
products resulting from double bond transposition, catalysts
can dictate positional selectivity by controlling the extent of
double bond transposition via the “chain walking” process.16

While changing positional selectivity often requires a change in
catalyst,11 a recent report has elegantly demonstrated this can
be achieved using a Na+-responsive iridium catalyst (Scheme
1A, a).17 Second, the geometrical selectivity of the transposed
alkene, as determined by the E/Z ratio, can also be controlled
by the catalyst, often by hindering formation of the
thermodynamically favored E isomer (Scheme 1A, b).7 A
leading strategy is the use of bulky metal catalysts, e.g., cobalt

β-diketiminates, that sterically favor the Z isomer.18 Finally,
regioselective alkene transposition requires the selective
movement of one double bond in substrates containing
multiple alkene functionalities. This transformation is
important for the synthesis of complex molecules. For example,
the regioselective transposition of an alkene at one position
over others in the same molecule may be required to construct
specific ring sizes by subsequent ring-closing metathesis
reactions.19

The challenges toward controlling substrate regioselectivity
can be understood in the context of the known mechanisms for
transition metal catalyzed alkene transposition. Four mecha-
nisms are generally proposed, namely the alkyl, π-allyl,
hydrogen atom transfer (HAT), and metalloradical induced
H atom relocation mechanisms (Scheme 1B, a−d).10,18,20−24

Despite their differences, it is notable that they all involve
transition metal hydride intermediates that are predisposed to
react with sterically accessible 1-alkenes. In the case of catalysts
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that follow the HAT mechanism, transposition is fastest for the
alkenes that best stabilize radicals, which often favors the more
highly substituted product.21 Nonetheless, controlling sub-
strate selectivity in substrates having multiple 1-alkenes is still a
challenge (Scheme 1A, c).5−7

We hypothesized that a mechanism involving the base-
facilitated motion of a proton from an allylic C−H bond would
provide a strategy for the regioselective alkene transposition.
Here, the pKa of the allylic C−H bond is expected to provide a
means for controlling the substrate regioselectivity. Indeed, it
has been known for some time that strong bases (e.g., tBuO−

in DMSO) are able to mediate the transposition of double
bonds in phenylpropenoids.25,26

The extensive work on metal−ligand cooperativity in
catalytic reactions involving proton transfer provides an
intellectual framework for the design of alkene transposition
catalysts.27 For example, the cooperative action of metal and
ligand in proton transfer enables transformations that include
the catalytic carboetherification of allenol,28 the dimerization
of terminal alkynes,29 and the hydroamination of alkynes.30 It
is notable that these reactions involve proton transfer from
relatively acidic −OH, C(sp)−H, and −NH2 protons (pKa <
30 in DMSO) to weakly basic ketone and pyridine moieties of
the ligand. Building on these precedents, we envisioned that
the cooperative action of a transition metal center and a highly
basic ligand would allow for similar proton transfer of weakly
acidic protons, such as those in the allylic position (pKa > 30 in
DMSO). Alkene transposition would then be initiated by
intramolecular proton transfer from a coordinated alkene. It is
worth mentioning that Grotjahn had proposed such metal−
ligand cooperativity in the mechanism of a CpRu(PN)
catalyzed alkene transposition reaction,31,32 although this idea
was not borne out in a subsequent comprehensive
experimental and computational investigation. Instead, trans-
position was found to occur by the π-allyl mechanism.33

In principle, the high basicity of dianionic imido (NR2−)
ligands makes them well-suited to removing suitably acidic
allylic protons from alkenes. However, this is not characteristic
of their reactivity, and metal imido complexes generally react
with alkenes in [2 + 2] cycloadditions, nitrene transfer and C−
H insertion reactions (Scheme 2A).34−48 Nonetheless,

appropriate molecular design has been shown to enable
alternate reaction pathways. Notably, Arnold, Toste and co-
workers have reported that the “π-loaded” vanadium bis-
(imido) complex [(PMe3)3V(NtBu)2]+ catalyzes the semi-
hydrogenation of alkynes to Z-alkenes.49 Here, mechanistic
studies implicate the cooperative action of vanadium and the
imido ligand in H2 activation to afford new amido and hydride
ligands. Subsequent alkyne insertion and 1,2-α-NH-elimination
regenerate the bis(imido) catalyst. The utility of such metal-
imido cooperativity in catalysis, which would potentially allow
for unusual transformations, has been barely investigated.
Some of us previously reported the Fe(II) imido complex

