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Abstract

The development of hindered, rigid ligand systems for the construction of
bimetallic coordination compounds is reported as models for putative bimetallic
active sites of heterogeneous Ziegler-Natta catalyst systems. Our focus has
been to make available efficient methodology for the synthesis of well-defined,
sterically hindered organic templates to facilitate a more detailed investigation of
novel supported bimetallic or polymetallic catalysts for olefin polymerization.

The efficient synthesis of bis(amido) and bis(imino) ligands based on a
dibenzofuranyl template is reported. By making use of directed ortho-lithiation
and electrophilic azide quench strategies as previously demonstrated, we have
been able to develop a novel in situ Staudinger reaction for the formation of
hindered 4,6-bis(amido) and 4,6-bis(imino) organic templates appropriate for

bridging two interacting metal centres.
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Chapter 1 - Introduction

1.1 - Historical design of olefin polymerization catalysts

Advances in ligand design for olefin polymerization catalysts have
improved understanding of factors important for overall catalytic activity. The
efficient industrial production of polyolefins began with Ziegler's'? discovery that
TiCls, along with aluminum alkyls, displayed high ethylene polymerization activity
under relatively mild conditions. Soon after the publication of Ziegler's initial
work, Natta and co-workers® created isotactic polypropylene using similar
conditions.  Ziegler and Natta’s early success with these heterogeneous’
systems was followed by a period of careful investigation until the discovery that
MgCl,-supported TiCls catalysts5 showed activities at least twice those of
Ziegler's Ti(IV) system, producing linear low density polyethylene (LLDPE), high
density polyethylene (HDPE), and stereoregular polypropylene. Nevertheless,
control of polymer microstructure and molecular weight remained a challenge,
owing in part to the unknown multi-site nature of the heterogeneous catalyst.®

Natta and Breslow reported the first homogeneous metallocene
polymerization catalyst, Cp,TiCl—AIEt,Cl.” These single site catalysts showed
promise as models of hetereogeneous systems, although low activities,
susceptibility to decomposition, and the inability to polymerize higher olefins
limited their commercial usage. The combination of other Group IV metallocenes
and partially hydrolyzed aluminum alkyls, described initially by Meyer® and later

by Breslow® renewed interest in these systems. Subsequently, Sinn and
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Kaminsky discovered that Group IV metallocenes showed good activity when

used in combination with methylaluminoxane (MAO) cocatalysts.'®"'2

(ex.
Figure 1.1) Activities close to those of supported MgCl,-TiCl; heterogeneous

systems led to exponential growth in the study of homogeneous systems.

Figure 1.1 - Group IV metallocenes

The well-defined nature of the active site of metallocenes has allowed the
judicious design of the catalytic system, providing access to previously
unattainable polymer microstructures.”® By varying zirconocene symmetry,

(Figure 1.2) new routes to stereospecific polypropylene were attainable.'*>'5:7

Figure 1.2 - Zirconocene catalysts for stereospecific propylene polymerization
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Nevertheless, these catalysts are less thermally stable than classical Z/N
systems and produce polymers of lower molecular weight under standard
industrial conditions.* In addressing these limitations, researchers sought new
coordination compounds where the Cp ligand(s) or metal centre has been
replaced. For example, the ‘constrained-geometry’ ansa-monocyclopentadienyl-
amido (CpA)* Group IV catalysts were developed coincidently by both Dow and
Exxon'®1%2021 (Fiqure 1.3).

