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Proton-Catalyzed Interconversion of Tungsten(V1)
Isopropylidene and Propylene Complexes

Milan Maji,* Logan Trowbridge,* Maxime Boudjelel,*® Richard R. Schrock,** Matthew P. Conley,?
and Veronica Carta®

“ Department of Chemistry, University of California at Riverside, Riverside, California 92521
b Currently Merck & Co., Rahway, New Jersey

Email: richard.schrock@ucr.edu

ABSTRACT: Additions of two equivalents of (CF3);COH (RrsOH) or (CF3):MeCOH (RrsOH) to W(NAr)2R2 complexes (Ar = 2,6-
diisopropylphenyl, R = n-propyl or i-propyl) offer the opportunity to synthesize propylene or isopropylidene olefin metathesis-active
complexes in the absence of free propylene. Propylene and isopropylidene complexes (W(NAr)(ArNH2)(ORFrs)2(propylene) and
W(NATr)(ArNH:)(ORrg)2(CMe2)) are formed at room temperature from both W(NAr)2(i-propyl)2 and W(NAr)2(n-propyl): complexes
upon addition of two equivalents of RreOH; no W=CHCH:Me complexes are observed. Similar results are found for W(NAd)z(pro-
pyl)2 complexes (Ad = 1-adamantyl). Both RNH> and RNH2B(C¢Fs); (R = Ar or Ad) catalyze the interconversion of propylene and
isopropylidene complexes. Addition of RrsOH to W(NAr)2R2 or W(NAd)2R2 complexes leads to mixtures that contain largely pro-
pylene complexes. Addition of (CF3)Me2COH (Rr;OH) to W(NAr)2(i-Pr)2 yields only propylene complexes. One propylene com-
plex, W(NAd)(ORFrs)2(CH2=CHMe)(dme), was isolated, structurally characterized, and found to react with AdANH: to reform
W(NAd)(ORFro)2(CMe2)(AdNHz). It is proposed that propylene and isopropylidene complexes interconvert through formation of an

intermediate isopropyl complex.

INTRODUCTION

Olefin metathesis! was discovered over sixty years ago.>*
It has been shown over several decades that neutral complexes
of the type M(X)(alkylidene)(Y)(Z) are the most common initi-
ators in homogeneous metathesis systems where M = Mo or W,
X is an imido or oxo ligand, and Y and Z are monoanionic lig-
ands such as an alkoxide or a pyrrolide.> (Cationic complexes
in which Y or Z is a neutral donor have also been reported.® 7)
The initial alkylidene in both homogeneous studies and hetero-
geneous studies® is usually a neopentylidene or a neophylidene
formed through abstraction of an o proton from neopentyl or
neophyl ligands by a second alkyl. But how molybdenum or
tungsten alkylidene complexes (either terminal, M=CHR, or in-
ternal, M=CRR") are formed® from olefins or alkyls that contain
B protons has remained unanswered until relatively recently.

Much evidence in the last two decades has suggested that
alkylidenes are made from d? olefin complexes, M(X)(ole-
fin)(Y)(Z). Molybdenum imido styrene and trans-3-hexene
complexes of that type (e.g., Mo(NAr)(OSiPhs)(olefin); Ar =
2,6-diisopropylphenyl) were reported in 2010.'° It was found
that alkenes exchange readily at the Mo(IV) center, unsubsti-
tuted Mo(VI) molybdacyclopentane complexes can be formed
through addition of ethylene, bound olefins can isomerize via
double bond migration, and metathesis-active initiators, pre-
sumably Mo(NAr)(OSiPhs)x(alkylidene) complexes, are gener-
ated in the presence of olefins. Several olefin complexes were
found to be active for metathesis of 1-decene or 1-octene at 85-
100 °C.

Copéret has shown that tungsten(lV) oxo bisalkoxide
bispyridine complexes supported on silica through an Si-O-M
linkage yield active metathesis catalysts.!* Key mechanistic

steps that lead to alkylidenes were proposed to involve allylic
CH activation, proton transfers catalyzed by pyridine, and acti-
vation of metathesis processes by B(CsFs)s. Copéret also re-
ported the structure of 18e W(O)(ORes)2(pyridine)z(propylene),
which becomes active for the metathesis of propylene in solu-
tion upon addition of B(CsFs)s. Other studies continue to
strengthen the correlation between homogeneous and heteroge-
neous olefin metathesis systems that contain Mo or W imido or
oxo alkylidene initiators.'22

Recent homogeneous studies have uncovered two mecha-
nisms that yield a Mo or W alkylidene from an olefin. One
consists of a proposed photochemical M-C bond cleavage (with
~450 nm light) in a metallacyclopentane complex?! followed by
either ring-contraction®>** to give a metallacyclobutane, a key
intermediate in metathesis, or o hydrogen abstraction® 2% 2’
within the MCs ring to give an alkylidene (eq 1).