[Ph2B(tBuIm)2Fe�NDipp][K(18-C-6)THF2] (1-K(18-C-
6)), in which the low-valent, high-spin iron center imparts
unusual basicity/nucleophilicity on the imido ligand, as
modulated by the coordination of alkali ions.50−52 The strong
basicity/nucleophilicity of the imido ligand enables unusual
reactions for a late metal imido ligand, including the formal
insertion of carbodiimides into the Fe�NR bond. Of greater

Scheme 1. Transition Metal Catalyzed Alkene Transposition

Scheme 2. Reaction Patterns of Transition Metal Imido
Complexes with Alkenes
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relevance to the current manuscript are the first examples of
ene-like reactions of a M�NR bond with internal alkynes and
nitriles, which are for the basis of catalytic alkyne and nitrile α-
deuteration reactions, respectively. In these reactions, the
imido ligand acts as a proton shuttle.
Continuing our efforts in developing the basic imido ligand

in catalysis, herein, we report the unusual catalytic reactivity of
1-K(18-C-6) with alkene substrates, in which the iron center
and the basic imido ligand cooperatively facilitate 1,3-proton
transfer from a coordinated 1-alkene substrate to generate the
corresponding 2-alkene (Scheme 2B). Experimental mecha-
nistic studies, along with experimentally calibrated DFT
calculations, show that both the metal and imido ligand are
critical to catalysis. This catalyst enables double bond
transposition for a variety of alkenes, as dictated by the pKa
of the allylic protons. A wide scope of functional groups that
are typical catalyst poisons are tolerated by the catalyst, which
we attribute to its high spin nature. This pKa-dictated reactivity
provides a new strategy for transition metal catalyzed
regioselective double bond transposition in substrates contain-
ing multiple 1-alkene functionalities.

■ RESULTS AND DISCUSSION
Reaction Design and Mechanistic Studies. We

previously demonstrated that the basic imido ligand in 1-
K(18-C-6) enables ene-like reactivity of the Fe�NR bond
with internal alkynes and nitriles,51 where proton transfer from
the α-position of the alkynes and nitriles to the imido ligand
affords Fe amido allenyl and Fe amido keteniminate
complexes, respectively (pKa(N�CCH2Me) = 32.5 in
DMSO).53 In light of this observation, we reasoned that the
acidic allylic protons of alkenes may react similarly, providing
an entry point to double bond transposition. Subsequent 1,2-α-
CH-elimination from the resulting amido alkyl complex would
regenerate 1-K(18-C-6) along with the transposed alkenes
(Scheme 2B).
Since its benzylic protons are of comparable acidity (pKa ≈

33 in DMSO),54 we identified allylbenzene (2a) as an
appropriate substrate for testing our hypothesis. Gratifyingly,
in the presence of 5 mol % 1-K(18-C-6), 2a undergoes proton
transfer to enable formation of the double-bond transposed
product prop-1-en-1-ylbenzene 2b over the course of 6 h at
room temperature (Table 1, entry 1). The product is obtained
in high yield with E/Z selectivity (94:6) that is comparable to
many other transition metal catalysts.55−57 Similarly, allylben-
zenes (3a−9a) bearing a range of functional groups also
undergo double bond transposition to the corresponding E-
prop-1-en-1-ylbenzenes (3b−9b) in good yields and with high
E/Z ratios (entries 2−8). While transposition is observed for
substrates bearing both strong donors and weakly electron
withdrawing groups, no transposition is observed for very
strong electron withdrawing groups (e.g., 4-CF3). Catalytic
transposition of a 1,1-disubstituted allylbenzene (10a) and
internal allylbenzene (11a) are also observed (entries 9−10),
although moderate heating and/or a higher catalyst loading are
required for these substrates, likely due to their increased steric
hindrance. It is important to note that there is no evidence for
the formation of naphthalene from 11a, suggesting that
catalysis does not occur by a mechanism involving hydrogen
atom transfer (HAT).
To the best of our knowledge, the catalytic transposition of

alkenes by an imido complex is unprecedented.58,59 As
mentioned earlier, metal imido complexes either react with

alkenes in [2 + 2] cycloaddition reactions to afford four-
membered metallacycles or undergo nitrene transfer to provide
aziridination or C−H amination products. In light of this
unique activity, we undertook a series of investigations
involving kinetics, competition studies, isotope labeling,
stoichiometric reactions, and DFT calculations to shed light
on the mechanism of catalysis.