R

/<\7 R,R' = alkyl,aryl

Me,Si, MX; |[M=Ti, zr
AW X = Cl, Me

ll? Figure 1.3

Figure 1.3 — Cyclopentadienyi catalysts

Although the synthesis of these cyclopentadienyl amido coordination compounds
was based on Bercaw®® and Okuda's®® work, the Group IV cyclopentadienyl
amido complex has unique features. The open nature of the active site allows
the co-polymerization of other olefins with ethylene, increased thermal and MAO
stability, and the ability to produce higher molecular weight polymers compared
to Group 1V metallocene analogues.™

Investigation into the relative metal-ligand effects on catalyst behaviour
continued with the discovery of novel late metal post-metallocene systems

identified by Brookhart**%? (Figure 1.4).
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R N\M/Me )
BAr
RN oEt ¢
J M = Ni(ll), Pd(I)

R = H, Me, napthyl

Figure 1.4 — Brookhart's post-metallocene catalysts

Brookhart's discovery was the first identified use of a hetero-atom
coordinated with late metals, resulting in less competitive associative
displacement and chain transfer mechanisms for ethylene polymerizations.®"
Building on Brookhart's work, McConville and co-workers?"?® showed that Ti-
coordinated diamido ligands (Figure 1.5 (a)) also showed high activities toward
higher a-olefin polymerization. ~Similarly, Brookhart and Gibson?®% identified
complexes containing pyrrolidine diimine ligands (Figure 1.5 (b)) that provided
high ethylene polymerization activities. Subsequently, reports by Grubbs®'*
(Figure 1.5 (c)) and Fuijita® (Figure 1.5 (d)) ushered in a new era in high
performance olefin polymerization catalysts, with catalyst activities equal to or
exceeding Group IV metallocene catalysts. In fact, this latter class of phenoxy-
imine catalysts (the Fi catalysts) has shown living polymerization behaviour for a-
olefins, producing branched polyethylenes without comonomers, and in some
26,28,34

reported cases, promoting the copolymerization of ethylene or a-olefins

with polar olefins to produce functionalized polyolefins.®®
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o
(a) (b)
}@ Q {Bu
Y “\\@ s 0 Cl
"‘N I\ ,P r:l__zl -— /R
’ R Y, If N

Figure 1.5 — Post-metallocene catalysts - (a) McConville's Ti-coordinated
diamido ligands (b) Brookhart and Gibson's pyrrolidine diimine
ligands (c) Grubbs' and (d) Fujita’s ligands
Other hindered aryl-imine based late metal supported catalysts include

those reported by Sugimura, in which the bis-imine complex has been in contact

with MAO, producing polyethylene in a toluene or hexane slurry“'35 (Figure 1.6).

A\ //N\ /Br

VAN

Figure 1.6 — Ni(ll) 1,2-diimine complex of Sugimura
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1.2 - Supported post-metallocene systems

1.2.1 - Silica Supported systems

Diimine catalysts may be supported on a wide range of inorganic oxide
supports, although silica is the support of choice and generally involves the use
of MAO. Following earlier work from our group™® (ally! cationic single component
Z/N systems), others reported that ‘constrained-geometry' titanium dialkyls also
form active heterogeneous supported catalysts when treated with alkylaluminum-
treated silica containing [HNMezPh][B(CeFs)s or B(CsFs)3.*” In fact, complexes
such as Me;Si(CsMes)(N-tert-butyl)Ti(n*-CsHs), when converted to zwitterionic
complexes after treatment with B(CsFs); (Equation 1.1), have shown good

catalytic activities when adsorbed on silica.*®

Equation 1.1 — Zwitterionic ‘constrained geometry’ amido catalyst

\
Me,Si. i B(CeFs)3 TTNON
AN — % Me,Si Ti— \
\N/ > 2 \N/ \
|
B oy B(CeFeh

1.2.2 - Resin supported systems

In addition, ligand libraries for combinatorial screening of dimine-based Ni

and Pd catalysts have been shown to form through reductive amination (Scheme
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1.1). After attachment of a diketone to a Merrifield resin and condensation with
various anilines in the presence of a dehydrating catalyst, complexation of the

metal produces an active catalyst when exposed to ethylene.*

Scheme 1.1 - Ni(ll) based diimine supported catalyst

Ar\
o A
0 N
ArNH, 2 A

catalyst

Br %Z(DME)

