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ABSTRACT
SYNTHESIS AND REACTIONS OF A
TUNGSTEN DIOXO COMPLEX
Deborah M. Bryant, BS

Marquette University, 2010

Metal dioxo complexes are largely known for their ability to epoxidize olefins.
The importance of these reactions is reflected in the patents for the ARCHakon
processes from the late 1960’s. It is very difficult to find literature tiatvs other
indications for metal dioxo complexes.

Catalytic olefin dimerization has become significant in the realm eingre
chemistry for “atom economical” reactions. Many transition metals haare demined
as catalysts for olefin dimerization, but the largest volume of work has been patform
using group 8 transition metals, particularly nickel, palladium and platinum. This is
especially true for the specific case of styrene dimerization.

Herein, we wish to report the synthesis and X-ray crystal structure for
Cp*W(=0),CHjs (1), as well as the X-ray crystal structure for Cp*W(gCH; (2). The
tungsten dioxo complex) was found to have high selectivity for the dimerization of
somepara-substituted styrenes, yielding the desitreths-1,3-diaryl-1-butene products.
We also wish to report the X-ray crystal structuréras-1,3-di-(4-bromophenyl)-1-

butene which helped to confirm the structure of our products.
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. INTRODUCTION
A. Catalytic Olefin Epoxidation

Metal oxo and dioxo complexes have been studied by many research groups and
are largely known for their ability to epoxidize oleflhsSome of the first organometallic
oxides (shown in Figure 1) were reported in the late 1950’s and early 1960’s by Fischer
Corradini?® and Gree® The importance of these metal oxo complexes is reflected in

the patents for the ARCO and Halcon processes from the late £960’s.

Figure 1. First reported organometallic oxides.
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The Halcon process (Scheme 1) for the epoxidation of propylene has degzeive
significant amount of attention in the last 40 years due to its potential for iadlystri
useful co-products by careful selection of the hydroperdXideThe first example is the
co-production of styrene by using ethylbenzene hydroperoxide (SchémEh2) methyl
benzyl alcohol by-product is dehydrated to yield styrene. The second, and most
significant, example is the co-productionterft-butyl alcohol (TBA) bytert-butyl

hydroperoxide (TBHP) (Scheme 3) in the presencé afetal complexes (such as



Mo(VI) and W(VI)) due to the applications of the TBA by-product as a gasotitene
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Scheme 1.
o}
ROOH + /= VS, pon A
Scheme 2.
HOO HO
o}
— catalyst
+ XS / — > +
HO
s

. +  HO

. VA catalyst




Many high valent transition metal compounds of VE¥&r(VI),*" Mo(V1),**™"

W(VI), ' ¢ eand Re(VII}* “have been shown to be effective catalysts for epoxidation
reactions when combined with organic peroxides such@s &hdtBuOOH. Of these,

the most widely studied appear to be molybdenum and tungsten oxides. Despite the
amount of study on this reaction since the ARCO/Halcon processes, the actual
mechanism for these reactions has not been elucidated. Several theoretical and
mechanistic studies have been presented, but there is still much debate over which of the
two main mechanisms, proposed by Mimdand Sharplessis more accuraté.

In 1970, Mimoun proposed a mechanism for catalytic epoxidation based on the
stoichiometric reaction of molybdenum-peroxo complexes such as
Mo(=0)(O,)2(OP(NMe)s) with olefins to yield epoxides (Scheme®4Yhis led to the
belief that metal peroxo compounds could be the intermediates responsible for oxygen
transfer in catalytic reactiot5.The first step is coordination of the olefin to the metal
center. Next a five-membered metallacycle is formed, followed by fammat the
epoxide and a dioxo-peroxo compfexMimoun observed that a higher concentration of
additional donor ligands inhibits epoxidation. This observation seems to support the
initial coordination of the olefin, because additional ligands could block a free
coordination sit&: ® Metallacycles are known to exist for late transition métatsthe

second step of the mechanism is not unreasonable.
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Sharpless studied this mechanism by performing a labeling study hingeac
Mo(="%0)(0,)(OP(NMe)s) with trans-cyclododecen&. The results of his study showed
that none of the labeled oxygen was incorporated into the epoxide, indicating that it
comes exclusively from the peroxo ligands. Initially, this seemed to suppoririuli
mechanism. However, further studies indicated a more concerted mechanismras show
in Scheme 8;%'° where an intact alkyl hydroperoxide is responsible for the catalytic

epoxidation rather than the molybdenum peroxo compound.
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The epoxidation mechanism remains unclear. Despite that fact, many groups
have studied several elements of catalytic epoxidation using high valenicretales

such as Mo(VI) and W(VI). One of the elements that these groups have focused on is



increased use of @, as the oxidant due to its “green” nature. Whe®Hs used, the
byproduct is watel® A second element is developing systems that give higher yield of
the desired epoxides when TBHP is used as the oxidant due to the value of its by-product
(TBA), as previously mentioned. Another element is more facile synthesis of t
catalytic species or synthesis of more stable catalytic specieal Metcomplexes are
known to be difficult to prepare and are not always stable for long periods of time. As
would be expected in the course of these studies, there is always some effortighthed |
on the reaction mechanism.

KUhnet al. performed a series of studies on molybdenum (VI) dioxo compounds
of the general formula Mo(=@X,L, where X is Cl, CHor CH,.CH3, and Ly is a
bidentate ligand® Each of the molybdenum complexes was examined as a catalyst
precursor in epoxidation afs-cyclooctene with TBHP, and they were all shown to have
moderate to high activity. However, when the same tungsten (VI) dioxo compounds
were evaluated under similar conditions, the reactivity was noted to be mueh, dew
shown in Table > The major noted benefit of the tungsten complexes is that they
appear to be much more stable than their molybdenum counterparts and will continue

reacting until almost 100% epoxidation has occurred.

Table 1. Epoxidation of Cyclooctene in the Presence of TBHP.

M =Mo M=W
Metal Complex % epoxidation (reaction time, temp.) %0 epoxidation (reaction time, temp.)
M(=0).Cl,(CYDAB) 20 (4 h, 55°C) 4 (6 h, 55C)
M(=0).Cl,(BPP) 60 (4 h, 55°C) 12 (6 h, 70C)
M(=0).Cl,(tBubipy) 55 (4 h, 55°C) 19 (6 h, 70C)
M(=0)2(Me)(tBubipy) 55 (4 h, 55°C) 30 (6 h, 9CGC)




Luck performed similar experiments with metal-dioxo dichloro species of
M(=0).Cl,(OPMePh), and M(=0}Cl.dppmQ, where M = Mo or W, using TBHP or
H,0, as the oxidant for the epoxidationaé-cyclooctene® Luck’s data, as shown in
Table 2, supported the reduced activity noted by Kihn of the tungsten complexes when
TBHP was used. However, Luck went further to demonstrate that wi@ndused, the
activity of the molybdenum complexes suffers while the tungsten complexeso§ive
epoxide yield after only 6 hours. The combined results of these experiments
demonstrates that Mo(VI) complexes are much more effective for Halcoprypesses
where TBHP is employed and W(VI) complexes can be a much “greeneriatilte

where HO is the desired oxidant.

Table2. Comparison of Metal Center vs. Oxidant Performed by Luck.

% Epoxidation After 6 h.
Metal Complex TBHP, 55 °C H,0,, 70 °C
MoCl,(=0),(OPMePh), 100 43
MoCly(=O).dppmQ 63 26
WCI,(=0),(OPMePh); 30 90
WCI,(=0),dppmG 22 98

Soluble transition metal-oxo species are often difficult to prepare. Therefor
much attention has been focused on improved synthetic schemes (Scheme 6). In 1991,
Trost and Bergman reported the synthesis of Cp*Mof€0h 61% yield by irradiating
a toluene solution of the carbonyl precursor, Cp*Mo(§&D)under an oxygen purge for
2 h!" Rau later reported the synthesis by reacting Cp*iua@h aqueous NaOH in the

presence of air. This reaction was found to be sensitive to reaction time arglaszes



which would lead to formation of the dimeric product [Cp*Md©. In 1994,

Bottomley reported high yields (86%) by oxidizing [Cp*Mo(GRWwith 30% aqg. HO,
followed by addition of HCt* Recently, a more general method has been reported by
Kihn, Roméaoet al. for the reaction of Cp’Mo(CQEI (Cp’ = Cp, Cp*, GBzs) with

TBHP The resulting dioxo complexes were formed in moderate yields (55-75%), but
the authors consider this a better route since it is more general and accommodates
different substituents on the Cp ritfg™

It has been noted in the literature that metal oxo compounds can be highly
reactive and are not always very stable at ambient condifidns:® Bercaw reported the
preparation of the highly reactive G¥=0 from the more stable CpNCl, using
aqueous KOH (Scheme %} A few years later, he reported preparation of the closely
related Cp3Ta(=0)Cl and CpfTa(=0)H compounds via CpFaCI(THF) starting from
Cp*,TaCh (Scheme 8}

Since dioxo complexes were recently synthesized from their carbonyl mescurs
using TBHP'® and TBHP is commonly used as the oxidant in olefin epoxidation
reactions, Kuhret al. recently evaluated the use of the metal carbonyl precursors in olefin
epoxidation (Scheme 9J. They found that the carbonyl precursors were just as active as
the dioxo complexes. Since the carbonyl precursors are much more stable than their

dioxo analogues, they are ideal for long term stot&ye.
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B. Catalytic Olefin Dimerization

Methods of olefin dimerization have become significant reactions in the realm of
green chemistry. In theory, all atoms from the starting matenialseincorporated into
the final product and there are no byproducts. “Atom economy” is a term started by

Trost!® and used by other groups, to describe these types of reactions. Catalytic olefin
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dimerization by transition metals was significantly studied through th@’'d,%nd then
interest seemed to be minimal through the next couple of decades, but a renewsd inter
in this topic appeared in the late 1990’s.

