
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
25

/2
02

5 
10

:3
5:

10
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal
Formation of tun
Department of Chemistry, University of Cali

E-mail: richard.schrock@ucr.edu

Cite this: DOI: 10.1039/d5sc07302b

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 20th September 2025
Accepted 24th October 2025

DOI: 10.1039/d5sc07302b

rsc.li/chemical-science

© 2025 The Author(s). Published b
gsten ethylidene complexes from
diethyl complexes through a proton-catalyzed
rearrangement of ethylene

Milan Maji, Landley Zeng, Richard R. Schrock, * Matthew P. Conley *
and Veronica Carta

W(NAr)2Et2 (Ar = 2,6-diisopropylphenyl) reacts with two equivalents of RF9OH (ORF9 = OC(CF3)3) to yield

W(NAr)(ArNH2)(ORF9)2(C2H4) complexes and ethane. In solution W(NAr)(ArNH2)(ORF9)2(C2H4)

decomposes to give RF9OH, ethane, W(NAr)(ORF9)2(C2H4), and W(NAr)(NHAr0)(ArNH2)(ORF9), in which Ar0

contains a dehydrogenated isopropyl group (Ar0 = (2-i-Pr)(6-CMe]CH2)C6H3) coordinated to the metal.

On a similar time scale W(NAr)(ORF9)2(CHCH3) complexes are formed from W(NAr)(ORF9)2(C2H4) through

an ArNH2-catalyzed rearrangement of the ethylene ligand. W(NAr)(NHAr0)(ArNH2)(ORF9) reacts with

cyclohexene to form methylenecyclohexene and complexes that contain an NHAr00 ligand where Ar00 is
a disubstituted (methyl/aryl) alkylidene, (2-i-Pr)(6-CMe)C6H3) that is tethered to the metal through the

amido nitrogen. In contrast to W(NAr)(ArNH2)(ORF9)2(C2H4), analogous ORF6 (OCMe(CF3)2) and ORF3

(OCMe2(CF3)) complexes are relatively stable at 22 °C.
Introduction

Several recent papers1–10 have begun to provide answers to long-
standing questions in the area of olen metathesis11 that
concern how molybdenum or tungsten alkylidene complexes,
M]CRR0 (R or R0 = H or an alkyl), are formed from olens, in
solution, or in metal complexes deposited on a support such as
silica.12 Two mechanisms have now been documented, mostly
through synthetic and mechanistic studies of complexes in
solution. One mechanism consists of a photochemical ring-
contraction13 of a metallacyclopentane14 formed from two olens
in the presence of blue light (450 nm) to give a meta-
llacyclobutane, a key intermediate in metathesis, or a terminal
alkylidene through a hydrogen abstraction15–17 within the MC4

ring.2,6,10 The second mechanism consists of a proton-catalyzed
olen rearrangement (an “Hcat” reaction18,19), i.e., addition of
a proton to a bound alkene to give an intermediate alkyl that
contains both a and b protons, followed by loss of an a proton to
give an alkylidene.9 So far it has been shown that a proton can be
provided by an external cationic acid (anilinium1,4,5) or by an
amine (RNH2) upon binding to an electron-poor tungsten center.9

Addition of two equivalents of RF9OH or RF6OH to W(NAr)2R2

complexes (R = n-Pr or i-Pr) has been found to lead to double
protonation of the imido ligand and either propylene or iso-
propylidene complexes that interconvert in a ArNH2-catalyzed
(Hcat) reaction; no n-propylidene complexes were observed.9 It
was proposed that these Hcat reactions are under thermodynamic
fornia, Riverside, California 92521, USA.

y the Royal Society of Chemistry
control and that although terminal alkylidenes could be formed,
they are not because isopropylidene complexes are at least 2–
3 kcal mol−1 lower in energy than n-propylidene complexes in
otherwise identical compounds. Because some of the earliest
studies in metathesis concerned the synthesis of olen metath-
esis initiators from main group alkylating agents such as ethyl
aluminum compounds,20–23 an obvious question is can an ethyl-
idene ligand be formed similarly upon addition of RF9OH to
W(NAr)2Et2, and if so, by what mechanism? The results reported
here attempt to answer these questions.
Results
Protonation of W(NAr)2Et2

W(NAr)2Et2 can be made in good yield through addition of ethyl
Grignard to W(NAr)2Cl2(1,2-dimethoxyethane). It has a meta-
llocene-like24–27 structure (see Fig. 1) in which there is no
evidence for either an a or a b agostic CH interaction28,29 in an
ethyl group. Only three W–N p interactions are likely in
W(NAr)2Et2, leaving one occupied ligand-centered non-bonding
orbital (LCNBO) at a relatively low energy that is susceptible to
electrophilic attack.30–32