Al'\ /NI/Br

\

2 N\\Ar

1.2.3 - Soluble vs. insoluble catalysts

Despite the interest in adapting metallocene catalysts to heterogeneous
supported systems, challenges remain in generating polymers with narrow
molecular weight distributions, high stereoregularities or specific meiting points.
Disparity in catalyst activities between supported and unsupported systems has
been shown to be consistent in most cases.* That is, the activity of supported
catalysts have been shown to be one-half to one-tenth of their soluble
unsupported cousins. This has been suggested to be in large part a result of the

reduced diffusion of monomer into the pores of the supported catalyst.* It is
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reasonable to propose that there may also be fewer active catalytic centres
present in the heterogeneous variant. As well, catalytic centres may be
deactivated when supported or less effective as a result of reduced catalyst-
cocatalyst interaction. For example, over 90% of the same zirconocene centres,
although activated by MAO in solution, were near completely deactivated when
supported on silica.*

Molecular weights of the polymers formed have been shown to be
somewhat higher for supported single site catalysts. As mentioned above,
Hiatky suggests* that the lower activity of supported catalysts may be due to a
reduced number of active centres. He reasons that for propagation rates to be
lower for the supported analogue, the termination rates would also have to be
reduced at least proportionately for these molecular weight (MW) observations to
be consistent. In fact, the expected reduction in termination rates have not been
shown to follow from reduced propogation rates.* Jungling and co-workers*
studied temperature effects on propylene polymerization with the use of both
homogeneous and supported MeSi(2-Me-4,5-benzoindenyl),ZrCl-MAO
catalysts, also finding that activity, molecular weight, isotacticity, and polymer
bulk density were poorer for the supported system than the homogeneous

variant.

1.3 — Polymerization Process Considerations

As mentioned, single site heterogeneous catalysts have been

successfully used in large scale operations in a variety of processes, including

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



slurry, bulk monomer, and fluidized gas-phases. In fact, in the latter case,
supported metallocenes can also be utilized within a ‘condensed mode’
operation, where a solvent such as isopentane is added to aid in heat transfer,
improving the activity of the catalyst.*'424?

In addition, single-site heterogeneous catalysts are affected by conditions
differently than traditional ZIN catalysts, especially with respect to comonomer or
hydrogen addition. Although AlEt; is often used as a scavenger for, and activator
of Z/N catalysts, the presence of a scavenger can cause fouling of the reactor
when supported metallocene catalysts are used.*

Nevertheless, the introduction of co-monomers may be cumbersome and
lack utility with Z/N systems. For example, in fluidized-bed gas-phase processes,
ethylene polymerization must be terminated by the addition of water or methanol
to deactivate the catalyst irreversibly. A second catalyst may then be added by
adjusting feed streams, allowing comonomer incorporation into the resultant

polymer.*43

1.4 - Ziegler-Natta active sites

The commonly held consensus among researchers is that the active site
of polymerization catalysts is a coordinatively unsaturated, typically cationic, alky!
complex that is stabilized by several ligands™ (Scheme 1.2). Many methods can

be followed to generated such a species, including three shown below.
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Scheme 1.2 - Routes to the catalytically active [L,MR]"

/
L"N\ [0 = empty coordination site

Route (a), through anionic abstraction of ligand X (ie., halide), substitutes a ‘non-
coordinating’ anion by salt elimination. Similarly, route (b) follows an initial
abstraction mechanism of ligand R (as the alkyl anion). However, route (c) is
both an alkylation and abstraction process, achieved by treating a dihalide
procatalyst with an alkylating species first, then followed by an alkyl-abstraction
agent.*® A fourth route for the generation of an active catalytic species involves

the combined cationic and anionic parts within the same molecule, termed

“zwitterionic metallocenes.”*

Nevertheless, the chemistry at the active site of heterogeneous Z/N
catalysts is not well understood,*’ especially with respect to stereocontrol of
polypropylene polymerization by Z/N systems.*®  Historically, commercially
applied systems have been modifications of the classic TiCIyAIR; systems.'??