While many transition metals have been examined as catalysts for olefin
dimerization'® by far, the largest volume of work has been performed using group 8
transition metal$? particularly nickel, palladium and platinuth.This is especially true
for the specific case of styrene dimerizatfor>

The Sen group spent a period of about 12 years examining a series of electrophili
Pd(ll) compounds and their activity in styrene dimerizatfoiTheir reactions proceeded
at reasonable temperatures {£5to 45°C) with greater than 90% vyield of 1,3-diphenyl-
1-butene?®® ¢ They proposed a cationic mechanism (Scheme 10) where the carbocation
intermediate is stabilized by electron density from a Pd(ll) d-orfftaT.hey proposed
that, since the carbocation is stabilized, it is no longer susceptible tmplelit attack
on they-phenyl group to form a cyclic indan, or an olefin to form a higher oligomer.
Strongly donating ligands, such as pyridine or tertiary phospines, were shown to aid
styrene dimerizatidi® %by increasing the ability of the palladium center to donate
electron density to the carbocation, while weaker ligands, such #3NCiélemonstrated

styrene polymerizatioff® ® ¢
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Scheme 10.
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Shirakaweet al. found a palladium-indium triflate catalyst that was much more
active for styrene dimerization than the previously used cationic palladium (I
catalysts3® The reaction (outlined in Scheme 11) uses Pd(@REJ/In(OTf)s in a
1:1:5 ratio as the catalyst. 1,3-Diphenyl-1-butene is obtained in 98% isoldtedfiee
3 hat 20°C.

Shortly thereafter, Kaballat al. reported the dimerization of styrene using
Pd(OAc) with a small amount of diazonium sagttritro-phenyldiazonium
tetrafluoraoborate) in ionic solvent (Bmim@PEScheme 123*° The reaction proceeded
at room temperature and yielded 94% of (E)-1,3-diphenyl-1-butene after just Ihgh. T

mechanism of this reaction remains unclear since control reactions withowizbaidm
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salt yielded no traceable dimer product. However, they have ruled out a fres radic
mechanism since no dimerization product is formed when AIBN is used in place of the

diazonium salt.

Scheme 11.

Pd(OAC),/PPhy/In(OTf);

/\Ph dioxane, 20°C,3h Ph F

Ph
98%
In(OTf)3 Pdo
In(OTf)B
N _ 0 Pd
AnETh;  Pd_ In(OTf i)
Ph Ph)\/ ( )3 In(OTf)3
Scheme 12.
Pd(OACc), (2 mol %)
/\ Diazonium salt (1 mol %) P
" BmimPFg, RT,1.5h  Ph Ph

94%

Lai et al. also evaluated styrene dimerization in an ionic solvent (BMBnPF
using Pd(OAc) with Cu(OTf), as the cocataly$t® The reaction (outlined in Scheme 13)
proceeded at room temperature with greater than 98% conversion to 1,3-diphenyl-1
butene within 4.5 h. Their studies found that when other ionic liquids were used as the

reaction medium, the Pd(OAMLu(OTf), system was completely inactive. Study of the
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reaction mechanism is currently in progress, but the authors currentlyebblég\styrene
is activated with copper (Il) triflate to accept nucleophilic attack of tHagiam(0)
complexes which are generated from the 1,3-dialkylimidazolium salt. @ubanism is

similar to what Shirakawa propos&4.

Scheme 13.

Pd(OACc), (4 mol %)/
PN Cu(OTf), (1 mol %) _
= Spn BMIMPFg, RT, 2.5h o o

100%

BMIMPFg + Pd(OAC),
Pd°

+

+ Cu(OTH),
Pd® 3
. - H
Ph/\/CU(OTf)Z \/\Ph Ph
g ¥ _cuoTh,

Cu(OTf),

Ph

Most recently, Kondet al. reported the selective dimerization of styrene using
Ru(0) complexe&®® However, unlike the previously cited reactions, Kondo’s system
yields an unusual linear head-to-head dimer (Scheme 14). Dimerizatsoperformed
by using [Ruf®-cot)*dmfm),] (cot = 1,3,5-cyclooctatriene, dmfm = dimethyl
fumarate) at 80C for 24 h, which gave 53% isolated yield of (E)-1,4-diphenyl-1-butene.
When other zero-valent complexes with modified ligands were examined, ahgicat

activity was reduced. When Ru(ll) complexes were examined, no reactioneaccurr
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Scheme 14.

[Ru(n®-cot)(n2-dmfm),] Ph
/\Ph 2y \/\/\Ph

1-PrOH, mesitylene
110°C, 24 h 67%

cot = 1,3,5-cyclooctatriene
dmfm = dimethyl fumarate

C. Catalytic Olefin Codimeriztion/Cotrimerization

As mentioned above for olefin dimerization, catalytic codimerization is a
desirable transformation in the realm of “green” chemistry. Dozens sé-canpling
reactions have been developed over the years, but they typically have sig(uiscetty
stoichiometric) production of side products such as acids or alcSh8isme notable
examples include the Suzuki-Miyaura reaction (Scheme 15), the Heck reactiems
16), the Sonogashira reaction (Scheme 17), the Kumada-Tamao-Corriu reactione(Schem
18), the Stille reaction (Scheme 19), and amination (Scheme 20). These rdat®ns
been established as being very versatile reactions with high product yieldw\blatck
the atomic conservation of a codimerization reaction. In the case of tlee&iittion,
there is some difficulty removing tin from the desired product which is a maje iss

given the toxicity of tin.
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Scheme 15.
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Scheme 17.
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Scheme 18.
R
\\
X MgBr |
Pd(dba); =
X X IPreHCI + MgBrx

¥ | dioxane/THE, 80°C

T

Scheme 19

- Pd(OAc), —
S / x + RSNRY LHCL R + XSNnRY
TBAF (2 equiv.) /
Y \ dioxane/THF Y

TBAF = tetra("Bu)ammonium fluoride

/

kN

X

Scheme 20.

sz(dba)g
IPr-HCI / NRR" + HX

\ X + HNR'R" : - -
Y/\ / KO'Bu, dioxane

<
-
X

Although codimerization reactions conserve the atoms in the starting risateria
one disadvantage that is often faced is lack of selectfrty.Jordan and Taylét
reported the zirconium catalyzed addition of propene-pacoline in high yield (Scheme
21), but there was also about 10% formation of propane. Shortly thereafter,dloore

al.?® reported the acylation of pyridine with carbon monoxide and olefins using a
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ruthenium cluster complex (Scheme 22). The reaction was highly regiossl@dth
only ortho-substituted products observed. However, a combination of linear and

branched products were obtained (~13:1 ratio).

Scheme 21.

N N
A C + ) oD - N
pZr(6-Me-2-iPr-pyridine)
* \/ H2, CH2C|2 o
F F

Scheme 22.

(@] (0]
N\ N\ N\ R
Ruz(CO)1, R,
| " Z R o (150 psi)
F 150°C F F

The precedent for effective codimerization seemed to be established b§’Nfurai

the early 1990s. He used a ruthenium hydride catalyst to add olefins to aronuatésket
(Scheme 23). Almost quantitative yields were obtained for many of thearyopbng
products. His reaction also showed remarkable generality, whereas maoypoases

were limited to a small combination of reactants.
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Scheme 23.

X R, + /\Y RUHZ(CO)(PPhs)s; X R,

‘ toluene
/ reflux //

R; R; Y
R1 = Me, tBu, H Y = alkyl, aryl, silyl
R2 = H, Me

Codimerization of olefins is an area that is of great synthetic interess, dng iof
the most challenging due to the large production of unwanted homodimers and isomers.
Despite this challenge, many groups continue to attempt these reactiond. sirke to
be one of the most used metals in these reactiohdn the 1970’s, Jones and Syiifes
attempted the linear dimerization of 1-olefins using a nickel-aluminunysatalhey
were able to achieve linear products, but the reactions were not overly seledtiheya
had high yields of homodimers along with the codimers.

In the late 1990’s, Brookhart published a US Patent for the preparation of methyl
4-pentenoate (a synthetic precursor for nylon 6,6) using a nickel catalyst{&24Y?
but the reaction is not without some of the problems noted above. Large amounts of

homodimer products as well as undesired isomers were formed during the reactions
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Scheme 24.