Involvement of Iron. We first undertook experiments to
delineate the nature of catalytically active species. Since strong
bases are known to catalyze double bond transposition, it is
conceivable that 1-K(18-C-6) is the source of a strong base
that is the actual catalyst. While we have never observed its
formation from 1-K(18-C-6), DippNH− is the most likely
candidate for being generated under catalytic conditions. Here,
we find that the rate of double bond transposition for 2a with
DippNH− is considerably slower (70% after 5 days at rt) than
with 1-K(18-C-6), suggesting that catalysis involves the iron
complex.60

Given the coordinatively unsaturated nature of the metal ion
in 1-K(18-C-6) (Figure S84), we hypothesized that the
reaction mechanism involves initial coordination of the alkene
to iron. Indeed, we have previously observed that 1-K(18-C-6)
can bind an additional ligand.51 To test this, we investigated
the transposition of allylbenzene in the presence of equimolar
1-octene (Figure S59), which does not undergo catalytic
transposition by 1-K(18-C-6) (see below). This experiment
reveals that there is a 4-fold decrease in the rate of allylbenzene
transposition in the presence of 1-octene (Figure S70). This
suggests that there is competitive coordination of 1-octene to

Table 1. Catalytic 1,3-Proton Transfer of Allylbenzenes
Using 1-K(18-C-6)a

aReaction conditions: alkene (0.5 mmol) with 5 mol % 1-K(18-C-6)
at room temperature in 0.5 mL of THF-d8; the yields were obtained
by 1H NMR analysis of the crude material using mesitylene as internal
standard, and the conversions for the substrates are >99%. b50 °C.
c10 mol % 1-K(18-C-6) at 50 °C.
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the catalyst, and that the transposition mechanism requires the
alkene substrate to coordinate to iron. Further support for this
hypothesis comes from the observation that 1-K(18-C-6) is a
catalyst for the cis to trans isomerization of cis-stilbene (Figure
S81). As with 1-octene, the rate allylbenzene transposition is
inhibited by the presence of cis-stilbene (Figure S70).61

Involvement of the Imido Ligand. To test whether the
imido ligand plays a role in catalysis, we investigated the
transposition of 2a using the alkali metal ion-coordinated
imido complexes [Ph2B(tBuIm)2Fe�NDippK]2 (1-K), [Ph2B-
(tBuIm)2Fe�NDippNa(THF)3] (1-Na), and [Ph2B-
(tBuIm)2Fe�NDippLi(THF)2] (1-Li) as catalysts (Figure
1). Here, we observe that the rate of transposition is strongly

dependent on the alkali metal ion, with the rate decreasing by
2 orders of magnitude according to 1-K(18-C-6) > 1-K > 1-
Na.62 No transposition is observed for the lithium coordinated
complex 1-Li. We have previously demonstrated that smaller
alkali metal ions bind more tightly to the imido ligand,
decreasing its accessibility to external substrates.52 The
dependence of the transposition rate on the size of the alkali
metal ion strongly suggests that the imido ligand plays a key
role in the transposition mechanism. This is further supported
by the inhibitory effect of added aniline. Specifically, at 45 °C
transposition of 2a by 1-K(18-C-6) requires more than 3 d in
the presence of 5 mol % H2NDipp.

63 We have previously
shown that bis(anilido) complex [Ph2B( tBuIm)2Fe-
(NHDipp)2]− is formed from 1-K(18-C-6) and H2NDipp.