NR
Hp

R’F)uuu...M ..... ‘”C\/CHR
- RO oF
NR
I w hv I gz -~ CH,
RONMtlC —CHR —» goumsM™ ‘¢|:HR ring-contraction )
RO C—CHR Rvo/ _CHR
2 HoC ~ R
. I B cHs
C—
R’O\“/"'M%C/ CHR
RO L

a-abstraction

The second mechanism consists of addition of a proton to
an alkene to give an alkyl that contains both o and 3 protons,
followed by reversible loss of an o proton to give an internal



alkylidene (an "Hca" reaction®® ?°). The first example of an Heat
reaction for Mo or W was the equilibrium established between
a M(styrene) and a M(CMePh) complex in the presence of a
catalytic amount of PANMe2H*X™ (X = B(3,5-(CF3)2CeHs)4 or
B(CsFs)4)) (eq 2).3%0 8 Intermediate
[Mo(NAr)(OSiPhs)(CHMePh)]* (Ar = 2,6-diisopropylphenyl)
was structurally characterized. No M=CHCHzPh or
M(CH2CHzPh)* complexes were observed.
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Ar = 2,6-i-Pr,CgHg; OR = OSiPhg

In 2024 it was found that cyclohexylidene complexes,
W(NATr)(ArNH2)(OR)2(C¢Hi0) (OR = ORrg or ORge), are
formed through a double protonation of an imido ligand in
W([NAr):Cy2 (Cy = cyclohexyl) by two equivalents of RreOH
or ResOH (eq 3).3 This reaction could consist of an unusually
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selective o hydrogen abstraction® in a biscyclohexyl interme-
diate (e.g., W(NAr)(NHAT)(ORr9)Cy2), but it also could consist
(partially or wholly) of a B hydrogen abstraction to give a cy-
clohexene complex followed by isomerization of the cyclohex-
ene to a cyclohexylidene ligand through an Hca reaction. Pre-
liminary deuterium labeling studies with ReyOD support a se-
lective a abstraction. No cyclohexene complex was formed
from the cyclohexylidene complex at room temperature in one
hour, even after additon of B(CeFs);. It was suggested that a
cyclohexyl/cyclohexallyl intermediate could be formed from
two cyclohexenes, and that therefore a cyclohexene complex
could be formed from cyclohexene, and vice versa, which
would be another version of an Hea reaction.* It should be
noted that a bisimido complex such as W(NAr):Cyz is "n-
loaded"*%" (four potential W-N 7 interactions; see discussion)
while only three significant metal-ligand n interactions are pre-
sent in W(NAr)(ArNH2)(OR)2(CsHo).

The method of generating a metathesis-active alkylidene
through addition of an alcohol to a bisimido dialkyl complex
just described offers the opportunity to explore formation of
olefin and/or alkylidene complexes from acyclic alkyls that
contain [ protons in the absence of olefins in solution. If no
olefins are in solution, metallacyclopentane complexes cannot
form, nor is olefin metathesis possible if and when an alkylidene
is formed. We report here an exploration of the reaction be-
tween tungsten bisimido dipropyl complexes and selected alco-
hols which is aimed at gaining some understanding of the rela-
tionships between propyl, propylene, and propylidene com-
plexes. The principles uncovered here should extend to al-
kyl/alkene/alkylidene chemistry that involves larger metathe-
sizeable olefins and to oxo analogs of these imido complexes.

RESULTS
The WNAr system

Both W(NATr)2(n-Pr)2 and W(NATr)2(i-Pr)2 can be prepared
in high yield from W(NAr)2Clz(dme) (dme = 1,2-dimethoxye-
thane) and two equivalents of n-PrMgCl or i-PrMgCIl. The
structure of W(NATr)2(i-Pr)2 (Fig 1) shows no evidence of any
CH. or CHg agostic interaction® 3 with the metal. W(NAr)2(n-
Pr)2 is formed in high yield and high purity (according to NMR
spectra), but we have been able to isolate it only as an oil.

Figure 1. The molecular structure of W(NAr)2(i-Pr)2 as
determined by SCXRD. Ellipsoids plotted at 40% probability
level. Hydrogen atoms are omitted for clarity.

W(NAI)2(i-Pr)2 begins to isomerize within minutes in CeDs
at room temperature. After 24 h a single product, W(NATr)z(n-
Pr)(i-Pr), is formed, according to NMR data (Figure S34). Sub-
sequent formation of W(NAr)2(n-Pr)2 was not observed. A sin-
gle measurement at 22 °C showed the conversion in CsDs to be
first order with k = 6.0x105 sec? (ti2 = 3.2 h). The reaction also
takes place in the solid state, but much more slowly. We pro-
pose that the reaction mechanism consists of migration of a p H
from an isopropyl group to an imido nitrogen to give an inter-
mediate W(NAr)(HNAr)(propylene)(i-Pr) complex (eq 4); re-
turn of the amido H to the olefinic CH carbon in the propylene
ligand yields the n-propyl ligand. The migrating H is best de-
scribed as a proton (see later discussions). All of the complexes
in eq 4 have four potential W-ligand interactions with n charac-
ter. It is not clear why a second isomerization to yield
W(NATr)2(n-Pr)2 does not take place on the same time scale as
the first isomerization.
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Addition of two equivalents of RreOH to freshly prepared
W(NAr)2(i-Pr)2 yields a mixture of
W(NATr)(ArNH2)(ORrg)2(CMez) and primarily two isomers of
unsymmetric W(NAr)(ArNH2)(ORro)2(CH2=CHMe) after 3.5 h
at room temperature (eq 5, Figure S41). The number of signif-
icant 7 interactions decreases from four to three in this reaction,
or even two if the W(olefin) unit is considered to be a metal-
lacyclopropane. We were initially surprised to find that addi-
tion of two equivalents of RrsOH to W(NATr)2(n-Pr) also leads
to a mixture of W(NATr)(ArNH2)(ORr)2(CMe2) and



W(NATr)(ArNH:)(ORrs)2(CH2=CHMe), largely the former ini-
tially. W(NAr)(ArNH:z)(ORro)2(CMez) can be crystallized se-
lectively from these mixtures.