O

0
' \)L R M
/ \ OMe \ OMe

Q=ndallyl

L, = monodentate trisubstituted phosphine ligand
L, = weakly coordinating ligand

X = non-coordinating nonreactive anion

About the same time, RajanBagial.>° demonstrated extremely high yield and
selectivity for the hydrovinylation of vinylarenes using an allylnidkelmide dimer
(Scheme 25). Then they attempted the same reaction with prop}/Emey obtained the
same high product yields as previously noted, but the result was a mixture of csomeri

products (Scheme 26).

Scheme 25.
[(allyl)Ni-Br], (0.35 mol %)
[— . PPhy/AgOTf
Af CH,Cl,, -56°C,2h G

Ar

Scheme 26.

_ ____ [(allyl)Ni-Br], (1.5 mol %) M
/ ./ PPhg/AgOTf N +
Af CH,Cl 20°C, 35 min” ,_ = Ar
(E/lZ=T7:1)
4 : 1
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More recently, Faissner and Huttner demonstrated a similar issuédngvith t
codimerization and cotrimerization of styrene and propene using nickelstatiust
contained chelating ligands (Schemes 27 and28pth reactions yielded a combination
of (E) and (2) isomers; approximately 9:1 for dimerization and approximafp8:
trimerization. The also noted the formation of a cotrimerization byproduct, ghésdyl-

2-heptene during the codimerizaton reaction.

Scheme 27.
Ph/Jr\ [Ni] precatalyst, MAO .
toluene, 1 bar, 25°C P =
/\ Ph Ph
Scheme 28.

Ph Ph
2 Ph/"\ [Ni] precatalyst, MAO W )\/U
toluene, 1 bar, 25°C *
/\ 7 Ph s

Ph

One of the most recent examples of highly selective hydrovinylationepasted
by Vogtet al.** They used cobalt based catalysts of the type BlLwhere L, is either
monophosphine or diphosphine ligands (Scheme 29). This reaction is very unique
because cobalt based systems have been rarely studied in codimerizationsreacept
for the addition of ethene to 1,3-butadiene or norbornadiene. It is also ra@ athich
is mild compared to the lower temperatures needed for many of the nickel steeass

to prevent isomerization or oligomerization of the product.
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Scheme 29.
Co(L,)Cl,
/S . DEAC (5 eq.) .
Ph CH2C|2, OOC, 90 min /

Ph
DEAC = diethylaluminum chloride

Our own group has explored a unique system for hydrovinylation using ruthenium
catalysts* We have demonstrated high product yielelQ%) and selectivity for many
substrates using a ruthenium hydride that was prepared in-situ usingdHBKScheme
30)3%2 Remarkably, this reaction occurs at room temperature. The same ruthenium
hydride was shown to catalyze the hydrovinylation of unsymmetricallyigubst1,3-
dienes, including a steroidal diene yielding a single diastereomer of tBe 20(
configuration in high yield (Scheme 3%§. The 20(S) configuration of the steroid
derivative has been shown to have therapeutic effects, but there is a lagtiohgethat

will selectively yield this configuration.

Scheme 30.
(PCy3)>(CO)RUHCI/

S . HBF,-OEt, _
CeHe, RT /

Ph
Ph




Scheme 31.

(PCy3),(CO)RUHCI/
H BF4'OEt2

CeHs, 75°C

BnO

22
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[I. RESULTSAND DISCUSSION

A. Research Plan

Metal oxo and dioxo complexes have been studied by many research groups and
are largely known for their ability to epoxidize oleflhsSome of the first organometallic
oxides (shown in Figure 1) were reported in the late 1950’s and early 1960’s. The
importance of these metal oxo complexes is reflected in the patents for the &RIC
Halcon processes from the late 1960's.

Most metal oxo complexes are largely known for their ability to epoxidize
olefins! but that seems to be the limitation of their reaction scope. A literature search
does not reveal other catalytic applications for these compounds. In particulartalur me
dioxo complex.1 (Figure 3), has only been used as a synthetic precursor for other metal
complexes since its discoveiy>" %

Metal carbonyl complexes have been known for their long shelf fitemd
relative ease of preparation from commercially available sodtc€hey are good
sources in the preparation of metal oxo complék&s®which are known to have less
stability than their carbonyl precursdrg.

Our research plan was to prepare compléom it's carbonyl precursog,
which has been previously prepared in our laboratory. Our initial goal was tonexami
the catalytic activity ofl for olefin oxidation and other C-C bond forming reactions. We
found that complex showed a high activity for olefin dimerization, which is

unprecedented for metal-dioxo compounds. After finding suitable conditions and
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substrates for olefin dimerization, we then wanted to see if selective comditiom was

possible with this catalytic system.
B. Synthesisand Characterization of Cp*W(CO)3CH3

The preparation of tricarbonyl methyl-pentamethylcyclopentadienyl tungsten
(2) dates back to 1971 when King and Effdtyeacted 5-acetyl-1,2,3,4,5-pentamethyl
cyclopentadiene with the acetonitrile complex gCN);sW(CO);. This reaction yielded
only 4% of2. Less than a year later, they reported an improved reaction using the same
starting materials and were able to obtain 41% yieRI®? We used a general
procedure described by Mahmoud and Restour preparation d which gave us
significantly higher yields from W(C@)3) (Scheme 32)3 was heated at reflux with
Cp*Li in DMF for 1.5 h. After the solvent was evaporated, the residlueds heated at

reflux with CHl in THF for 2 h to give yellow crystals @fin good yield (69%).

Scheme 32.
- Lt
*Lj CHasl

w(CO)g Cp*Li > | - 3 > |

DMF; reflux W, THF; reflux W
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7 S 3

oc co° oC CO

69%

3 4 2
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The product appeared to be relatively stable in ambient laboratory conditions for
several months. The product was characterizettmnd*C NMR spectroscopy and X-
ray crystallography. Thé#H NMR spectrum exhibited the Cp* signaléat.97 ppm and
the methyl hydrogens &t0.10 ppm. Thé*C NMR spectrum showed the carbonyl
carbons ab 233.2 ppm (1 CO) andl220.3 ppm (2 COs). Also, the metal bound methyl
carbon appeared at-24.0 ppm.

Although the product?) has been known since at least the 1§7@s,
characterization has been limited to spectroscopic data of similar sésiethich have
been confirmed by X-ray crystallograpffy A literature search failed to reveal the
published crystal structure f@r The yellow orthorhombic crystals were grown by
adding hexanes to a concentrated soluticdiofELO and subsequent slow evaporation
at reduced temperature (refrigeration).

Complex2 crystallizes as twin racemates in Pna21 space group (Figure 2),
exhibiting the expected four-legged piano stool arrangement. The W-C distatiee fo
methyl groups (W1-C(14) = 2.306(5) A, W2-C(14A) = 2.307(6) A) are extreneec
to that of CpBzW(CQ)CHs (2.306(3) A)* In the racemate on the right (W1), the
distance from tungsten to a carbonyl carbon cis to the methyl ligand (\1)-€
1.987(5) A) is shorter than the other two tungsten-carbonyl distances (W1-C(12) =
1.993(7) A, W1-C(13) = 1.998(5) A). For the racemate on the left (W2), the shortest
tungsten-carbonyl distance is for the carbdrgs to the methyl group (W2-C(12A) =
1.975(9) A). While the two carbonytss to the methyl group have longer W-C bonds
(W2-C(11A) = 1.992(5) A, W2-C(13A) = 1.994(5) A). Based on the W-C (ring)

distances, the Cp* plane is slightly tilted away from the methyl group mroemates.
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Figure 2. Crystallographic structure of Cp*W(C£§Q)Hs (2).

C. Synthesisand Characterization of Cp*W(=0),CH3

UV irradiation of metal carbonyl complexes under oxygen atmosphere hraa bee
common approach in the preparation of metal oxo compadliftidn 1964, Cousins and
Greeff*®reported the preparation of CpMo(z0) (6) in 25% vield by exposing a
chloroform solution of [CpMo(CQ); (5) to UV light and air. Bergmahreported the
preparation of the pentamethylcyclopentadienyl analogue of this compound,
Cp*Mo(=0).Cl, in 61% yield by exposing a toluene solution of Cp*Mo(gDYo UV
light and oxygen. The tungsten analogue of this compound, Cp*\WCk®Was prepared
by Faller and M& in 27% vield by refluxing a chloroform solution of [Cp*W(C)
under oxygen. A few years later, Raet al. reported the preparation of the same
compound in 44% vyield by adding aqueous NaOH to an acetone solution of CpHWCl

air.
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In 1988, Faller and M&reported the preparation bin 15% vyield by reacting
Cp*W(=0),Cl with 1.5 eq. of 2 M MeMgCl. Just a year later, Legztiesal. prepared
1in 50% vyield by adding a MeLli solution to a suspension of Cp*W(Nfo)lowed by
addition of 30% HO,. We prepared complelxfrom complex2 (Scheme 33). ©was
bubbled through a solution &f(~700 mg) in toluene while the solution was exposed to
UV light at reduced temperature (cold water bath). Isolation on a siliclgehn

yielded off-white crystals in relatively moderate yield (20-25%).