Addition of two equivalents of RF9OH to a C6D6 solution of
W(NAr)2Et2 yields a complex, but decipherable, mixture of
species that evolves over time. The reactions that are supported
by experimental data are summarized in eqn (1)–(3). Compound
1 forms rst by what appears to be overall a double protonation
of an imido ligand in W(NAr)2Et2 and b abstraction to give
ethane in a diethyl intermediate. Compound 1 could be isolated
through crystallization from pentane in 52% yield, but
Chem. Sci.
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Fig. 2 The molecular structure of W(NAr)(ArNH2)(ORF9)2(C2H4) (1) as
determined by SCXRD.

Fig. 3 Partial 1H NMR spectra showing the conversion of W(NAr)2Et2
to W(NAr)(NHAr0)(ArNH2)(ORF9) (3) (##), syn and anti ethylidene
complexes (CHMe*) (2), and a methylidene complex (CH #) (4).

Fig. 1 Themolecular structure of W(NAr)2Et2 as determined by SCXRD
(hydrogen atoms have been omitted for clarity).
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subsequent crops were contaminated with 2 and 3. An X-ray
study shows that the structure of 1 is closest to a square
pyramid with ethylene in the apical position and the ORF9

ligands trans to the imido and ArNH2 ligands in basal positions
(Fig. 2).

(1)

(2)

(3)

The formation of 2, 3, and a methylene complex (4;
W(NAr)(CH2)(ORF9)2) in a typical reaction between RF9OH and
W(NAr)2Et2 can be followed in the proton NMR spectral region
between 8.6 and 11.8 ppm (Fig. 3). The two quartets for anti and
syn Ha protons in isomers of W(NAr)(ORF9)2(CHCH3) (2) begin
to appear in minutes at 11.72 ppm and 11.16 ppm, respectively.
These isomers form at approximately the same rate, with the syn
isomer dominating aer 22 h, probably through isomerization
of anti to the lower energy syn isomer,33 either through rotation
about the W]C bond or through a protonation/deprotonation
sequence that involves formation of an intermediate ethyl
complex. Complex 3, whose NH proton is observed at 8.8 ppm,
forms at approximately the same rate as the ethylidene
complexes. Finally, two resonances for inequivalent protons in
a methylene complex, most likely W(NAr)(ORF9)2(CH2), begin to
appear aer ∼1 h. The relative amounts of 2, 3, and 4 vary
somewhat from run to run, but in a spectrum similar to the top
Chem. Sci.
one in Fig. 3 the amounts versus a 1,4-bis-TMS-benzene stan-
dard at room temperature aer 24 h are 11% 2, 32% 3, and 13%
4 relative to the amount of starting 1.

It is clear that the ArNH2 ligand is labile in 1 and that ArNH2

is required for forming 2 catalytically (eqn (2)) and for forming 3
irreversibly (eqn (3)). NMR studies show that the ArNH2 ligand
in 1 is bound on the NMR time scale at low temperatures but
dissociates at room temperature to give W(NAr)(ORF9)2(-
ethylene), an analog of W(NAr)(OSiPh3)2(ethylene).8 Therefore,
addition of one equivalent of B(C6F5)3 to 1 in solution gives
a mixture of W(NAr)(ORF9)2(C2H4) and (ArNH2)[B(C6F5)3]
(Fig. S36). W(NAr)(ORF9)2(C2H4) was isolated as an orange oil in
61% yield aer careful removal of crystalline (ArNH2)[B(C6F5)3]
from −30 °C pentane solutions, but crystals of
W(NAr)(ORF9)2(C2H4) could not be obtained. A key fact is that
W(NAr)(ORF9)2(C2H4) is relatively stable in solution in the
absence of ArNH2 (see S36–S38). However, when ArNH2 is
reintroduced into a solution of pure W(NAr)(ORF9)2(C2H4),
mixtures that contain 2, 3, and 4 again form that are similar to
2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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those shown in Fig. 3. ArNH2 is required for rearrangement of 1
to 2, but it is consumed to form 3. As with the recently reported
interconversion of propylene and isopropylene complexes
catalyzed by ArNH2,9 details of these reactions are not clear, but
it seems likely that ArNH2 coordinates to tungsten before
a proton transfers to another ligand in an Hcat reaction. The fact
that the pKa of anilinium and RF9OH are similar (∼5) raises the
possibility that anilinium could be a proton shuttle in some
situations.