50

This latter result also supports the involvement of iron in the
alkene transposition catalysis.
Additional Mechanistic Experiments. We used deute-

rium labeling experiments to provide additional mechanistic
insight. The basicity of the imido ligand suggests that double
bond transposition involves deprotonation of the coordinated
alkene substrate. To test this, we investigated the transposition

of 2a-d2, which is selectively deuterated at the benzylic
positions. We observe that transposition of substrate to 2b-d2
(Scheme 3a) occurs at a rate that is significantly slower than

that for 2a under the same conditions, with kinetic isotope
effect (KIE), kH/kD = 34 at 40 °C.64,65 Importantly, a crossover
experiment involving 3a and 2a-d2 does not lead to any
deuterium incorporation in 3b (Scheme 3b), suggesting the
proton transfer from the alkene to imido ligand is intra- and
not intermolecular.
Further support for proton transfer comes from the positive

slope (ρ = 1.54) in the Hammett plot for the transposition of a
series of para-substituted allylbenzenes (Figure 2). It is
important to note that the rate of catalysts is not dependent
on the benzylic C−H bond BDFEs, as would be expected for a
mechanism involving HAT (Figure S95).
A different isotope labeling experiment provides evidence for

an amido η1-allyl iron intermediate, akin to the previously
observed formation of allenyl ligands from alkynes.51 Trans-

Figure 1. Rates of 2a transposition using 5 mol % 1-K(18-C-6) and
1-K/Na/Li as the catalyst at room temperature in THF-d8. For 1-
K(18-C-6), 1-K, 1-Na, and 1-Li, kobs = 1.07 × 10−4, 1.48 × 10−5, 7.11
× 10−6, and 0 s−1, respectively.

Scheme 3. Deuterium Labelling Studies

Figure 2. Linear free energy correlation of log(kX/kH) vs σp for the
transposition of para-substituted allylbenzenes using 1-K(18-C-6) as
the catalyst.
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position of 2a in the presence of excess nPrND2 affords 2b-d1
(Scheme 3c), where there is exclusive monodeuteration of the
methyl group of the E-prop-1-en-1-ylbenzene product (up to
95% deuterium incorporation). This is consistent with proton
transfer from the alkene to the imido ligand to afford an η1-allyl
ligand, which is in turn protonated by nPrND2 to yield 2b-d1
concomitant with formation of the complex [Ph2B(tBuIm)2-
Fe(NHDipp)(NDnPr)]− (Figure 3a and Figure S60).
Deuterium labeling experiments also exclude mechanisms

involving simple base deprotonation. For example, with 5 mol
% nPrNH− catalyst,66 full deuteration of the methyl group
(∼90%) in the transposition product 2b is observed (Figures
S55−S56), in contrast to monodeuteration with 1-K(18-C-6).
Similarly, deuterium labeling experiments with DippNH−

catalyst result in <20% of 2b-d1 (Figures S57−S58), along
with other deuterated species, providing further evidence that
DippNH− is not the active catalyst.
Characterization of a Catalytically Competent Inter-

mediate. Stoichiometric experiments provide further support
for a mechanism involving the cooperative action of iron and
the imido ligand. Reaction of 1-K(18-C-6) with equimolar
allylbenzene 2a leads to the formation of a new complex. While
its instability in solution has thwarted attempts to crystallo-
graphically characterize this species, its spectroscopic proper-
ties and reactivity are consistent with the four-coordinate high-
spin (S = 2) Fe(II) η1-allyl amido complex B (Scheme 4, see
also Figure 3).
In addition to 1H NMR spectroscopy, complex B has been

characterized by zero field 57Fe Mössbauer spectroscopy. Here,
the spectral parameters (δ = 0.76 mm/s and ΔEQ =
2.85 mm/s, Figure S83) are consistent with those observed
for tetrahedral high spin Fe(II) complexes.51 Notably, these
parameters are very similar to those observed for the previously
reported Fe(II) amido allenyl complex [Ph2B(tBuIm)2Fe-
(NHDipp)((Et)C�C�C(Me)(H))]− (δ = 0.70 mm/s and
ΔEQ = 3.11 mm/s),51 suggesting a similar coordination
environment at iron.