CMe
ArN 2
N wicpr *2ReOH Ak, Il oo
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Figure 2. The molecular structure of
W(NATr)(ArNH2)(ORre)2(CMez) as determined by SCXRD.

The structure of W(NAr)(ArNH2)(ORro)2(CMe2) (Fig 2) is
biased toward a square pyramid (t = 0.32,% W-NH. = 2.299 A,
W=N = 1.748 A) with the isopropylidene ligand tipped away
from the imido ligand (W-Cy-Cp = 109.1° and 135.7°), which is
a common phenomenon in high oxidation state disubstituted al-
kylidene complexes of Mo and W.%+ 42 A plausible explanation
is that the bound aniline NH proton in 16 electron
W(NATr)(ArNH2)(ORrs)2(CH2=CHMe) is activated toward mi-
gration to the propylene ligand to give
W(NATr)(ArNH)(ORrg)2(CHMez) (three m bonds) and the iso-
propy!l o proton returns to the ArNH ligand to give the isoprop-
ylidene complex (cf. the equilibration of M(CH2=CHPh) and
M(CMePh)  complexes  with  anilinium®3?), No
W(NAr)(ArNH2)(ORr9)2(CHCH2Me) is observed in either re-
action. Low temperature NMR studies confirm that the ArNH2
ligand is partially dissociated in
W(NAr)(ArNH2)(ORr9)2(CMez) at room temperature, but
bound on the NMR time scale at low temperature (Figure S13)
in an asymmetric complex (Fig 2). Therefore, some ArNH: in
solution could remove the activated proton in
W(NAr)(ArNH2)(ORr9)2(CMez) and deposit it on the isopropy-
lidene ligand because ArNHz* is approximately as acidic as di-
methylanilinium.

A freshly crystallized sample of
W(NAr)(ArNH2)(ORr9)2(CMey) after one day in toluene or
benzene at 22 °C becomes a mixture that consists of
W(NAr)(ArNH2)(ORrg)2(CMez) and primarily two isomers of
W(NATr)(ArNH:)(ORrg)2(propylene) (one arbitrary possible
structure is shown in eq 6; Figures 3 and S44), according to pro-
ton NMR spectra at 22 °C. The ratio of isopropylidene to pro-
pylene complexes is estimated to be 3:2 through integration of
the propylene and isopropylidene methyl resonances. In the
propylene isomers the C=C axis and the W=N axis are likely

CMe, CHMe, eMe
ArNHg\\|/\|/_”\\ORFg — AFNH\| WOREg = ArNHa ' WORgg (6)
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to be roughly perpendicular to one another, with the propylene
methyl group pointing toward or away from the imido group
and with alkoxides that are cis or trans to one another. As in
the structure shown in Figure 2, the t values can be far from
zero, characteristic of an ideal square pyramidal complex. Iso-
propylidene and propylene complexes have essentially the same
energy in these mixtures. We propose that this equilibration
involves formation of intermediate
W(NAr)(ArNH)(ORre)2(CHMe2) (eq 6). The fact that no n-
propylidene complex is observed suggests that the system is un-
der thermodynamic control and that the energy of any n-propy-
lidene complex is >2-3 kcal higher than the energy of any iso-
propylidene or propylene complexes. Addition of ethylene to
the 3:2 mixture shown in Figure 3b immediately yields the un-
substituted tungstacyclobutane in 60% yield (via formation of a
methylene followed by its reaction with ethylene) and 40% of
the tungstacyclopentane complexes (via replacement of propyl-
ene by two ethylenes), along with the expected amounts of pro-
pylene and isobutene H (eq 7 and Figure S45). Therefore, eth-
ylene can be used as a quench to assay the ratio of alkylidene to
alkene complexes. The 3:2 ratio is a measure of the relative
amounts of all isopropylidene to all propylidene complexes,
four or five-coordinate (adducts). Because we do not know de-
tails about the concentrations of four-coordinate versus five-co-
ordinate adducts, a precise determination of the energy differ-
ences of isopropylidene versus propylene complexes is not pos-
sible.

k%

(B)
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Figure 3. Partial *H NMR spectrum (22 °C) of a mixture of
W(NATr)(ArNH:)(ORrg)2(propylene) and
W(NAr)(ArNH2)(ORrg)2(CMez) from
W(NAr)(ArNH2)(ORrg)2(CMez); (a) after 10 min; (b) after 6 h
(*propylene methyl resonances; **isopropylidene methyl
resonances).
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The labile ArNH: can be scavenged from solution through
addition of one equivalent of B(CeFs): to
W(NAI)(ArNH2)(ORro)2(CMe2).  ArNH2B(CeFs)s*®  and
W(NATr)(ORro)2(CMe2) are  formed immediately, but