We propose that the ethylidene complexes form through an
ArNH2-catalyzed rearrangement of the ethylene to an ethylidene
ligand; an ethyl complex is the proposed intermediate. As noted
earlier, W(NAr)(ORF9)2(C2H4) is relatively stable at room
temperature in solution. We assume that the ethylidene
complexes do not contain coordinated ArNH2, as ArNH2 is
consumed to make W(NAr)(NHAr0)(ArNH2)(ORF9). We did not
attempt to isolate the ethylidene complexes because 14e tung-
sten complexes of this general type are prone to decompose
bimolecularly to give W2 dimers when the terminal alkylidene is
relatively small.34,35 We could nd no example of an isolated 14e
tungsten ethylidene complex of the type discussed here in the
literature, although the stability of an ethylidene toward
bimolecular decomposition will depend, inter alia, upon the
degree of steric protection against bimolecular decomposition
that is provided by large imido and alkoxide ligands (see also
the Discussion section).

Compound 3 is formed when ArNH2 in solution attacks 1.
One Ar isopropyl group is dehydrogenated to give the Ar0 group
and ethane. Compound 3 could be isolated as red crystals. An X-
ray study (Fig. 4) showed that the C(Me)]CH2 group in the
NHAr0 ligand so formed is bound to the metal. In a typical NMR
spectrum the yield of W(NAr)(NHAr0)(ArNH2)(ORF9) relative to
a 1,4-bis TMS benzene internal standard was of the order of 30%
(Fig. S34). We propose that CH activation in the isopropyl group
takes place in a W(NHAr) complex and is possible because the
NHAr ligand is bent, which brings an isopropyl group closer to
the metal than in a NAr ligand and thus facilitates CH activa-
tions in it. Intimate details of this reaction are unclear.
Fig. 4 The molecular structure of W(NAr)(NHAr0)(ArNH2)(ORF9) as
determined by SCXRD.

© 2025 The Author(s). Published by the Royal Society of Chemistry
The results presented so far suggest that the proton in
coordinated ArNH2 is relatively acidic. Therefore it could be
removed by an external base. 2,6-Lutidine (Lut; two equivalents)
reacts with 1 to formW(NAr)2(ORF9)(CH2CH3) and (LutH)(ORF9)
(eqn (4)), according to NMR data (Fig. S68 and 69).

(4)

The proton resonance in (LutH)(ORF9) is found at 14 ppm in
the reaction mixture. No ethylidene complex was observed.
Although we again do not know the precise sequence of reac-
tions that leads to the result shown in eqn (4), it is clear that the
protons in a bound ArNH2 are removed, one is transferred to
lutidine to yield lutidinium as a peruoro-t-butoxide salt and
the other is transferred to the ethylene ligand. Movement of
a proton from N to C is related to protonation of bound styrene
by PhNMe2H

+1,5 and to intermediates formed in the reaction of
W(NAr)2Et2 with RF9OH. For reference it should be noted that
the pKa of LutH

+ is ∼9 in water, while that for ArNH3
+ is ∼5.

It should be noted that addition of two equivalents of RF6OH
or RF3OH to W(NAr)2Et2 leads to formation of only
W(NAr)(ArNH2)(ORF6)2(ethylene) (54% isolated) and
W(NAr)(ArNH2)(ORF3)2(ethylene) (76% isolated as an oil),
respectively. Both are stable in solution at 22 °C (Fig. S52)
toward the type of reactions described for RF9OH.
Reactions of 1 with ethylene

W(NAr)(ArNH2)(ORF9)2(ethylene) reacts immediately with
ethylene to give the 14e square pyramidal metallacyclopentane
complex, W(NAr)(ORF9)2(C4H8) (eqn (5) and Fig. 5), the only
tungsten complex observed, and free ArNH2 (Fig. S42 and S49).
W(NAr)(ORF9)2(C4H8) is also obtained as the only product upon
treatment of W(NAr)(ORF9)2(ethylene) with ethylene (Fig. S46). A
square pyramidal structure for the tungstacyclopentane in
which the imido ligand is in an apical position is the only ve-
coordinate structural type that has been observed. Upon irra-
diation of W(NAr)(ORF9)2(C4H8) with 450 nm light under
ethylene the trigonal bipyramidal isomer of
Fig. 5 The molecular structure of W(NAr)(ORF9)2(C4H8) as determined
by SCXRD.