The 57Fe Mössbauer spectral parameters differ from those of
the previously reported three-coordinate amido complex
Ph2B(tBuIm)2FeN(H)Dipp (δ = 0.47 mm/s and ΔEQ = 1.39
mm/s).52 In addition, the three-coordinate amido complex is
not observed in the 1H NMR spectrum for the reaction of 1-
K(18-C-6) with 2a (Figure S61). The spectral data reveal that
the reaction of 1-K(18-C-6) with 2a does not involve simple
proton transfer from allylbenzene to the imido ligand.
Complex B immediately reacts with 1.2 equiv of DippNH2

to generate the known bis(anilido) complex50 [Ph2B-
(tBuIm)2Fe(NHDipp)2]− with concomitant formation of
prop-1-en-1-ylbenzene 2b (90% yield). Similarly, reaction
with nPrND2 generates [Ph2B( tBuIm)2Fe(NHDipp)-
(NDnPr)]− and 2b-d1 (Scheme 4a, Figures S62−S65).
Importantly, the methyl group in 2b-d1 is deuterated at the
same level as observed under catalytic conditions (Scheme 3c).
These results strongly support the presence of an η1-allyl
group.
Together, the spectroscopic and reactivity studies suggest

that the reaction of 1-K(18-C-6) with equimolar allylbenzene
involves the cooperative action of an iron center and imido
ligand to afford the Fe(II) η1-allyl amido complex [Ph2B-
(tBuIm)2Fe(NHDipp)(η1-H2CC(H)�C(H)Ph]− (B). This is
also supported by the results of DFT computations (see
below). Importantly, B is catalytically competent for double
bond transposition. The rate of reaction and E/Z selectivity

Figure 3. (a) Experimentally and computationally proposed catalytic cycle for alkene transposition of 2a by 1-K(18-C-6), along with the calculated
energy profile (BP86/B2/SMD//M06L/B1/GP) (all the energies are relative to 1 + 2a). (b) Calculated transition states 5TSA‑B and 5TSB‑1 with
selected bond distances (Å).

Scheme 4. Stoichiometric and Catalytic Reactivities of
Intermediate B
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(2a substrate) are the same as those with 1-K(18-C-6) catalyst
(Scheme 4b). Finally, this species is spectroscopically observed
under catalytic conditions using 1-K(18-C-6), suggesting that
it is the catalyst resting state (Figure S66).
Computational Mechanistic Studies. The combined

mechanistic experiments are most consistent with a catalytic
cycle in which the iron center and basic imido ligand
cooperatively facilitate 1,3-proton transfer in the alkene
substrate (Figure 3a). This mechanism is also supported by
the results of experimentally calibrated DFT (BP86/B2/
SMD//M06L/B1/GP) calculations (Figure 3).
Starting from the Fe(II) imido complex 1-K(18-C-6), the

alkene 2a coordinates to the iron center to afford intermediate
A. Subsequent intramolecular proton transfer from the benzylic
proton to the basic imido ligand, followed by double bond
transposition, provides the amido η1-allyl species B. It is to be
noted that B is calculated to be lower 16.3 kcal/mol in energy
than its η3-allyl B isomer (Figure S85). In addition, B is
calculated to be the lowest energy species on the reaction
coordinate. It is notable that the structure of B is the same as
that proposed for the product of the stoichiometric reaction of
1-K(18-C-6) with allylbenzene 2a (see above), which is also
suggested to be the catalyst resting state.
A second intramolecular proton transfer from B leads to

release of the double bond transposed alkene 2b, concomitant
with regeneration of the Fe(II) imido complex, thereby closing
the catalytic cycle.67,68 The DFT calculations reveal that the
second proton transfer step is rate determining, with an
activation barrier (23.4 kcal/mol) that is consistent with the
experimentally determined value (ΔG‡ = 20.3 ± 1.6 kcal/mol
at 298.15 K, see Figure S80).
The DFT calculations suggest that there are no spin state

changes during the catalytic cycle and that the mechanism
occurs exclusively on the quintet spin surface (Figure S85).
Importantly, the computed transition state structures reveal
that the proton is transferred directly from the coordinated
alkene to the imido ligand (5TSA‑B) and back from the amido
ligand to the allyl ligand (5TSB‑1) without the involvement of
iron hydrides (Figure 3b). First, the Fe−H distances in these
transition states are ca. 1 Å longer than those observed in
crystal structures of paramagnetic Fe−H complexes.69,70