W/(NATr)(ORFrs)2(CMez) then isomerizes in 24 h to yield a mix-
ture of W(NAr)(ORre)2(CMez) and primarily two isomers of
W(NATr)(ORFrs)2(propylene) in a 1:9 ratio (Figure S46). Equili-
bration in the presence of ArNH2B(CsFs)s is faster than equili-
bration in the absence of B(CsFs)s (eq 6). Therefore, we pro-
pose that ArNH2B(CsFs)s itself can provide the proton that cat-
alyzes that interconversion (see discussion section). (The solid
state structure of ArNH2B(CeFs)s** was determined and is
shown in Figure S80).) ArNH:B(CsFs)s is an example of a
Lewis acid-activated Bransted acid,** one that could deliver a
proton directly (intermolecularly) to the propylene or isopropy-
lidene ligands, much as anilinium would.

The NAd system

W(NAd)2(n-Pr)2 and W(NAd)2(i-Pr)2 (Ad = 1-adamantyl)
can be prepared in high purity from [W(NAd)2(AdNH2)Cl2]2*
and the respective Grignard reagents, although the yields cur-
rently are poor (25-30%) under the conditions employed so far.
W(NAd)2(i-Pr)2 crystallizes readily; W(NAd)z(n-Pr)z is micro-
crystalline. The structure of W(NAd)(i-Pr)2 (Figure 4) is anal-
ogous to that of W(NAr)2(i-Pr)2 with no evidence for any o or
B CH interactions with the metal. Unlike W(NAr)2(i-Pr)2,
W(NAU)2(i-Pr)2 is unchanged in solution after 24 h; no
W(NAU)2(i-Pr)(n-Pr) is formed.

Figure 4. The molecular structure of W(NAd)2(i-Pr)z as
determined by SCXRD.

Figure 5. The molecular structure of
W(NAd)(AdINH2)(ORrs)2(CMe2) as determined by SCXRD.

Both W(NAd)2(n-Pr)2 and W(NAd)2(i-Pr)2 react readily
with two equivalents of RroOH to give
W(NAd)(AANH2)(ORro)2(CMez). Its structure (Figure 5) is
closer to a square pyramid (t = 0.24) with W-C.-Cs = 110.8°
and 134.9° and W=C = 1.905 A. NMR spectra of

4
W(NAd)(AdNH:)(ORrg)2(CMe2) suggest that AANH:z is not
dissociating from the metal on the NMR time scale.
W(NAd)(AdANH:)(ORre)2(CMe2) is unchanged in CeDs after
one week at 22° C and after heating the solution to 80° C for
one hour. Either the isopropylidene complex is simply more
thermodynamically stable than the propylene analog or conver-
sion is blocked when the amine is AANHa. If it is AANH:2 in
solution that deprotonates a coordinated AdNH: (see discus-
sion), AdNHs* is probably not acidic enough to protonate the
isopropylidene ligand.30 3146

When one equivalent of B(CeFs)s is added to a sample of
W(NAd)(AdNH2)(ORrs)2(CMe2), AdNH2B(CeFs)s is formed
which then catalyzes conversion of the alkylidene to a mixture
of W(NAd)(ORre)2(CMez) (~15%) and primarily two isomers
of W(NAd)(ORro)2(propylene) (~85%) (Figures S68 and S69).
These results are comparable to those found for formation of
W(NATr)(ORro)2(CMe2) and W(NATr)(ORro)2(propylene) iso-
mers discussed above.

Addition of 1,2-dimethoxyethane (dme) to the mixture of
W(NAJ)(ORrg)2(CMe2) and W(NAM)(ORrs)2(propylene) de-
scribed above allows W(NAd)(ORro)2(propylene)(dme) to be
isolated in low yield. The methyl resonance for the methyl
group of the minor propylene isomer (at 253 K) in this sample
(at 2.44 ppm; Fig S29) amounts to 11% of the total. Variable
temperature NMR spectra (Figure S28) show that coordinated
dme exchanges with dme in solution and leads to relatively
broad resonances at room temperature.

The crystal of W(NAd)(ORFrs)2(propylene)(dme) chosen
for SCXRD contains only the isomer in which the methyl group
of the propylene ligand is pointed toward the imido ligand and
the C-C axis is perpendicular to the W-N axis (Figure 6). The
W-C distances are 2.173 A (CHMe) and 2.150 A (CH>) with a

Figure 6. The molecular structure of
W(NAJ)(ORFo)2(CH2=CHMe)(dme)
as determined by SCXRD.