Chem. Sci.
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W(NAr)(ORF9)2(C3H6) (Fig. 6 and S51) and propylene are formed
(eqn (6)), as has been found for W(NAr)(OSiPh3)2(C4H8).2

Unsubstituted tungstacyclobutane complexes with a TBP
structure analogous to that found for W(NAr)(ORF9)2(C3H6) have
been observed when relatively electron-withdrawing alkoxides
are present. SP tungstacyclobutane complexes, including
substituted versions, have been observed when the alkoxides
are more electron-donating (OCMe3 or OC(CF3)Me2).17,36

(5)

(6)

Because tungsten imido ethylene complexes are not common,
it would be desirable to make one that can be used to make
others in the absence of aniline. In a reaction analogous to that
reported for Mo(NAr)(OTf)2(C2H4)(dme),37 W(NAr)(CHCMe2-
Ph)(OTf)2(dme) was treated with ethylene (60 psi) in toluene for
two days at 80 °C. W(NAr)(OTf)2(C2H4)(dme) was isolated as an
orange powder in ∼50% yield upon ltration of the reaction
mixture (Fig. S83–86). A variety of aniline-free ethylene derivatives
should be preparable from W(NAr)(OTf)2(C2H4)(dme).

Reactions of 3 with ethylene and cyclohexene

W(NAr)(NHAr0)(ArNH2)(ORF9) reacts immediately upon diffu-
sion of ethylene into a solution containing it to yield a deep red
compound that we propose to be the tricyclic complex shown in
eqn (7), and free ArNH2 (Fig. S72–S76). This tricyclic compound
is unchanged when irradiated with 450 nm LED light in the
absence or presence of ethylene, unlike other unsubstituted or
Fig. 6 The molecular structure of W(NAr)(C3H6)(ORF9)2 as determined
by SCXRD.

Chem. Sci.
substituted tungstacyclopentanes of a similar type.2,4,6 It is
stable in benzene in the presence of ethylene, but it reverts to
W(NAr)(NHAr0)(ArNH2)(ORF9) when ethylene is removed from
the sample in vacuo (Fig. S77). It has not been isolated so far for
that reason. The 13C chemical shis for the a carbon atoms in
the WC4 ring in W(NAr)(Ar0NHC2H4)(ORF9) are 95.1 ppm (for
CaMe) and 72.9 ppm (for CaH2; Fig. S76). The Cb resonances are
found at 50.78 ppm (for Cb next to CaMe) and 36.84 ppm (for Cb

next to CH2).

(7)

W(NAr)(NHAr0)(ArNH2)(ORF9) also reacts with cyclohexene at
100 °C to give methylene cyclohexane and a deep purple solution
that contains a complex in which there is an alkylidene ligand
with a Ca resonance at 214.8 ppm (Fig. S82). All NMR data are
consistent with the purple complex being themonomer shown in
Scheme 1 or a dimeric version of it (see discussion immediately
below). We propose that cyclohexene replaces ArNH2 and the
bound olen in the NHAr0 ligand and is converted into a cyclo-
hexylidene ligand in an ArNH2-catalyzed reaction.9 A metathesis
reaction between the cyclohexylidene and the CMe]CH2 group
then yields methylenecyclohexane (<50% according to NMR
studies) (Fig. S79) and a compound that contains a tethered
alkylidene (the NHAr00 ligand; Scheme 1).

All efforts to crystallize a product from the reaction mixture
shown in Scheme 1 failed. Therefore, four equivalents of pyri-
dine were added to the purple crude reaction mixture in an
effort to replace ArNH2 in the proposed complex shown in
Scheme 1 with a more strongly bound pyridine ligand. The
mixture turned deep red and crystals began to form aer 1 h. A
dimeric complex (Fig. 7) is formed through the proposed reac-
tion shown in eqn (8) in which the NHAr00 ligand (lower right) is
now bridging two tungsten centers with W–N distances of 2.14
and 2.32 Å and the NHAr0 ligand has lost its NH proton to yield
RF9OH and an unsymmetrically bridging NAr0 ligand (upper
le); the W–N distances are 1.83 and 2.32 Å.
Scheme 1 The proposed mechanism of formation of methyl-
enecyclohexene and W(NAr)(NHAr00)(ORF9)(ArNH2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The molecular structure of W(NAr)(py)[(m-NAr0)(m-NHAr00)]
W(NAr)(ORF9) as determined by SCXRD.
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(8)

The W–C bond lengths in the bridging NHAr00 ligand shown
in Fig. 7 are 2.139 Å and 2.294 Å, which are similar to the W–C
bond lengths in the m-CH2 ligands found in [W(NArCl)(-
Biphen)(m-CH2)]2 (ArCl = 2,6-dichlorophenyl).38 The W–C
distances are 2.27 Å and 1.98 Å for a difference of 0.29 Å
compared to a difference of 0.16 Å in the compound in Fig. 7. In
[W(NAr)(Biphen)(m-CH2)]2 the Ca resonance is found at 186 ppm
with JCW values of 79 and 37 Hz.39 The alkylidene Ca resonance
in the dimer shown in Fig. 7 was found at 301.4 ppm (Fig. S26
and S82). We propose that the initial purple product formed
from W(NAr)(NHAr0)(ArNH2)(ORF9) is a dimer related to that
shown in Fig. 7, perhaps one in which a labile ArNH2 ligand is
bound in place of the pyridine in the isolated complex.