Second, we are able to identify occupied orbitals in the
transition state that span C1···H···N1 unit but do not involve
the iron atom (Figures S93 and S94). Finally, a putative Fe−H
intermediate is calculated to be 38.0 kcal/mol higher in energy
than that of B (Figure S85). These observations strongly
suggest that iron hydrides are not involved in the reaction
mechanism. Further support for the proposed proton transfer
process comes from the changes of Mulliken atomic charges
for C1 and H atoms in A and 5TSA‑B. In the case of the C1
atom, the charge decreases from +0.22 in A to −0.08 in 5TSA‑B,
while for the H atom the charge increases from 0.00 in A to
+0.22 in 5TSA‑B. These results are consistent with the results of
the Hammett study, which suggests that negative charge
develops on C1 in the transition state.
It is worth noting that the DFT computations do not

support a mechanism in which the imido ligand acts as a
simple base without involvement of the iron center. As detailed
in the Supporting Information (Figures S96−S98), pathways
that do not involve the iron center are higher in energy or lead
to species that are catalytic dead ends.
Consequences of the Mechanism: Transposition by

pKa Dictated Proton Transfer. The experimental and

computational results support a unique, nonhydridic mecha-
nism, in which the cooperative action of iron and imido ligand
facilitate catalytic alkene transposition. Since intramolecular
proton transfer steps are a key feature of the mechanism, we
anticipate that transposition will be dictated by the pKa of the
substrate allylic proton.
The estimated pKa for the conjugate acid of 1-K(18-C-6),

Ph2B(tBuIm)2Fe(NHDipp) is ca. 36 in DMSO,71 which is
larger than that for strong bases such as tBuO− and OH− (the
pKas of tBuOH and H2O in DMSO are 32.2 and 31.4,
respectively).72 This suggests that proton transfer and hence
double bond transposition will occur for other alkenes having
weakly acidic protons. In support of this hypothesis, we
observe double bond transposition of 1,4-pentadiene 12a (pKa
= 35 in DMSO)73 to the conjugated alkene 12b in high yield
and E/Z selectivity (Table 2, entry 1). Interestingly, trans-

position is faster than for the allylbenzene substrates and is
complete within 3 h at room temperature in the presence of
2.5 mol % 1-K(18-C-6). This is likely due to the smaller steric
profile of 1,4-pentadiene, which leads to faster catalysis.
Similarly, 1,4-hexadiene 13a is catalytically transposed to 13b
in high yield and selectivity (entry 2). In addition to 1,4-dienes,
N-phenyl allylamines 14a and 15a, allyl phenyl sulfide 16a,
allyl boronic acid ester 17a, allyl silanes 18a and 19a, allyl
phosphine 20a, and the allyl heterocycles 21a−24a also

Table 2. Catalytic 1,3-Proton Transfer of Non-benzylic
Alkenes Using 1-K(18-C-6)a

aReaction conditions: alkene (0.5 mmol) with 5 mol % 1-K(18-C-6)
at room temperature in 0.5 mL of THF-d8; yields were obtained by
1H NMR analysis of the crude material using mesitylene as internal
standard, except for 17a (84%), 18a (93%), and 19a (78%), and the
conversions for other substrates are >99%. b2.5 mol % 1-K(18-C-6)
was used. c10 mol % 1-K(18-C-6) at 50 °C. dIsolated yield. e(E,Z)/
(Z,Z) ratio.
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undergo transposition, in all cases in high yields and with high
E/Z selectivities (entries 3−13). In some cases, particularly
with more congested substrates, mild heating is required for
reasonable rates of reaction.
To the best of our knowledge, transition metal catalyzed

double bond transposition for many of these substrates has
never been reported, likely due to the ability of the donor
groups to deactivate the metal center. We attribute the
successful double bond transposition of substrates containing
potentially coordinating groups such as amines, N-hetero-
cycles, and phosphines to the high spin nature of the catalyst,
which confers greater resistance to typical catalyst poisons due
to repulsion between the (partially) occupied Fe 3d orbitals
and σ-donor ligands, as we have previously shown.74 In the
case of 14a, 15a, 20a, and 21a, the Z isomer is the dominant
product, possibly due to increased steric interactions with these
bulkier substrates.18 It is worth noting that under the same
catalytic conditions catalytic transposition of 17a is not
observed using the strong bases tBuOK and nPrNHLi. Only
stoichiometric conversion is observed with DippNHK.
Similarly, tBuOK provided lower conversions for 18a
(∼60%). This suggests that 1-K(18-C-6) has better tolerance
of substrates containing Lewis acid functionality than do these
simple bases.