Scheme 33.
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toluene
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26%
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Initial attempts at this reaction resulted in very low yields of ~10%. IrcHse
the unreacted starting materid) (vas easily recovered in high yield (69%) and
recrystallized for reuse. However, as the yield ofcreased to above 20%was no
longer recoverable from the reaction. There are many possible reasons for thi
occurrance. During the isolation process, the first band to come off of the column is
yellow. In the cases when the yieldlok ~10%, the yellow band is simply unreacted
starting material) which is easily recrystallized from f¥/hexanes. However, as the

yield of 1 increases, it is very likely that there are side reactions occun@nghibit the



28

recovery of2. Cousins and Gre&Hi prepared the compound, CpMo(z0), under

similar reaction conditions, but also noted the formation of the two dimolybdneum
complexes as shown in Scheme 34. They noted that the byidgesicomplex7 is pale
yellow, and the tetraoxide compl&xs brown. It is possible that Cp*W complexes
analogous t@ and8 are being formed during the reaction. We already know that the
Cp*W complex [Cp*WOs] analogous t@ has been previously documented to be a
yellow compouné and it is likely that the Cp*W compound analogous tms a similar
color to the dimolybdenum complex. It is very possible that if these side products are
formed during the reaction that they are eluting in the yellow band alohgorinstead

of, any unreacted.

Scheme 34.
—w Y [, e ,
[CPMO(CO)gl, —22:0 o M| . nLo—o—hU/O . JA ALL/O
CHCl, F ‘\O o/| O/H
cl 0 4(5> 0 <d>>
5 6 7 8

Although many dioxo complexes are noted to lack stabflity; °the product)
is relatively stable for several months when stored at ambient conditions inGat@sic
The crystals appear to pick up moisture and clump together if stored outside atalesicca
The product was characterized it{/and**C NMR spectroscopy and X-ray

crystallography. ThéH NMR spectrum exhibited the Cp* signaléa®2.09 ppm and the

methyl hydrogens &t 0.99 ppm, which is consistent with data previously reported by
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Faller and M&® The®*C NMR spectrum showed the Cp* ring carbons &1.7.8 ppm,
along with the Cp* methyl carbons&tL1.1 ppm and the metal bound methyl carbon at

6 15.6 ppm.

The off-white monoclinic crystals were grown by adding hexanes to a
concentrated solution dfin EtO and subsequent slow evaporation at reduced
temperature (refrigeration). The compound crystallizes in the P21/m space gioap w
three-legged piano stool arrangement (Figure 3) which exhibits perfectesgymma
plane containing C(1), C(4), C(10) and W. The tungsten-carbon bond distance for the
metal bound methyl group is 2.136(2) A. The two W=0 bonds are both 1.7298(13)
which is very similar to other similar tungsten dioxo compoudfd¢ Based on the W-C
(ring) distances, the Cp* plane is slightly tilted away from the metloylmas noted

above for2.
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Figure 3. Crystallographic structure of Cp*W(=g)H; (1).

CS

D. Catalytic Activity Study of Cp*W(=0),CHsfor Dimerization of Para-Substituted
Styrenes

Since its discovery in 1988,complexl has only been used as a precursor to
create new organometallic complex&s’ *® Faller and Ma usetlto make the
corresponding peroxo [Cp*W(=0)@Me], sulfido [Cp*W(=0)(=S)Me and

Cp*W(=S):Me], and persulfido [Cp*W(=0)(§Me and Cp*W(=S)(9Me] complexes®
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38b.38¢ | egzdinset al. also made the corresponding peroxo complex, as well as
Cp*W(=0)(ClI):,Me and Cp*W(=0)(Me)(CHPh), usingl as a precursot: *** We were

not able to find any published reactions whemas used to prepare organic compounds,
whether as a catalyst or otherwise.

Unlike many dioxo complexes which are known for their ability to epoxidize
olefins? ¢ "1 has been shown to selectively dimerize spare-substituted styrenes
following the general reaction shown in Scheme 35. While there are othgticatal
systems noted for the dimerization of styrenes, many of them requireatgatyst or
other additive$®> Complexl merely needs to react with an equimolar amount of triflic
acid for about an hour prior to adding the styrene substrate. (Caution: Itis very
important that the reaction a@fwith triflic acid is maintained under nitrogen atmosphere
to prevent explosion. It is thought that exposure to air may form an unstable metal-
peroxo complex which is responsible for the explosipn.

Most of the styrene derivative substrates react at room temperatuetdtthg
dimer products. In some cases, the reactions were found to be highly dependent on
temperature. For example, when 4-bromostyr@dgwas reacted at 5C, the GC-MS
spectrum showed mostly starting material with several unidentified péakie ~ 355.
However, when the reaction was carried out a&t@he GC-MS spectrum showed one
peak corresponding to the diméfd). A similar case was observed for 4-
vinylbenzylchloride 9e) where the reaction at 4C resulted in the formation of higher

oligomers, while the reaction at room temperature yielded a single esoliafér (Oe).
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Scheme 35.

=

1 (5 mol %), HOTf
CH,Cl,, N, N
X X
X
9a-e 10a-e
. Reaction Time Isolated
X Reaction Temp. h) Product % Yield
H (9a) 5C°C 21 10a 36
F (9b) RT 23 10b 58
Cl (9¢) RT 26 10c 56
Br (9d) 70°C 21 10d 84
CH,CI (%) RT 26 10e 53

In one case, the temperature was found to strongly affect the outcome of the
reaction where the substrate was reacted only with HOTf. When 4-chlones§ce
was reacted at about 3G, both the reaction with and the reaction with only HOTf
showed a single dimeric produdng) in the GC-MS spectrum (it is useful to note that,
although the control reaction showed a single dimer product in the GC-M${ MéR
spectrum of this reaction was not clean and contained very broad peaks). This initial
result was somewhat disappointing. However, when the reactions were repeabea a
temperature, the reaction withstill resulted in a clean product while the control reaction
resulted in the dimer along with several trimer peaks.

In all cases for the reaction conditions noted in Scheme 35, the control reactions

without 1 did not result in clean, isolable products. The resultthbiMR spectra
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contained several broad peaks. Figure 4 and Figure 5 show eX&hiyiléR spectra for

the reaction 09d with (10d) and withoutl, respectively.

Figure4. *H NMR spectrum fol0d.
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Figure5. 'H NMR spectrum for the reaction 8@ with HOTT.
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As demonstrated in Figure 4, all of the dimer produlfia-€) have two sets of
similar characteristic peaks in théit NMR spectra. The first one is a doublet that
occurs at aboui 1.4 ppm with a Wy of about 7 Hz which corresponds to the methyl
hydrogens (attached to C(10) in Figure 7). The second one is a multiplet ab 8dout
ppm which also has g of about 7 Hz. This multiplet corresponds to a single hydrogen
which neighbors the methyl group (attached to C(9) in Figure 7).

We expected a third set of peaks that occurs at ab®a2tppm, corresponding to
the hydrogens in a C-C double bond (attached to C(7) and C(8) in Figure 7), in each of

10a-e to be our key in determining the exact structure of the products. We expected our
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products to be one of 3 possible isomers as shown in Figure 6. We assumed that the
hydrogen coupling constant would tell us whether the double bondsv@s. ~ 6-15

Hz), trans (3.4 ~ 11-18 Hz) or terminal (1 ~ 0-5 Hz)** However, the Jy for this set

of peaks ranged from 2.9 to 16.0 Hz as shown in Table 3. Based on the data in Table 3, it

initially appeared that we may have had all three isomers.

Figure6. Possible dimer products for the reactio®ae with 4.

Ha \b x_ .

a b

X = H, F, Cl, Br, CH,CI

dia-Ho~ 0-5 Hz da-tp~ 6-15 Hz wh-o~ 11-18 Hz

Table 3. Jya-npfor 10a-e peaks ab 6.2 ppm (corresponding to C-C double bond).

X Product da-np (HZ)*

Br 10d 2.9

H 10a 4.9

Cl 10c 5.0
CH,CI 10e 6.5

F 10b 16.0

*CDCI3; was used as the NMR solvent.

In the case where X is fluoringQp), the Jia-1pis 16.0 Hz indicating the
possibility of atrans double bond. When X is bromin&d), the Jia-1pis 2.9 Hz

indicating the possibility of geminal hydrogens. It seems that theatedtnating
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power of thepara substituent would determine the structure of the dimer. However, the
crystal structure ofOd confirmed that the terminal methylene group was not an option
for the products of our dimerization reaction. As seen in Figut@dris very clearly the
trans isomer rather than the terminal double bond as indicated by thecdupling
constant. It appears that there is something about the molecules thatiyestgected
coupling constants for the double bond.