A chemical shi of 301.4 ppm for the alkylidene carbon atom
in W(NAr)(py)[(m-NAr0)(m-NHAr00)]W(NAr)(ORF9) is more indica-
tive of a nonbridging alkylidene. Therefore, DOSY NMR studies
on W(NAr)(py)[(m-NAr0)(m-NHAr00)]W(NAr)(ORF9) were carried
out in benzene-d6 (see SI). Those studies showed that a single
compound is present (Fig. S31) that has a molecular weight
within experimental error of that corresponding to the dimer
shown in Fig. 7. On this basis the simplest explanation is that
a chemical shi of 301.4 ppm for the bridging alkylidene carbon
atom in W(NAr)(py)[(m-NAr0)(m-NHAr00)]W(NAr)(ORF9) is correct.
However, we favor the possibility that W(NAr)(py)[(m-NAr0)(m-
NHAr00)]W(NAr)(ORF9) has isomerized to yield a dimer in which
the alkylidene Ca is no longer bridging two metal centers. The
main point, however, is that the NAr00 framework that contains
a disubstituted (CHMe) tethered alkylidene has been formed
with the mechanism being a metathesis reaction that yields
methylenecyclohexane, as shown in Scheme 1.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Discussion and conclusions

The reactions reported here are part of an exploration of proton
transfers between C, N, and O atoms in the rst coordination
sphere of high oxidation state organometallic Mo and W
complexes relevant to olen metathesis that began with the
isomerization of styrene complexes to phenethylidene
complexes.1,4,5 The present study was aimed at determining
whether ethylidene complexes could be formed through proton
migrations between C, N, and O atoms in a manner similar to
reactions where internal alkylidenes are formed from propyl9 or
cyclohexyl7,8 ligands. We have found here that ethylidene
complexes indeed can be formed from diethyl complexes, but
ethylene complexes are formed rst followed by an ArNH2-
catalyzed isomerization of ethylene to ethylidene complexes. No
ethylidene complexes are observed at 22 °C when the added
alcohol is RF6OH or RF3OH, presumably because protons from
a coordinated aniline are much more mobile in peruoro-t-
butoxide complexes.

A 10% yield of ethylidenes from diethyl complexes would be
more than enough to account for the catalytic metathesis
activities observed in “classical” metathesis systems in which
the alkylidene initiators are formed upon addition of a main
group ethylating reagent. Formation of ethylidenes through an
a abstraction or deprotonation reaction of course cannot be
excluded in other circumstances, but in the chemistry reported
here an ArNH2-catalyzed rearrangement of an ethylene ligand
seems far more likely to be the way ethylidene complexes are
formed.

The possible roles that bimolecular decomposition reactions
in solution to give metal–metal bonded complexes can play in
high oxidation state organometallic tungsten chemistry have
not been fully explored in the literature, in part because of the
almost endless number of possibilities. The ethylene required
for metathesis reactions that we proposed earlier as the origin
of methylene complexes could be formed through bimolecular
decomposition of ethylene complexes to give W2 dimers. An
example is the following (Ar0 is 2,6-dimethylphenyl in this
case):40 “Upon heating {W(NAr0)[OCMe2(CF3)]2}2(C2H4) in
toluene to 80 °C, it loses ethylene to yield {W(NAr0)[OCMe2(-
CF3)]2}2, but also is transformed into a new species that has C1-
symmetry and that contains an ethyl group as a consequence of
activation of an ortho methyl group in the NAr0 ligand” (eqn (9)
is taken directly from ref. 40). The complex with C1-symmetry is
the W(V) product shown in eqn (9) that contains two bridging
imido groups. Both dimers shown in eqn (9) were crystallo-
graphically characterized.

(9)
Chem. Sci.
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The chemistry described in the quote and in eqn (9) is
similar to the chemistry reported in this paper in that it
includes proton transfers between C, N, and O atoms in the rst
coordination sphere (see also the synthesis and X-ray structure
of [W(NArCl)(Biphen)]2(m-CH2CH2), in which an ethylene carbon
is bound to each tungsten39). It also should be noted that
tungsten–tungsten complexes can initiate olen metathesis
reactions.40 Although bimolecular chemistry may be slow rela-
tive to monometallic chemistry, it must be considered to be
a source of products over the long term in metathesis chemistry
in solution, even to the extent of reforming free ethylene
through a complex decomposition of ethylidenes that may
involve chemistry of tungsten–tungsten dimers.