Alkene transposition does not occur for substrates 25a−30a
(Figure 4). No reaction is observed, even after extended
heating in the presence of 5 mol % 1-K(18-C-6). It is notable
that there are no heteroatom-containing functional groups for
four of these substrates (27a−30a), indicating that the lack of
transposition is unlikely due to catalyst poisoning. Indeed,
based on the theoretically predicted pKa values obtained from
graph convolutional neural networks,75 there is an excellent
correlation between the propensity to undergo transposition
and the acidity of the allylic protons in these substrates (Figure
5). This analysis reveals that the cutoff for transposition occurs
at pKa ≈ 35−36 for the substrate allylic proton.

Based on the observed substrate selectivity, we hypothesized
that 1-K(18-C-6) would selectively transpose alkenes in
substrates containing two or more double bonds, as dictated
by the pKa of allylic protons. We tested this hypothesis using a
series of substrates that contain groups shown to undergo
transposition (i.e., allylbenzene, 1,4-diene, N-phenyl allylamine,
and allyl phenyl sulfide) as well as 1-alkenes that are inactive
toward double bond transposition (31a−35a, Table 3).

Gratifyingly, in all cases double bond transposition
exclusively occurs at the predicted positions, with the other
1-alkenes in the substrates remaining untouched. The
congruence between the predicted and experimental outcomes
also provides strong support for the proposed reaction
mechanism.

■ CONCLUSION
In summary, we found that the three-coordinate, high-spin
Fe(II) imido complex 1-K(18-C-6) catalyzes double bond
transposition in 1-alkenes to afford the corresponding 2-
alkenes. This transition metal catalyst operates by a unique
mechanism in which iron and the imido ligand cooperatively
facilitate transposition by 1,3-proton transfer from a coordi-
nated 1-alkene substrate, enabling transposition to be dictated
by the acidity of the substrate allylic protons. Consequently,

Figure 4. Unreactive, less acidic substrates.

Figure 5. Predicted pKa trend of the allylic protons in the representative alkenes based on graph convolutional neural networks.

Table 3. Examples for Regioselective Alkene Transposition
Dictated by pKa of Allylic Protonsa

aReaction conditions: 1.0 mol/L alkene in THF with 5 mol % 1-
K(18-C-6) at 50 °C; isolated yields reported, and the conversions for
the substrates are >99%. b10 mol % 1-K(18-C-6), NMR yield using
mesitylene as the internal standard. c(E,Z)/(Z,Z) ratio.
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the catalyst facilitates the regioselective transposition of double
bonds in substrates containing multiple 1-alkenes. The
regioselectivity is predictable, as dictated by the pKa of the
substrate allylic protons. These results also suggest new
avenues for metal imido complexes beyond nitrene transfer
catalysis, which we are actively investigating.
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mechanism, the bulkier and electron-withdrawing cis-stilbene ligand
would be expected to dramatically attenuate the rate of reaction by
hindering access to the imido ligand as well as decreasing its basicity.
However, the rate of catalysis in the presence of cis-stilbene (kobs =
5.67 × 10−5 s−1) is actually slightly faster than that observed in the
presence of 1-octene (kobs = 2.83 × 10−5 s−1).
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(63) Since the reaction is slow at room temperature, moderate
heating is required to drive it at reasonable rates.
(64) Whether the origin of this large KIE is due to tunneling or
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the consequence of multiple steps involving proton transfer. More
detailed investigations into the origin of the large KIE are in progress.
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room temperature, while at 45 °C, the rate is too fast to be measued
for 2a. Consequently, the KIE was determined at 40 °C.
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