This structure is consistent with those proposed by other groups for styrene
dimers®* % However, there does not appear to be a previously published crystal
structure for any styrene dimer. This may be due to the fact thatstyaage dimers are
oils rather than solids. In our experiments, we only observed crystal formatitie for
higher molecular weight dimers of 4-chlorostyreb@c], 4-bromostyrenelQd) and 4-

vinylbenzyl chloride 10e).
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Figure7. Crystallographic Structure @ifans-1,3-Di-(4-Bromophenyl)-1-Butend Qd)

The off-white orthorhombic crystals were grown from a slowly evaporated
solution of10d in CDCk. The enantiomers crystallize neither as a racemate nor
separately, but in a chiral space group P212121 randomly substituting each other, which

IS @ very uncommon occurance.
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E. Proposed Reaction Mechanisms

Kondoet al.>*¥ proposed mechanisms for the dimerization of styrene, but these
are for a linear product. The Sen grefdg'had previously reported a cationic
mechanism for the formation of 1,3-diphenyl-1-butene (Scheme 10). However, this
mechanism was proposed based on a square planar palladium complex with a +2 charge
on the metal atom. Legzdii&proposed a&-bond metathesis-like mechanism for C-H
activation by tungsten hydrocarbyl hydrido complexes [Cp*W(NO)(RFNIE;), R =
alkyl, aryl] which is followed by reductive elimination of the product. All thoééhese
mechanisms are based on more than one bonding site available at the metal cgnter. R
and Sundj* recently proposed a mechanism involviigond metathesis using a nickel
hydride or a nickel alkyl active species. We initially predictedralai version of Roy
and Sunoj’'s mechanism in Scheme 36 which is a possibility to account for the formation
of 10a-e.

First, this mechanism makes it very easy to justify the lack of a linear
dimerization product due to the steric hindrance demonstrated in Step Il of thenreac
Second, since tungsten is at its highest oxidation state and the Cp* ligand and the doubly
bonded oxygens are not very labile, it is difficult to assume that the metal céhter w
have any extra bonding sites available. In other werdgynd metathesis would be the
only way that the second styrene molecule could attach to the metal deovegver,
one major problem with the mechanism proposed in Scheme 36 is the assumption that the
methyl group is lost as methane gas, which means that the startiiygtoatalld not be

recoverable from the reaction.



Scheme 36. Initial Proposed Mechanism for Styrene Dimerization
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Based on unsuccessful attempts to isolate the “active” cationic cafzysts
(9), reductive elimination of the product (as proposed by LegZ8jrdid not seem a
likely option. Attempts to isolat@® have resulted in brown solutions or residues
indicating that this intermediate may be extremely unstable. If tHa isatse, it should
be possible to isolate compouridsandl1l by adding 1 or 2 equivalents, respectively, of
styrene to a solution & If the methyl analogdl is stable, then, theoretically, the
styrene analogl(Q) and the diphenyl butene analdd) should also be stable.

Unfortunately, initial attempts at isolatidg or 11 resulted in almost full
recovery ofl (~80%) along with styrene dimer products. THeNMR spectra of the
recovered. from these reactions indicates that all ligands remained in tact. Although we
do not have enough evidence to fully rule out the mechanism proposed in Scheme 36, we
need to consider other alternatives that would leave the molecule intathafteaction.

Our own group has recently proposed a possible mechanism for styrene
dimerization that is catalyzed by a cationic ruthenium hydride compléeliSe 37)°
This mechanism involves displacement of a neutral benzene ligand by anothar neutr
ligand leaving a metal complex intact after the reaction. In ordehnifota work, we
would have to assume displacement of the negatively charged Cp* ligand byah neut
styrene molecule. This seems unlikely given the electrophilicity of thystem center.
We would also need some additional source of hydrogen in order to act as a counter-ion
for the Cp* displacement, the presumed triflate ions in solution, and to form the

carbocation on the styrene molecule.
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Scheme 37. Proposed Styrene Dimerization Mechanism Catalyzed by a Cationic
Ruthenium-Hydride Complex
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Another possible mechanism that could leave the metal complex intact would
involve ring slippage of the Cp* ligand. Ring slippage has been noted as a mechanism
for ligand exchange in organometallic comple¥esnd, more recently, has been
documented as a mechanism for alcohol racemizatidtur this type of mechanism to
work for our system, some assumptions have to be made. One assumption is that the
triflic acid would be strong enough to cause the ring slippage. Another assumsytiat
one of the oxo ligands will become a hydroxyl ligand in order to accommodate the
styrene ions, and, in turn, provide the hydrogen needed for reductive elimination of the
product.

Scheme 38 shows a possible mechanism for styrene dimerization which might
account for the catalyst remaining intact at the end of the cycle. Tdiesmight also
account for not being able to isolate the “active” complex or any intermetitasise

all of the intermediates shown in Scheme 38 are only 14 electron complexes which are
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not known to be stable for 6-coordinate metal compounds. However, given the

electrophilicity of the tungsten center, this mechanism is not a likelyhildgs

Scheme 38. Proposed Ring-Slippage Mechanism for Styrene Dimerization
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An alternative proposal shown in Scheme 39 would account for recovery of the
starting catalyst, as well as accommodate the lack of open bonding sites @tahe m

center. Itis a carbocation mechanism based on Sen’s (Scheme 10) that wentt e
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the lone pair electrons from one of the oxygen atoms bonded to the metal center for
stabilization. This mechanism can account for the lack of linear dimer dwezito st
hindrance from the Cp* ligand, and can also account for the inability to isolate any
intermediate species due to the instability of the carbocations. We would propdke tha
addition of the first styrene molecule is the rate limiting step for thigiosacAlthough

we do not have enough evidence to fully rule out or confirm any of the proposed

mechanisms, it appears that the carbocation mechanism may be the mast likely

Scheme 39. Proposed Carbocation Mechanism for Styrene Dimerization

W O:W—(I)H

/‘\O oHL L
CHa CH3 + OTf
1

B ;& R

O=W—OH_,

CHs | sy

Ph



44

F. Attempted Codimerization of Para-Substituted Styrenes

Dozens of cross-coupling reactions exist, but they are not without problems.
They typically have significant (usually stoichiometric) production of pidelucts such
as acids or alcohofé. Codimerization of olefins is an area that is of great synthetic
interest, but is one of the most challenging due to the large production of unwanted
homodimers and isomers. One of the most common codimerization reactions involving
styrene is hydrovinylation, which is the addition of ethene in order to obtain-3-aryl
butenes. These compounds are desired intermediates in the production of 2-arylpropionic
acids3°® *3which are anti-inflammatories, and are monomers for the production of
syndiotactic polymer&®

We attempted to codimerize the varigasa-substituted styreneSa-d, using the
same conditions for the homodimerization reactions (outlined in Scheme 35) hoping that
some selectivity might occur in the products. For each set of substratesctimre/as
run at conditions that were ideal for one component or the other. For example, in the
case of styrené§) and 4-bromostyren®d), the reaction was run at 5G which is the
favored temperature for styrerf@@), and at 70C which is the favored temperature for 4-
bromostyreneqd). The results are summarized in Table 4.

In all cases, there seemed to be some preference for the higher nmoleogida
dimers. In most cases (except for the reactiddaafith 9d at 50°C), there was a slight
preference for the codimer products. For the case of sty9aneqmbined with 4-
chlorostyreneqc), there is virtually no change in the product ratios when the reaction
conditions are altered. In this case, there seems to be a selectivitiirfed gegoduct

ratios.
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Table4. Product ratios for styrene codimerization reactions.

Substrates Reaction Product Ratios
A B Conditions 2A AB 2B
@_\ N RT, 21.5 h. 1 2.0 1.7
A\ < > \ | 50°C, 22 h. 1 1.9 1.6
@_\ O 50°C, 22 h. 1 2.4 2.7
Br b
A\ \ | 70°C, 22 h. 1 2.8 3.2
F—@—\ u—@—\ RT, 21.5h. 1 1.8 15
\ \

®Product ratios are based on GC-MS peak area.
®The styrene homodimer is a combination of 3 small isomer peaks. There was no
preference for one isomer in this reaction.

Interestingly, for the reaction of styreriaf with 4-bromostyrenedfl) at 50°C,
there was no unreact@d. As noted previously for the homodimerizatiorfdf the
reaction at 50C resulted in a large amount of unreacted starting material and very little
product, which is why the reaction needed to be run &C70n this case, somehow the
presence of styrene influenced the homodimerizatic@d ainder milder conditions than
were previously required. Another thing to note from this reaction is that the lack of
significant production of styrene dimeiOf) at 70°C indicates the likelihood of
polymerization under harsher reaction conditions.

Due to the lack of selectivity we were hoping for, we did not attempt to igbkate
codimer products at this time. Itis likely that they could be isolated on a lareygel
column using hexanes as defined in the procedure for isolating the homodimers. The
lack of selectivity could be attributed to the speed at which the dimerization would

presumably occur in the proposed mechanism in Scheme 39.
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G. Conclusions

We have successfully prepared, isolated and obtained the crystal strf@ture
Cp*W(CO)CH;s (2) and Cp*W(=0)CHjs (1) which have not been previously published.
Although the reaction scope appears to be limitdths been shown to successfully
dimerize styrene and somara-substituted styrenes to the desired 1,3-diaryl-1-butene
products which has never been previously documented for a metal dioxo complex. The
crystal structure was obtained toans-1,3-di-(4-bromophenyl)-1-butene which
confirmed the presence of ttrans double bond in the dimer products.