Bridging, high oxidation state alkylidenes of Mo and W are
rare. We are aware of two that have been reported.38,39 Both are
bridging methylenes; one of the two has been crystallographi-
cally characterized. The bridging alkylidene complex shown in
Fig. 7 is a third example. Because a substituted alkylidene
cannot form an alkylidyne ligand, it could eventually be an
initiator in a metathesis reaction upon rearrangement of
a dimer to an isomer that contains a nonbridging alkylidene or
to yield a monomeric alkylidene complex. The disubstituted
bridging alkylidene found in the structure shown in Fig. 7 is the
only one reported to our knowledge. The possibility that the
dimer in Fig. 7 may isomerize to one that contains a non-
bridging alkylidene (with Ca at 301.4 ppm) suggests that reac-
tive disubstituted alkylidene complexes may be available from
dimers.

The diisopropylphenylimido (NAr) ligand has been a main-
stay of much metathesis-related imido chemistry of Mo and W,
largely because it has been stable toward unimolecular or
bimolecular side reactions that involve it. But as we have shown
here, an o-isopropyl group in the Ar group can be dehydro-
genated. The dehydrogenation probably takes place in bound
ArNH2 and/or ArNH ligands, because in both, the M–N–Cipso

angle is much smaller than in NAr ligands (where it is typically
>160°). A decomposition of Mo(NAr)(CH2]CH2)(OAr)2 to give
Mo(NAr)(OAr)(OAr0)(Et2O) is related to the results described
here.5

The sequence of reactions shown in Scheme 1 are proposed
to lead to the unusual tethered internal alkylidene as a conse-
quence of formation of a cyclohexylidene ligand from cyclo-
hexene. High oxidation state tungsten alkylidenes that are
tethered to a covalently bound ligand are gaining increased
attention in metathesis chemistry because of the mechanistic
restrictions that such designs can impose.41–47 Although the
method of forming the tethered NHAr00 alkylidenes described
here is relatively exotic, simpler, more accessible methods could
be developed for making them and variations of them.

Experimental section
General considerations

Unless otherwise stated, all manipulations were carried out
using standard Schlenk or glovebox techniques under an N2

atmosphere. Pentane, diethyl ether, dichloromethane, benzene
and toluene were dried and deoxygenated by argon purge
Chem. Sci.
followed by passage through activated alumina in a solvent
purication system and storage over 4 Å molecular sieves.
Solvents that do not contain halides or CN groups were tested
with a purple solution of sodium benzophenone ketyl in THF to
conrm effective oxygen and moisture removal prior to use.
W(NAr)2Cl2(dme) was prepared according to a reported proce-
dure.1 Peruoro-t-butanol and hexauoro-t-butanol were stored
over activated 4 Å molecular sieves. 1,4-TMS benzene, isopropyl
magnesium chloride, and n-propyl magnesium chloride were
purchased from Sigma-Aldrich. B(C6F5)3 was purchased from
Alfa chemical and sublimed before use. Elemental analyses
were performed by Atlantic Microlab, Inc., Norcross, GA.
Deuterated solvents were purchased from Cambridge Isotope
Laboratories Inc. They were degassed and dried over activated 4
Å molecular sieves for at least 24 h prior to use. NMR spectra
were recorded on Bruker Avance 600 MHz and Bruker Avance
500 MHz spectrometers. 1H and 13C chemical shis are re-
ported in ppm relative to tetramethylsilane using residual
solvent as an internal standard. 19F chemical shis are reported
in ppm relative to trichlorouoromethane as an external stan-
dard. NMR data can be found in the SI.
Synthesis of W(NAr)2Et2

W(NAr)2Cl2(dme) (1.00 g, 1.50 mmol), a magnetic stir bar, and
diethyl ether (20 mL) were added to a 100 mL round bottom
ask. The ask was cooled to−116 °C and a−116 °C solution of
ethyl magnesium bromide (0.40 g, 3.01 mmol, 2 equiv.) in 5 mL
of diethyl ether was added over a period of 3 min in a dropwise
manner. The orange solution immediately turned yellow, and
a white precipitate began to form. The mixture was warmed to
room temperature over 3 h. All volatiles were then removed in
vacuo and the residue was then extracted in pentane (3 × 5 mL)
and the mixture was ltered through Celite. Pentane was
removed in vacuo and the solid residue was redissolved in
minimal pentane (∼4 mL). Two batches of orange crystals were
obtained upon storing the pentane solution in a freezer at−30 °
C overnight; yield 0.773 g, 87%. A reaction on a scale of 4–5 g led
to a decreased yield of ∼50%. Anal. calcd for C28H44N2W: C,
56.76; H, 7.49; N, 4.73. Found C, 56.32; H, 7.59; N, 4.77 (see SI
for complete NMR data).
Synthesis of W(NAr)(ORF9)2(C2H4)(ArNH2)