C-C distance of 1.423 A. The W-C distances in
W(NAd)(ORrs)2(propylene)(dme) are ~0.25 A longer than the
W-C distances in W(NAd)(AdNH2)(ORrs)2(CMez) (Fig 5). The
structure in Figure 6 should be compared to that for
W(O)(ORrs)2(CH2=CHMe)py2 in which the pyridine ligands
are trans to one another and the propylene is disordered over
two positions with the methyl group pointing up toward (the
major isomer) or away from the oxo ligand.'* For one of the
propylene ligands in W(O)(ORre)2(CH2=CHMe)py. the W-C
distances are 2.206(9) A (CHMe) and 2.19(3) A (CH>) with a
C-C distance of 1.406(11) A. To our knowledge the only other
reported W(IV) propylene complex in this category is W(O)(O-
2,6-bis-1-adamantylphenoxide).(CH.=CHMe) (as a mixture of



two isomers) which was only observed by **C NMR in solu-
tion.!® In the analogous crystallographically-characterized
four-coordinate W(0O)(0-2,6-bis-1-adamantylphenox-
ide)2(trans-t-BuCH=CHMe) complex, W-C = 2.113(4) A (CH-t-
Bu) and 2.148(4) A with C1-C2 = 1.468(7) A.

Addition of propylene (1 atm) to a solution of
W(NAJ)(ORFg)2(CH2=CHMe)(dme) in CsDs leads immedi-
ately to formation of the square pyramidal B,B'-disubstituted
tungstacyclopentane complex shown in eq 8 (R = Ad), an ana-
log of crystallographically-characterized
W(NCPh3)(OSiPhs)z(trans-,p'-Me2CaHs).?> Square pyramidal
B,B-Disubstituted tungstacyclopentanes made from terminal
olefins are the only ones that have been observed.

CH2s=crive NR
RNHz,/,..,.\/'V,.\\\\ORFg +CHp=CHMe  RrsOn, || wCHa—crime
P~ —_— W ] 8)
RNZ NORg  -RNH,  R0” CH,~CHMe

Heating a solution of W(NAd)(ORFrs)2(CH2=CHMe)(dme)
in toluene-ds to 40 °C for 40 h led to ~10% formation (versus
an internal standard) of methyl resonances characteristic of iso-
propylidene complexes. The same experiment in the presence
of one equivalent of AANH: led to formation of approximately
50% W(NA)(AdNH2)(ORrs)2(CMe) relative to dme present
in the sample after heating the sample to 40 °C (Figures S73
and S74). Interestingly, no W(NAd)(AdNH2)(ORr)2(CMe) is
formed when five equivalents of AdNH: are added to
W(NAd)(ORFo)2(CH2=CHMe)(dme) and the solution heated to
40 °C.

W(NAd)(ORgg),(CH,=CHMe)(dme) + AdNH,

i

W(NAd)(ORgg)>(CMe,)(AdNH,) + dme

Other alcohols

Addition of two equivalents of RrsOH to W(NAr)2(i-Pr)2
leads to a mixture of W(NAr)(ArNH2)(ORrs)2(CMez) and iso-
mers of W(NATr)(ArNH2)(ORrs)2(propylene) in a ratio of ~1:10
(vs.~3:2 in the ORro system) in CeDs after 24 h at 22° C (Fig
S48). The same ratio is observed if RrsOH is added to
W(NAI)2(i-Pr)2 followed by B(CsFs)s (eq 10, Fig S52).

/Me
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Addition of two equivalents of RrsOH to W(NAd)2(i-Pr)2 fol-
lowed by one equivalent of B(CeFs)s also forms a mixture of
W(NAd)(ORFs)2(CMez) and two isomers of
W(NAJ)(ORFs)2(propylene) in a ratio of ~1:10 in CsDs after 24
h at 22° C (Fig S64). (Equilibration in the absence of B(CsFs)3
is slow and inconclusive in the NAd/RrsOH system.) Finally,
addition of two equivalents of (CFs)Me:COH (RrsOH) to
W(NATr)2(i-Pr)2 in CeDgs after 24 h led to formation of only a

5
mixture of propylene complexes (eq 11, Figures S53 and S54).
No isopropylidene or n-propylidene complex was observed.

DISCUSSION

Proton transfers in high oxidation state transition metal
chemistry that involve imido or amido ligands include the facile
interconversion of imido and amido ligands in molyb-
denum(V1) and tungsten(VI) imido/amido complexes (No to N
H-transfer)®-" and CH activation in alkanes by Ti and Zr imido
complexes.”” The imido/amido studies®*" focus on the role of
ArNH: in catalyzing proton movement among imido and amido
ligands and the formation of kinetic versus thermodynamic im-
ido/amido complexes as products. A central feature of the pro-
ton movement by ArNH: in these imido/amido systems was
proposed to be the accessibility of a relatively low energy
largely ligand-centered nonbonding molecular orbital
(LCNBO) that is susceptible to electrophilic attack as a conse-
quence of "n-loading"***" (>3 significant M-N = interactions).
What is accomplished through the proton-catalyzed intercon-
version of isopropylidene and propylene complexes is the
equivalent of a "1,2-H shift" in a bound olefin, which so far has
not been directly observed within to our knowledge.® Although
we cannot exclude that possibility, the Hea reactions reported
here, in our opinion, seem far more likely to be the mechanism
(or mechanisms) of interconversion of the propylene and iso-
propylidene complexes reported here.