We attempted to selectively codimerize theme-substituted styrenes. Although
the selectivity we were hoping for was not obtained, there was some sefectivit
demonstrated in the product ratios. Although we did not isolate these codimers, they

would be easily isolated by column chromatography.
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1. FUTURE RESEARCH

The work presented in this thesis provides many opportunities for continued
research. One item to focus on would be elucidation of the reaction mechanism. One
way to do this might be to modify the Cp* ligand to CpBz oiRE§or any other Cp’) to
see if the reaction can be opened to a broader class of olefins. MonitorthigNMR
signal of the methyl protons during the reaction might help to indicate which possible
mechanism is occurring.

Another item would be a comparison with the analogous molybdenum complexes.
It would be interesting to see if Cp*Mo(=£0)H; can also be utilized as a dimerization
catalyst. Alternatively, it would be useful to seé if an effective epoxidation catalyst
compared to other metal dioxo complexes. Also, it has been shown that
Cp*Mo(CO)CHs is an effective catalyst precursor for olefin epoxidati@mut we have
not found documentation where the same tungsten carbonyl cor@pleas(been
evaluated for this purpose. (The analogous complex CpW(E@Qhas been evaluated
and found to have much lower activity than Cp*Mo(&CH5;).

One of the most interesting items for future research is the potentiadifgy i
polymerization usind. Tungsten complexes are known to form living polymer chains
during ring-opening reactiorf8. Somewhat more recently, a tungsten complex has been
documented to form a living polymer using a phenylacetylene derivtive.

We observed the polymerization of 4-methoxystyrene and 4-methylstyrene in
their NMR spectra. More remarkably, we have visually observed the formatian of a
insoluble polymer when using 2-methoxy-4-vinylphenol as the substrate (Sdbgme

Upon addition of a second charge of substrate, the previously formed polymer appears to
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re-react with the newly added substrate. Because of this observation,sshaygdeen
isolated and prepared for GPC analysis to determine if the moleculart wktbk

polymer can be controlled.

Scheme 40.
1 (5 mol %), HOTf d pol
CH,C, N, - red polymer
RT, 5 min.
HO

OMe
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IV. EXPERIMENTAL SECTION

General Comments. All operations were carried out undes dking either a Vacuum
Atmospheres glove box or standard Schlenk techniques on a double manifold vacuum
line. Reagent grade solvents were distilled from an appropriate dryinguager N

before use. THF and toluene were distilled from sodium/benzophenon€l,@lds
distilled from CaH. Hexanes were stirred with concentrate®®,, washed with water,
saturated aqueous P03, and again with water, pre-dried with anhydrous Mga
distilled from sodium benzophenone ketyl with tetraethylene glycol dimethgt e

added. DMF was dried of 4 A molecular sieves, vacuum transferred and stored ainder N
HOTf was stored underaN CHsl was stored over 4 A molecular sieves and purged with
N, immediately prior to use. ED, CDCk, Cp*H, nBuLi (2.5 M in hexanes), W(C@®)

Al,Og, silica gel, styrene, 4-fluorostyrene, 4-chlorostyrene, 4-bromostyrene and 4
vinylbenzylchloride were used without further purificatidii and**C NMR spectra

were recorded on a Varian 300 MHz or 400 MHz FT-NMR spectrometer. Mass
spectroscopy (GC-MS) data were obtained on a Hewlett-Packard 6850 Gas

Chromatograph.

Preparation of 2. THF (50 mL) was added to a round bottom Schlenk flask equipped
with a magnetic stirring bar and a rubber septum undeiQy*H (2 mL, 13 mmol) was
added via syringe through the septum. The solution was cooled Y6 af&in-butyl

lithium (5.5 mL of a 2.5 M solution in hexanes, 14 mmol) was added dropwise via
syringe through the septum. The solution was allowed to come to room temperéture w

constant stirring for 1 h. The solvent was evaporated and the pale yellow resedue dri



50

for 1 h under vacuum3 (4.481 g, 12.73 mmol) and DMF (50 mL) were added to the

flask, and the rubber septum was replaced with a reflux condenser. The mixture was
heated at reflux for 1.5 h. The resulting orange solution was cooled to room temperature
and the reflux condenser was replaced with a rubber septum. The solvent was removed
under vacuum to give an orange oil which was dried under vacuun?@tf6®1 h. The
residue was dissolved in THF (50 mL) and methyl iodide (3 mL, 48 mmol) was added via
syringe through the septum. The septum was replaced with a reflux conden$er and t
mixture was heated at reflux for 2 h. The solvent was evaporated from the yedhw-br
solution and the resulting yellow-brown precipitate was dried under vacuum for 1 h. The
following operations were done in the air. The precipitate was extractedewérab

portions of hexanes, the extracts were passed through filter paper and combined. The
solvent was evaporated under vacuum to give a crude yellow product. The crude product
was dissolved in EO (100 mL) and filtered through a short@} (5 g) column. The

filtrate was evaporated under vacuum to give a yellow solid. Recryatadh from
Et,O/hexanes and drying under vacuum for 2 h afforded 3.678 g (69%) of yellow
crystals.*H NMR (CDCk) & 1.97 (s, 15H, CH3), 0.10 (s, 3H, W-B5); *C{*H} NMR

(CDCl) 8 233.2 (s, CO), 220.3 (s, 2 CO’s), 102.9GEH3), 10.8 (s, ©H3), -24.0 (s, W-

CHs).

Preparation of 1. Compouna (0.727 g, 1.74 mmol) was dissolved in toluene (25 mL)
in a round bottom Schlenk flask equipped with a stir bar and a rubber septum. The flask
was placed in a cold water bath, angw@s bubbled through the solution while being

exposed to UV light (Hanovia mercury lamp) for 1.5 h. The solvent was evaporated
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under vacuum and the greenish yellow residue was dried under vacuum for 1 h. The
residue was dissolved in GEl, and the crude product was separated on a silica gel
column using BED as the eluent. The second, colorless band was collected. The solvent
was evaporated under vacuum, and the residue was recrystallize®/finekanes to

afford 0.157 g (25%) of off-white crystalsH NMR (CDCk) & 2.09 (s, 15H, CCH),

0.99 (s, 3H, W-Ch); *C{*H} NMR (CDCls) § 117.8 (SCCHs), 15.6 (s, W-CH), 11.1

(S, CCHg)

Catalytic Dimerization of Styrene (9a). CompoundL (0.037 g, 0.10 mmol) was added

to a 50 mL Schlenk tube equipped with a stir bar.,@H10 mL) was added, and the
mixture was cooled to -7&, degassed, and HOTf (&, 0.1 mmol) was added under

N.. The mixture was warmed to room temperature and stirred for 1 h. Styrene (0.212 g,
2.04 mmol) was added undes Bt -78°C. The solution was degassed,rsintroduced

and the mixture was placed in a%Doil bath for 21 h. The following operations were
done in the air. The solution was filtered through a short silica gel column wiBICH

to remove the catalyst. The filtrate was evaporated under vacuum leaving r@sioile.

The residue was dissolved in hexane and separated on a silica gel column with 10:1
hexane:CHCIl,. The solvent was evaporated and the residue dried under vacuum for 4 h
yielding 0.077 g (36%) of a clear oll(fa). GC-MS [40°C (3 min.); 10°C/min.— 250

°C (15 min.)] retention time 19.00 min., m/e 2081 NMR (CDCk) & 7.19 (m, 10H,
aromatic), 6.30 (d,u}s= 4.9 Hz, 2H, =El), 3.55 (M, J.+= 6.6 Hz, 1H, GICHs), 1.38 (d,
Jun= 7.1 Hz, 3H, CHEl3); *C{*H} NMR (CDCl3) § 145.6, 137.6, 135.3, 128.6, 127.4,

127.1, 126.3, 126.2 (aromatic/vinylic), 42.6 @€ Hs), 21.3 (s, ©CHy).
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Reaction of Styrenewith HOTf. CH,CI, (4 mL) was added to a 50 mL Schilenk tube
equipped with a stir bar. The solution was cooled to°€Z&legassed, and HOTf (&,

0.03 mmol) introduced under,NCompounda (65 uL, 0.57 mmol) was added undeg N

at -78°C. The solution was degassed,riintroduced and the mixture was placed in a
50°C oil bath for 45 h. The following operations were done in the air. The solution was
filtered through a short silica gel column, and the resulting solution analyzed MS5C-
GC-MS [40°C (3 min.); 1°C/min.— 250°C (15 min.)] several peaks retention time

16.35 to 19.32 min, m/e 208; 21.00 min., m/e 280; 22.91 min., m/e 279.