W(NAr)2Et2 (1.60 g, 2.70 mmol), a magnetic stir bar, and
pentane (20 mL) were added to a 100 mL round bottom ask.
The ask was cooled to−130 °C and a solution of RF9OH (1.34 g,
5.67 mmol, 2.10 equiv.) in 5 mL of pentane was added dropwise
over a period of 3 min. The mixture was allowed to warm to
room temperature over a period of 30 min. The color changed
from orange-yellow to red. All volatiles were then removed in
vacuo and the solid residue was dissolved in ∼3 mL of pentane.
One batch of orange-red crystalline solid was obtained upon
storing the pentane solution at −30 °C overnight; yield 1.47 g,
52%. Only the rst crop of crystals should be collected within
one day, as subsequent crops contain increasing amounts of
W(NAr)(Ar0NH)(ArNH2)(ORF9) (see below). Anal. calcd for
© 2025 The Author(s). Published by the Royal Society of Chemistry
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WC34H40F18N2O2W: C, 39.47; H, 3.90; N, 2.71. Found C, 40.12;
H, 4.18; N, 2.46.
Synthesis of W(NAr)(ORF9)2(C2H4)

In a 20 mL glass vial, W(NAr)(ORF9)2(C2H4)(ArNH2) (300 mg,
0.299 mmol), B(C6F5)3 (148 mg, 0.299 mmol, 1 equiv.), and
pentane (5 mL) were added. This solution was stirred at room
temperature for 1 h. The volume was reduced to∼3mL and kept
at −30 °C overnight. ArNH2(B(C6F5)3) precipitated as a white
crystalline solid and the mother liquor was quickly pipetted out.
This process was repeated twice. The nal product was obtained
as an orange oil; yield 152 mg (61%). No crystals have been
obtained.
Synthesis of W(NAr)(ORF9)2(C4H8)

W(NAr)(ORF9)2(C2H4)(ArNH2) (80 mg, 0.077 mmol) was di-
ssolved in benzene (3 mL) in a 25 mL storage ask and the ask
was sealed and subjected to three freeze-pump-thaw cycles. This
solution was exposed to an ethylene atmosphere (15 psi) at
room temperature and stirred with a magnetic stir-bar. The
color changed immediately from orange to yellow. All volatiles
were removed in vacuo and the yellow orange oil was dissolved
in pentane (∼1.0 mL) and the solution transferred to a 20 mL
glass vial and placed inside the freezer at −30 °C of glovebox. X-
ray quality yellow crystals of the desired compound were ob-
tained aer 1 day from pentane. NMR spectra showed
W(NAr)(ORF9)2(C4H8) to be the only tungsten product. The same
result was obtained in a reaction between W(NAr)(ORF9)2(C2H4)
and ethylene.
Synthesis of W(NAr)(ORF9)2(C3H6)

W(NAr)(ArNH2)(ORF9)2(C2H4) (50 mg, 0.048 mmol) was di-
ssolved in a mixture of pentane (0.5 mL) and toluene (0.1 mL)
and the solution was transferred to a J. Young NMR tube that
was sealed and subjected to freeze–pump–thaw three times
before adding ethylene (15 psi). The color of the solution of the
solution changed from orange to yellow, as described above.
This tube was then irradiated with blue LED (Kessil LED at 450
nm) for 2 h at ambient temperature. NMR examination of
a portion of the product from which all solvent had been
removed showed that only W(NAr)(ORF9)2(C3H6) and ArNH2

were present. The tube was kept inside the freezer at −30 °C to
give X-ray quality yellow crystals of W(NAr)(ORF9)2(C3H6) aer 3
days.
Synthesis of W(NAr)(ORF6)2(C2H4)(ArNH2)

This synthesis is similar to that for W(NAr)(ORF9)2(-
C2H4)(ArNH2) from W(NAr)2Et2 (584 mg, 0.980 mmol) and
a solution of RF6OH (233 mg, 2.07 mmol, 2.1 equiv.) in 10 mL of
pentane. The solid residue was recrystallized from minimal
pentane (∼3 mL). One batch of orange crystalline solid was
collected aer storing the pentane solution at−30 °C overnight;
yield 494mg (54%). Anal. calcd for WC34H46F12N2O2W: C, 44.07;
H, 5.00, 3.02. Found C, 43.68; H, 5.10; N, 2.99.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Synthesis of W(NAr)(ORF3)2(C2H4)(ArNH2)