+ HB:
W(Propylene) <= [W(i-Propyl)][B]
-HB A
+ RNH,. lT RNH,
e W(RNHé(i-Propyl)

W(RNHo,)(Propylene)
T - RNH,

RNH, [RNH][W(NHR)(Propylene)]
c

Scheme 1. Three plausible mechanisms of forming an isopro-
pyl complex from a propylene complex (HB = an acid/base).

While proton-catalyzed interconversion of propylene and
isopropylidene complexes via formation of an isopropyl inter-
mediate seems to be a solid conclusion, the precise mechanisms
are uncertain. We can think of three variations which are shown
only in terms of forming the isopropyl intermediate in Scheme
1. (The isopropylidene complex is formed in similar reverse
reactions of those shown in Scheme 1.) One is transfer of a
proton from N to C intramolecularly in the five-coordinate
ArNH: or AdNH: adducts to give an amido/isopropyl complex
(B) via an unsymmetrical N-H-C transition state that contains a
bridging proton.*®  Formation of W(NATr)2(n-Pr)(i-Pr) from
W(NAr)2(i-Pr)2 discussed in this work is an example of this type
of intramolecular mechanism. A second variation seems likely
in the case of reactions catalyzed by RNHz[B(CsFs)s] that have
been observed here, namely a proton bound to N in
RNH:z[B(CsFs)3] is acidic enough to directly protonate a propyl-
ene ligand to give A, which is analogous to equilibration when
the source of H is anilinium and the anion is weakly coordinat-
ing.##  The resulting anion, {RNH[B(CsFs)s]} when
RNH2[B(CsFs)s] is the source of H may or may not bind to the
metal, depending upon the circumstances. In a third variation



some amine in solution deprotonates the coordinated amine in
a 16e adduct of a propylene complex to give C. Delivery of that
proton to the propylene complex to yield the isopropyl complex
(B) would be possible if the ammonium cation in the interme-
diate salt is acidic enough.

n-Propylidene complexes should be able to form in a man-
ner similar to the way isopropylidenes are formed, but we have
not observed any n-propylidene complexes in this work. If n-
propylidenes were to form, it now seems like they almost cer-
tainly would isomerize to isopropylidenes via Hcat reactions.
Therefore, n-propylidenes are likely to be >2-3 kcal mol?
higher in energy than isopropylidenes. Formation of what ap-
pear to be lower energy, but still metathesis-active, internal or
secondary alkylidenes*" 42 in situations when metathesis-active
alkylidenes are formed in classical metathesis systems may
have been overlooked for decades. Internal alkylidenes are
more difficult to observe in routine NMR spectra, their concen-
trations may be low, complex mixtures of alkylidene, olefin,
and metallacyclopentane complexes could be formed, internal
alkylidenes are consumed through metathesis reactions, and
olefin isomerization could complicate matters further.

A fundamental problem prevents us from drawing many
conclusions concerning the relative energies of various propyl-
ene versus isopropylidene complexes that have been observed
here. Firstly, equilibria have to be confirmed and measured,
which requires that total energy differences between com-
pounds on each side of the equation must be < 2 kcal mol™.
Secondly, binding RNH: to one or both propylene and isoprop-
ylidene complexes to some unknown degree itself involves
binding energies of >2 kcal mol . Finally, even if labile RNH:
could be removed completely and instantly from mixtures of
adducts, mixtures of four-coordinate propylene and isopropy-
lidene complexes would be formed which we expect can no
longer interconvert, and therefore are not at equilibrium. There-
fore, we are left with a collection of relatively qualitative results
concerning relative energies of various propylene and isoprop-
ylidene complexes discussed here.

The only trend that we can propose is that the more elec-
trophilic the metal (which changes with the nature of the alkox-
ides and imido ligands, coordination number, the nature of do-
nor ligands, etc.), the more isopropylidenes are favored over
propylenes as ligands. This trend perhaps largely is a conse-
quence of W=C bonds being ~0.25 A shorter than W-C bonds
in an olefin complex and & overlap likely being more efficient
in a W=C bond than in a W(olefin) bond; thus the lower the
electron count and coordination number the more an isopropy-
lidene is preferred. Interestingly, electron-withdrawing alkox-
ides (e.g., hexafluoro-t-butoxides) have long been known to
lead to some of the highest metathesis activities, and although
there are likely to be several reasons for high metathesis activ-
ity, high electrophilicity of the metal is one of them.

Itis interesting to note that it has been proposed that cyclo-
hexylidenes can be formed from two cyclohexenes®® ?° on the
basis of H/D exchange reactions at 100 °C in which cyclohexene
donates a proton to a second cyclohexene to form a cyclo-
hexyl/cyclohexallyl complex from a bis olefin complex instead
of a metallacyclopentane complex.>* So it may turn out that an
intramolecular proton source could be an olefin itself if it has
an allylic H. The studies that led to the chemistry described
here suggests that bound RrsOH or RrsOH can also protonate
imido ligands in bisimido complexes and lead to formation of
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alkene and alkylidene ligands. Whether an alkoxide could re-
move or move a proton as efficiently as a nitrogen-based ligand
is not known.