Catalytic Dimerization of 4-Fluorostyrene (9b). Tungsten compount(0.035 g, 0.096
mmol) was added to a 50 mL Schlenk tube equipped with a stir ba«CIQHO0 mL) was
added. The mixture was cooled to I8 degassed, and HOTf (&, 0.1 mmol) was

added under N The mixture was warmed to room temperature and stirred for 1 h. 4-
Fluorostyrene (0.250 g, 2.05 mmol) was added undett N\8°C. The solution was
degassed, Nreintroduced and the mixture was stirred at room temperature for 23 h. The
following operations were done in the air. The solution was filtered through a shart sili
gel column with CHCI, to remove the catalyst. The filtrate was evaporated under
vacuum leaving an oily residue. The residue was dissolved i€lgbhd separated on a
silica gel column with hexane. The solvent was evaporated and the residue dried under
vacuum for 4 h yielding 0.144 g (58%) of a clear dilk) that glows under UV light.

GC-MS [40°C (3 min.); 10°C/min.— 250°C (15 min.)] retention time 18.91 min., m/e
244. *H NMR (CDCh) 6 7.30 and 7.03 (m, 8H, aromatic), 6.35 (m.& 16.0 Hz, 6.5

Hz, 2H, =GH), 3.65 (M, .4 = 6.8 Hz, 1H, GICH3), 1.49 (d, 4.4 = 6.9 Hz, 3H, CHEly);



53

13c{'H} NMR (CDCl3) & 163.5, 162.8, 161.0, 160.4, 141.1, 134.9, 133.7, 128.9, 127.7,

115.5 (aromatic/vinylic), 42.0 (§CHs), 21.5 (s, C©Hy).

Reaction of 9b with HOTf. CH,Cl, (3.5 mL) was added to a 50 mL Schlenk tube
equipped with a stir bar. The solution was cooled to°€Z&legassed, and HOTf (&,
0.03 mmol) introduced under,NCompound®b (70 uL, 0.59 mmol) was added undes N
at -78°C. The solution was degassed,rBintroduced and the mixture was allowed to
stir for 20 h. The following operations were done in the air. The solution was filtered
through a short silica gel column, and the resulting solution analyzed by GC-MS and
NMR. GC-MS [40°C (3 min.); 10°C/min.— 250°C (15 min.)] retention time 19.47
min, m/e 244; several peaks 24.80 to 28.627 min., m/e #88IMR (CDCk) & 7 (very

broad aromatic peaks), 1.4 (broad methyl peaks).

Catalytic Dimerization of 4-Chlorostyrene (9c). Tungsten complek (0.037 g, 0.10

mmol) was added to a 50 mL Schlenk tube equipped with a stir baxCI QH0 mL) was

added. The mixture was cooled to I8 degassed, and HOTf (&, 0.1 mmol) was

added under N The mixture was warmed to room temperature and stirred for 1 h. 4-
Chlorostyrene (0.273 g, 2.24 mmol) was added undet N\7/8°C. The solution was
degassed, Nreintroduced and the mixture was stirred at room temperature for 26 h. The
following operations were done in the air. The solution was filtered through a sluart sili

gel column with CHCI, to remove the catalyst. The filtrate was evaporated under

vacuum leaving an oily residue. The residue was dissolved in hexane and separated on a

silica gel column with hexane. The solvent was evaporated and the residue dried under
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vacuum for 4 h yielding 0.157 g (56%) of a white soliic) which glows under UV
light. GC-MS [40°C (3 min.); 1°C/min.— 250°C (30 min.)] retention time 23.47
min., m/e 276.*H NMR (CDCk) & 7.15 (m, 8H, aromatic), 6.22 (di.J= 5.0 Hz, 2H,
=CH), 3.50 (m, §.u= 7.0 Hz, 5.1 Hz, 1H, BCHy), 1.34 (d, .= 7.3 Hz, 3H, CHEl3);
3c{*H} NMR (CDCls) § 143.8, 135.8, 135.3, 132.8, 132.0, 128.7, 127.8, 127.4

(aromatic/vinylic), 42.0 (SCCHs), 21.1 (s, C©Hy).

Reaction of 9c with HOTf. CH,Cl, (3.5 mL) was added to a 50 mL Schlenk tube
equipped with a stir bar. The solution was cooled to°€Z&legassed, and HOTf (&,

0.03 mmol) introduced under,NCompoundc (72 uL, 0.60 mmol) was added undes N

at -78°C. The solution was degassed,rdintroduced and the mixture was stirred at

room temperature for 20 h. The following operations were done in the air. The solution
was filtered through a short silica gel column, and the resulting solutioreaddly GC-

MS and'H NMR. GC-MS [40°C (3 min.); 10°C/min.— 250°C (35 min.)] retention

time 23.62 min, m/e 276; 28.29 min., m/e 281, 37.63, 40.43, 41.74 and 50.77 min., m/e
416; 47.48 and 47.76 min., m/e 4144 NMR (CDCk) & 6.8 (very broad aromatic

peaks), 1.6 (broad methyl peaks).

Catalytic Dimerization of 4-Bromostyrene (9d). Tungsten complek (0.038 g, 0.10
mmol) was added to a 50 mL Schlenk tube equipped with a stir baxCIQH0 mL) was
added. The mixture was cooled to <8 degassed, and HOTf (@, 0.1 mmol) was
added under N The mixture was warmed to room temperature and stirred for 1 h. 4-

Bromostyrene (0.390 g, 2.13 mmol) was added undet N’8°C. The solution was
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degassed, Nreintroduced and the mixture was placed in &Z0il bath for 21 h. The
following operations were done in the air. The solution was filtered through a shart sili
gel column with CHCI, to remove the catalyst. The filtrate was concentrated and the
resulting solution was separated on a silica gel column with hexane. The sasgent w
evaporated and the residue dried under vacuum for 3 h yielding 0.327 g (84%) of an off-
white solid (0d) which glows under UV light. GC-MS [4TC (3 min.); 10°C/min. -

250°C (15 min.)] retention time 25.80 min., m/e 3661 NMR (CDCk) & 7.21 (m, 8H,
aromatic), 6.22 (d,u = 2.9 Hz, 2H, =El), 3.49 (m, J.n= 7.3 Hz, 2.8 Hz, 1H, BCHj),

1.34 (d, 3.4 = 7.0 Hz, 3H, CHEl5); **c{*H} NMR (CDCls) & 144.2, 136.2, 135.3, 131.6,

129.0, 127.8, 127.7 (aromatic/vinylic), 42.0Q&Hs), 20.9 (s, ©Hy).

Reaction of 9d with HOTf. CH,CI; (3.5 mL) was added to a 50 mL Schlenk tube
equipped with a stir bar. The solution was cooled to°€Z&legassed, and HOTf (&,
0.03 mmol) introduced under,NCompound®d (79 uL, 0.60 mmol) was added undes N
at -78°C. The solution was degassed,riintroduced and the mixture was placed in a
70°C oil bath for 20.5 h. The following operations were done in the air. The solution
was filtered through a short silica gel column, and the resulting solutioreaddly GC-
MS and'H NMR. GC-MS [40°C (3 min.); 10°C/min.— 250°C (15 min.)] retention
times 24.79, 24.94 and 26.49 min, m/e 388.NMR (CDCL) & 6.8 (very broad aromatic

peaks), 1.6 (broad methyl peaks).
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Catalytic Dimerization of 4-Vinylbenzyl Chloride (9¢). Tungsten complek (0.037 g,
0.10 mmol) was added to a 50 mL Schlenk tube equipped with a stir ba€l,C10

mL) was added. The mixture was cooled to*Z8degassed, and HOTf (&, 0.1

mmol) was added under,NThe mixture was warmed to room temperature and stirred
for 1 h. 4-Vinylbenzyl chloride (0.326 g, 2.14 mmol) was added ungat N'8°C. The
solution was degassed; keintroduced and the mixture was stirred at room temperature
for 26 h. The following operations were done in the air. The solution was filtered
through a short silica gel column with g, to remove the catalyst. The filtrate was
concentrated and the resulting solution was separated on a silica gel cotrdrilwi
hexane:CHCl,. The solvent was evaporated and the residue dried under vacuum for 3 h
yielding 0.172 g (53%) of a clear oillde) which glows under UV light. GC-MS [4TC

(3 min.); 10°C/min.— 250°C (30 min.)] retention time 27.68 min., m/e 30# NMR
(CDCl3) 6 7.36 (m, 8H, aromatic), 6.45 (d.d= 6.5 Hz, 5.4 Hz, 2H, =8), 4.61 (d, d-4
=9.0 Hz, 4H, Ph-G,Cl), 3.71 (m, dn=6.9 Hz, 5.1 Hz, 1H, BCH,3), 1.52 (d, d.u=7.1

Hz, 3H, CHGHs); *C{*H} NMR (CDCl3) 5 145.7, 137.5, 136.1, 135.5, 135.3, 128.8,
128.7, 128.0, 127.6, 126.4 (aromatic/vinylic), 46.1 (SCICI), 42.2 (sCCHg), 21.0 (s,

CCHy).