This synthesis is similar to that for W(NAr)(ORF9)2(-
C2H4)(ArNH2) from W(NAr)2Et2 (600 mg, 1.01 mmol) and
a solution of RF3OH (273 mg, 2.12 mmol, 2.10 equiv.) in 10 mL
of pentane. Aer 3.5 h all volatiles were removed in vacuo to give
the nal product as an orange liquid; yield 630 mg (76%).
Synthesis of W(NAr)(Ar0NH)(ArNH2)(ORF9)

Aer collecting crystals of W(NAr)(ORF9)2(C2H4)(ArNH2) in the
synthesis of W(NAr)(ORF9)2(C2H4)(ArNH2) described above, the
pentane solution was concentrated and kept at −30°. Aer 24 h
two crops of red crystalline W(NAr)(Ar0NH)(ArNH2)(ORF9) were
collected; yield 410 mg (16%). Anal. calcd for WC40H52F9N3OW:
C, 50.80; H, 5.54; N, 4.44. Found C, 50.91; H, 5.56; N, 4.39.
Synthesis of W(NAr)2(ORF9)(CH2CH3)

W(NAr)(ORF9)2(C2H4)(ArNH2) (200 mg, 0.190 mmol) was treated
with 2,6-lutidine (45 mL, 0.38 mmol) in benzene (6 mL) in
a 20 mL glass vial for 16 h. All volatiles were removed in vacuo
and the crude residue was extracted into pentane (∼4 mL). This
solution was kept under vacuum for 3 h to remove excess 2,6-
lutidine. The residue was dissolved in pentane (∼2 mL) and the
solution was stored at −30 °C to give the nal product as yellow
solid; yield 59 mg (38%). Anal. calcd for C30H39F9N2OW: C,
45.13; H, 4.92; N, 3.51. Found C, 45.07; H, 4.92; N, 3.52.
Synthesis of W(NAr)(CH2CH2)(OTf)2(dme)

A vessel containing a solution of W(NAr)(CHCMe2Ph)(OTf)2(-
dme) (1.00 g, 1.14 mmol) in 15 mL of toluene was pressurized
with ethylene (60 psi) and the reaction mixture was heated to
80 °C for two days. The color of the solution changed from light
yellow to orange and an orange solid formed. The microcrys-
talline solid was ltered off and washed two times with toluene
(1 mL); yield 51% (449 mg). Anal. calcd for C20H31F6NO8S2W: C,
30.98; H, 4.03; N, 1.81. Found C, 31.00; H, 3.96; N, 1.70.
Reaction of W(NAr)(Ar0NH)(ArNH2)(ORF9) with ethylene

W(NAr)(Ar0NH)(ArNH2)(ORF9) (20 mg, 0.020 mmol), and 1,4-bis-
trimethylsilylbenzene (0.15 mL from a stock solution in C6D6;
15 mol%) were dissolved in 0.35 mL of C6D6 in a J. Young NMR
tube (1,4-bis-trimethylsilylbenzene was used as an internal
standard). Ethylene (15 psi) was added to the tube and the
mixture was examined by NMR spectroscopy at room tempera-
ture, as described in the text. The tricyclic product lost ethylene
readily to reform W(NAr)(Ar0NH)(ArNH2)(ORF9).
Synthesis of W(NAr)(py)[(m-NAr0)(m-NHAr00)]W(NAr)(ORF9)

A solution of W(NAr)(NHAr0)(ArNH2)(ORF9). (182 mg,
0.190 mmol, 1 equiv.) and cyclohexene (160 mg, 1.9 mmol, 10
equiv.) in 5 mL of C6H6 was heated in an oil bath at 100 °C for
24 h. During that period the color changed from dark red to
deep purple. The volatiles were removed in vacuo, and the
residue was extracted with pentane. Aer standing the pentane
extract at −30 °C overnight, a crop of orange crystalline starting
Chem. Sci.
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material was recovered. The pentane was removed in vacuo and
pyridine (63 mL, 0.76 mmol, 4 equiv.) and ∼2 mL of ether were
added to the residue. The color of the solution changed
immediately from deep purple to red and crystals began to form
aer one hour at room temperature. Aer storing the mixture at
−30 °C overnight, the red crystals were ltered off and washed
with cold diethyl ether; yield 77 mg (29%). Anal. calcd for
WC56H68F9N5OW2: C, 49.24; H, 5.02; N, 5.13. Found C, 49.43; H,
5.32; N, 5.06.
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