CONCLUSIONS

The results reported here are consistent with a proton in
RNH: or RNH2[B(CsFs)s] catalyzing interconversion of a pro-
pylene and isopropylidene ligand. The three plausible mecha-
nisms (Scheme 1) are intramolecular proton transfers in 16e
complexes, protonation by a neutral external acid, or deproto-
nation by a neutral external base (Scheme 1). The fact that no
n-propylidenes have been observed suggests that they are
higher in energy than isopropylidenes. The principles uncov-
ered here should extend to tungsten alkyl/alkene/alkylidene
chemistry that involves larger alkyls, analogous molybdenum
chemistry, and analogous oxo alkyl/alkene/alkylidene chemis-
try. Proton-catalyzed alkene to alkylidene isomerizations may
be the way to form alkylidenes from olefins in many classical
homogeneous or heterogeneous olefin metathesis systems, but
details of mechanisms in the presence of olefins have been ob-
scured by olefin isomerization and especially by facile subse-
quent metathesis reactions (the desired and relatively rapid re-
action) in the majority of circumstances.!” It remains to be seen
to what extent continuous reformation of alkylidenes from ole-
fin complexes contributes to catalyst longevity, but how refor-
mation could be demonstrated in the presence of olefins and
rapid metathesis is not obvious.

Experimental

General

Unless otherwise stated, all manipulations were carried out us-
ing standard Schlenk or glovebox techniques under an N at-
mosphere. Pentane, diethyl ether, dichloromethane, benzene,
and toluene were dried and deoxygenated by an argon purge
followed by passage through activated alumina in a solvent pu-
rification system and storage over 4 A molecular sieves. Sol-
vents not containing halogens or nitriles were tested with a
standard purple solution of sodium benzophenone ketyl in THF
before use. W(NAUI)2Cl2(DME),*® [W(NAd)Cl(p-
Cl)(Hz2NAd)]2,% and ArNHzB(CsFs)3* were prepared according
to reported procedures. Perfluoro-t-butanol and hexafluoro-t-
butanol were purchased from Oakwood chemical and Alfa
chemical respectively and stored over activated 4 A molecular
sieves. 1,4-TMS benzene, isopropyl magnesium chloride and n-
propyl magnesium chloride were purchased from Sigma-Al-
drich; B(CeFs)s was purchased from Alfa chemical and sub-
limed before use. Elemental analyses were performed by Atlan-
tic Microlab, Inc., Norcross, GA. Deuterated solvents were pur-
chased from Cambridge Isotope Laboratories Inc., degassed,
and dried over activated 4 A 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. 'H and *C
chemical shifts are reported in ppm relative to tetramethylsilane
using residual solvent as an internal standard. °F chemical
shifts are reported in ppm relative to trichlorofluoromethane as
an external standard. 1,4-TMS benzene (resonances at 7.52
ppm and 0.24 ppm) was the added internal standard in some
instances.

Synthesis of W(NAr)2(n-Pr)2. W(NATr)Clz(dme) (1.5 g, 2.16
mmol, 1 eq), a magnetic stir bar, and diethyl ether (30 mL) were
added to a 125 mL flask. The flask was cooled to -30 °C in



glovebox. A -30 °C solution of n-propyl magnesium chloride in
Et20 (2 M, 2.2 mL, 4.5 mmol, 2 eq, diluted with 7 mL of Et.0)
was then added dropwise to it and the mixture was allowed to
warm to RT and stirred for 3 h. The orange solution immedi-
ately turned yellow, and a white precipitate began to form. The
solvent was removed in vacuo and the crude product was ex-
tracted into pentane and the solution was filtered through a plug
of Celite. All the volatiles were removed in vacuo to give the
W(NATr)2(n-Pr)2 as orange oil; yield 1.1 g (81%). Anal. Calcd
for C2sHasN2W: C, 58.06; H, 7.80; N, 4.51. Found C, 57.41; H,
7.87; N, 4.52.

Synthesis of W(NAr)2(i-Pr)z2. The procedure was the same as
described for the synthesis of W(NAr)2(n-Pr)2. Analytically
pure product can be obtained as yellow orange crystals via re-
crystallization from pentane at -30 °C overnight; yield 0.68 g
(51%) starting with 1.5 g of W(NATr)2Cl.dme. Note: W(NAr)(i-
Pr)2 isomerizes to a mixture of W(NAr)2(i-Pr)2 and W(NAr)2(i-
Pr)(n-Pr) within 24 h at RT in solution; tu2 = 3.5 h. Anal. Calcd
for C2sHasN2W: C, 58.06; H, 7.80; N, 4.51. Found C, 57.71; H,
7.74; N, 4.50.