Reaction of 9ewith HOTf. CH,Cl, (3.5 mL) was added to a 50 mL Schlenk tube
equipped with a stir bar. The solution was cooled to°€Z&legassed, and HOTf (&,
0.03 mmol) introduced under,NCompounde (85 puL, 0.60 mmol) was added undeg N
at -78°C. The solution was degassed,rdintroduced and the mixture was stirred at

room temperature for 24 h. The following operations were done in the air. The solution
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was filtered through a short silica gel column, and the resulting solutioreaddly GC-
MS and'H NMR. GC-MS [40°C (3 min.); 10°C/min.— 250°C (30 min.)] retention
time 27.86 min. (very small peak), m/e 30# NMR (CDCL) & 6.8 (very broad

aromatic peaks), 4.5 (broad RHLI), 1.6 (broad methyl peaks).

Catalytic Codimerization of 9a with 9c.

Method A. Tungsten compleg (0.010 g, 0.027 mmol) was added to a 50 mL Schlenk
tube equipped with a stir bar. gEl, (3.5 mL) was added. The mixture was cooled to
-78°C, degassed, and HOTf (&, 0.03 mmol) was added undes.NThe mixture was
warmed to room temperature and stirred for 1 h. Comp6arfds L, 0.31 mmol) and
compoundc (35uL, 0.29 mmol) were added undes &t -78°C. The solution was
degassed, Nreintroduced and the mixture was stirred at room temperature for 21.5 h.
The following operations were done in the air. The solution was filtered throughta shor
silica gel column with CBLClI, to remove the catalyst and the filtrate was analyzed by
GC-MS. GC-MS [40C (3 min.); 10°C/min.— 250°C (35 min.)] retention time 18.95
min., m/e 208; 21.13 min., m/e 242; 23.36 min., m/e 276.

Method B. Tungsten complek (0.010 g, 0.027 mmol) was added to a 50 mL Schlenk
tube equipped with a stir bar. gEl, (3.5 mL) was added. The mixture was cooled to
-78°C, degassed, and HOTf (&, 0.03 mmol) was added undes.NThe mixture was
warmed to room temperature and stirred for 1 h. Comp6arfds L, 0.31 mmol) and
compoundc (35uL, 0.29 mmol) were added undes &t -78°C. The solution was
degassed, Nreintroduced and the mixture was placed in &50il bath for 22 h. The

following operations were done in the air. The solution was filtered through a sicart sil
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gel column with CHCI, to remove the catalyst and the filtrate was analyzed by GC-MS.
GC-MS [40°C (3 min.); 1°C/min.— 250°C (30 min.)] retention time 18.91 min., m/e

208; 21.11 min., m/e 242; 23.34 min., m/e 276.

Reaction of 9a and 9c with HOTT.

Method A. CH,ClI, (3.5 mL) was added to a 50 mL Schlenk tube equipped with a stir
bar. The mixture was cooled to -78, degassed, and HOTf (&, 0.03 mmol) was

added under N Compounda (35uL, 0.31 mmol) and compourft (35uL, 0.29

mmol) were added underdt -78°C. The solution was degassed,rintroduced and
the mixture was stirred at room temperature for 21.5 h. The following operatioms wer
done in the air. The solution was filtered through a short silica gel column wiBIlCH

to remove the catalyst and the filtrate was analyzed by GC-MS. GC-ME&[@min.);
10°C/min.— 250°C (35 min.)] retention time 21.49 min. (small peak), m/e 242; 23.50
min. (small peak), m/e 276.

Method B. CH,CI; (3.5 mL) was added to a 50 mL Schlenk tube equipped with a stir
bar. The mixture was cooled to -78, degassed, and HOTf (&, 0.03 mmol) was

added under N Compounda (35uL, 0.31 mmol) and compourit (35uL, 0.29

mmol) were added unden/dt -78°C. The solution was degassed,rintroduced and
the mixture was placed in a 8G oil bath for 22 h. The following operations were done
in the air. The solution was filtered through a short silica gel column witCIZ kb
remove the catalyst and the filtrate was analyzed by GC-MS. GC-ME[@®min.); 10
°C/min.— 250°C (35 min.)] retention time 21.28 min. (small peak), m/e 242; 23.40 min.

(small peak), m/e 276.
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Catalytic Codimerization of 9a and 9d.

Method A. Tungsten complek (0.010 g, 0.027 mmol) was added to a 50 mL Schlenk
tube equipped with a stir bar. @El,(3.5 mL) was added. The mixture was cooled to
-78°C, degassed, and HOTf (&, 0.03 mmol) was added undes.NThe mixture was
warmed to room temperature and stirred for 1 h. Comp6arfds L, 0.31 mmol) and
compoundd (40 uL, 0.31 mmol) were added undes & -78°C. The solution was
degassed, Nreintroduced and the mixture was placed in &50il bath for 22 h. The
following operations were done in the air. The solution was filtered through a sluart sili
gel column with CHCI, to remove the catalyst and the filtrate was analyzed by GC-MS.
GC-MS [40°C (3 min.); 1°C/min.— 250°C (20 min.)] retention time 18.91 min., m/e
208; 22.19 min., m/e 286; 25.60 min., m/e 366.

Method B. Tungsten complek (0.010 g, 0.027 mmol) was added to a 50 mL Schlenk
tube equipped with a stir bar. @El,(3.5 mL) was added. The mixture was cooled to
-78°C, degassed, and HOTf (&, 0.03 mmol) was added undes.NThe mixture was
warmed to room temperature and stirred for 1 h. Comp6ar(ds pL, 0.31 mmol) and
compoundd (40 uL, 0.31 mmol) were added undes & -78°C. The solution was
degassed, Nreintroduced and the mixture was placed in &Z0il bath for 22 h. The
following operations were done in the air. The solution was filtered through a sieart sil
gel column with CHCI, to remove the catalyst and the filtrate was analyzed by GC-MS.
GC-MS [40°C (3 min.); 1°C/min.— 250°C (20 min.)] retention time 18.97 min.

(small peak), m/e 208; 22.19 min., m/e 286; 25.60 min., m/e 366.
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Catalytic Codimerization of 9c and 9b. Tungsten complek (0.010 g, 0.027 mmol)

was added to a 50 mL Schlenk tube equipped with a stir bagCIg(3.5 mL) was

added. The mixture was cooled to I8 degassed, and HOTf (&, 0.03 mmol) was

added under N The mixture was warmed to room temperature and stirred for 1 h.
Compoundc (35 uL, 0.29 mmol) and compourib (35uL, 0.29 mmol) were added

under N at -78°C. The solution was degassed,riintroduced and the mixture was

stirred at room temperature for 22 h. The following operations were done in the air. The
solution was filtered through a short silica gel column with@lpto remove the catalyst

and the filtrate was analyzed by GC-MS. GC-MSq{&@Q3 min.); 1°C/min.— 250°C

(35 min.)] retention time 18.92 min., m/e 244; 21.18 min., m/e 260; 23.33 min., m/e 276.



Table5. Crystal Data and Structure RefinementZor

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.08°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

yicac

C14 H18 O3 W
418.13

100(2) K
1.54178 A
Orthorhombic
PnaZ2l

a=22.6322(4) A o= 90°.
b=12.7771(2) A B=90°.
c=9.8184(2) A y=90°.

2839.23(9) A
8
1.956 Mgfm
15.070 min
1600
0.38 x 0.27 x 0.13 mfn
3.97 t0 67.08°.
0<=h<=25, 0<=k<=14, 0<=l<=11
23195
2615 [R(int) = 0.0242]
97.0 %
Numerical
0.2447 and 0.0693
Full-matrix least-squares &n F
2615/7 /338
1.135
R1 =0.0146, wR2 9875
R1=0.0147, wR2 = 0.0376
0.00
0.000202(10)
1.230 and -0.573%.A
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Table 6. Crystal Data and Structure RefinementXor

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 31.94°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

yib
C11 H18 02 W
366.10
100(2) K
0.71073 A
Monoclinic
P 21/m
a=7.7677(10) A
b =8.8575(11) A
c=8.7206(11) A
573.66(13) &
2
2.119 Mghm
10.042 min
348

0.28 x 0.26 x 0.18 mfn

3.09 to 31.94°.

o= 90°.

B=107.0390(10)°.

y=90°.

-11<=h<=10, 0<=k<=12, 0<=l<=12

9207

1954 [R(int) = 0.0226]

93.1%

Semi-empirical from equivaken

0.2651 and 0.1654

Full-matrix least-squares &n F

1954/0/108
0.956

R1 =0.0119, wR2 9819

R1 =0.0124, wR2 = 0.0321

0.664 and -1.563%.A
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Table7. Crystal Data and Structure Refinementiod.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.50°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

yiva

C16 H14 Br2
366.09
100(2) K
1.54178 A
Orthorhombic
P212121

a=5.4642(2) A o= 90°.
b = 7.8503(3) A B=90°.
¢ = 33.4920(10) A y=90°.

1436.66(9) &
4
1.693 Mghfm
6.974 mi
720
0.52 x 0.35 x 0.07 mfn
2.64 to 67.50°.
-6<=h<=6, 0<=k<=9, 0<=I<=40
11346
2555 [R(int) = 0.0436]
98.7 %
Numerical
0.6410 and 0.1222
Full-matrix least-squares &n F
2555 /44 /150
1.101
R1=0.0742, wR2 1918
R1=0.0747, wR2 = 0.1921
0.13(10)
0.840 and -1.634%.A
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