Synthesis of W(NAr)(ArNH:2)(ORr)2(CMez2). W(NAr)2(i-
Pr)z (0.9 g, 1.45 mmol, 1 equiv), a magnetic stir bar, and pen-
tane (15 mL) were added to a 125 mL flask. The flask was
cooled to -30 °C and a cold solution (-30 °C) of RreOH (0.719
g, 3.05 mmol, 2.1 equiv) in 5 mL of pentane was added drop-
wise over a period of 3 min. The mixture was warmed to room
temperature. After 3.5 h the color of the solution had changed
from orange to red. All volatiles were then removed in vacuo.
The sticky residue were dissolved in diethyl ether (~2 mL).
Two batches of orange crystals were obtained by keeping the
ether solution in the freezer at -30 °C for two weeks; yield 471
mg, 31 %. Anal. Calcd for WCzsH4sN: (0.2 Et20): C, 40.52; H,
4.20; N, 2.63. Found C, 40.98; H, 4.31; N, 2.86. (The amount
of ether in this sample was quantitated through proton NMR.)

Synthesis of W(NAd)2(n-Pr)z2. [W(NAd)2CI(p-Cl)(H2NAd)]2
(2.50 g, 1.77 mmol) was dissolved in 75 mL of diethyl ether and
the solution was cooled to -30 °C. A cooled (-30 °C) solution of
2 M n-PrMgCl in 5 mL diethyl ether (3.65 mL, 7.30 mmol, 4.1
eq) was added dropwise. The mixture was stirred at room tem-
perature for 3 h and the solution was evaporated to dryness un-
der reduced pressure. The solid was extracted with pentane and
the mixture was filtered through a pad of Celite and the volume
of the filtrate reduced to ~5 mL. The solution was cooled to
-30° C overnight and the resulting precipitate was isolated on a
glass frit to give the product in 30% yield (0.61 g, 1.1 mmol) as
a reddish-tan solid.

Synthesis of W(NAd)2(i-Pr)2. The procedure was the same as
for the synthesis of W(NAd)2(n-Pr). starting with
[W(NAd)Cl(u-Cl)(AdNH2)]2 (3.24 g, 2.30 mmol) in 100 mL
of diethyl ether and 2 M i-PrMgCl in 10 mL diethyl ether (4.72
mL, 9.43 mmol, 4.1 eq). The product was obtained in 23% yield
(0.60 g, 1.1 mmol) as a tan solid. Crystals suitable for single-
crystal X-ray diffraction were grown from a pentane solution at
-30° C.

Synthesis of W(NAd)(ORFrg)2(CMez2)(AdNHz). W(NAd)(i-
Pr)z (564 mg, 0.99 mmol) was dissolved in ~4 mL of pentane
and nonafluoro-tert-butanol (0.28 mL, 2.0 mmol, 2 eq) was
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added dropwise. The resulting dark red solution was stirred
for 1.5 h at room temperature, at which point an orange precip-
itate was observed. The reaction mixture was cooled to -30 °C
overnight and the precipitate was collected by filtration on a
glass frit to give the title compound in 76% yield (0.75 g, 0.76
mmol) as a light orange powder. Crystals suitable for single-
crystal X-ray diffraction were grown from a pentane solution at
-30° C. Anal. Calcd for CsiHssF1sN202W: C, 37.37; H, 3.84; N,
2.81. Found: C, 37.81; H, 3.92; N, 2.77.

Synthesis of W(NAd)(ORFrs)2(CH>=CHMe)(dme).
W(NAd)(ORFs)2(CMe2)(H2NAd) (500 mg, 0.50 mmol) was dis-
solved in 30 mL of toluene and B(CsFs)3 (257 mg, 1 equiv) was
added as a solution in 10 mL of toluene. The solution was stirred
for 1 h at room temperature, the volatiles evaporated under re-
duced pressure, and the residue then triturated with pentane
(3x10 mL). The red residue was dissolved in 12 mL of pentane
and the solution was placed in a liquid nitrogen cooled cold well
for 20 minutes along with a frit containing Celite. The cloudy
solution was filtered through Celite to remove AANH2B(CsFs)3
and the filtrate volume was reduced to ~3 mL then again cooled
for 10 minutes. The solution was decanted and the supernatant
evaporated under reduced pressure. The red residue was dis-
solved in ~5 mL of DME. The mixture was stirred for 30 min
and the volatiles evaporated under reduced pressure. This resi-
due was dissolved in ~2 mL of diethyl ether, and the solution
was cooled to -30 °C overnight to give the crystalline product
in a 21% yield (98 mg, 0.10 mmol). Anal. Calcd for
CssHa1F1sNOsW: C, 32.10; H, 3.34; N, 1.50. Found C, 31.95; H,
3.37; N, 1.57.

Conversion of W(NAd)(ORFro)2(dme)(CH2=CHMe) to
W(NAd)(ORFrg)2(CMez2)(AdNHy). A solution of
W(NAd)(ORFro)2(dme)(CH2=CHMe) (25.0 mg, 26 pumol) in tol-
uene-ds (0.5 ml) was mixed with 4.0 mg of 1-adamantylamine
(26 pmol, 1 eq) and 2.0 mg of 1,4-TMShbenzene as an internal
standard and the solution was sealed in a J. Young NMR tube.
The solution immediately turned from orange to yellow and was
observed at room temperature for 4 days at which point a mix-
ture of isopropylidene and propylene complexes was observed.
The solution was heated to 40 °C for a total of 41 h resulting in
~49% conversion to W(NAd)(ORre)2(CMez)(AdNH2) with re-
spect to DME resonances. (See Figures S73 and S74 in the Sl.)
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