The treatment of bulk TiClz with AlIR,Cl is believed to activate surface titanium
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sites. The picture in Figure 1.7 is assumed to be monoalkylated Ti(lll) ion
attached to the crystal by a Ti-CI-M bridge, where ‘M’ is thought to be either Mg
or Ti and attached alkylaluminum groups at or near the active site by Al-CI-Ti
coordination. The growing polymer chain is thought by some

495051525354 t5 attach to the coordinatively unsaturated lateral face

researchers
of the crystal by a Ti-C o-bond. A propylene monomer, coordinated to the Ti
adjacent to the aforementioned Ti-C bond,* inserts into the growing polymer
chain with consistent regularity of both head-to-tail orientation and tacticity.*®
Better understanding the nature of this crowded active site may be best served
by developing rigid ligand systems which force metals to be in close proximity,

producing homogeneous models of this Z/N active site to better comprehend the

mechanism of polymerization.

Figure 1.7 — Active site of a Z/N catalyst showing incoming propylene.
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1.5 — Catalyst activities

Despite remarkable advances in the catalysis of olefin polymerization,
metallocenes are still markedly different from the heterogeneous analogues.
Homogeneity with the polymerization medium has led to lower polydisperities
and increased incorporation of olefin comonomers than those obtained with
classical heterogeneous Z/N systems. Nevertheless, such improvements have
come at a significantly higher cost, so industrial acceptance has been slower
than originally expected.® The oxophilicity of early transition metal (Ti, Zr, Cr)
ZIN systems also results in poisoning by heteroatom-functionalized olefins.

Although the literature®:57:58.59.60616263

is replete with examples of
copolymerizations with unusual substrates and the inclusion of Lewis acids in the
polymerization system to protect polar monomer functionality through

complexation,*6>68

early metal Z/N heterogeneous systems are less conducive
to heteroatom comonomer polymerization applications, rigorous kinetic studies,
and most importantly from an industrial perspective, active site characterization.
Recent research has focused on addressing the most fundamental
prerequisite for olefin polymerization catalysis — high catalyst activity.
Traditionally, it was thought that to achieve high activities a catalyst complex

must contain a metal(s) centre, ancillary ligands(s), a growing polymer chain, and

an accessible monomer coordination site® (Equation 1.2).
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Equation 1.2 - Olefin insertion in metal-catalyzed polymerization

/'\/P ¥
Ly—M K L = ligand
N M = metal
P = polymer
chain
/\\/P L.=——M
n
Ln—'M\‘/ \/\/\\P

Historically, researchers have understood the metal centre to be the
primary focus of the catalytic cycle, whereas the purpose of the ligands are to
hold the metal in a monomeric fashion, preserve the electrophilicity and oxidation
state of the metal at a suitably high level, and provide enough reaction space for
incoming substrates. However, Equation 1.2 does show the impractical simplicity
of the model. With the possibility of varying so many of the factors affecting this
cycle (ie. stereochemistry of the monomer, ligand design, and/or metal(s)),
appreciation of these complexities demands even more detailed studies of

heterogeneous Z/N systems and their respective model systems.

1.6 - Heterogeneous systems from homogeneous successes

Understanding the nature of the active site of heterogeneous Z/N catalytic
systems stems is necessitated by the drawbacks of homogeneous analogues in
industrial applications. Although researchers have demonstrated the importance

of ‘post-metallocene’ homogeneous systems in providing access to polymers
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previously unattainable, the utility of these homogeneous systems is often limited
to the laboratory as they suffer from the difficulty of separating the catalyst from
the polymer product, especially in large-scale conversions within open reaction
systems.¥ In slurry, bulk monomer, or gas-phase processes, the polymer is
often of higher density and crystallinity, and insoluble in the reactor diluent or gas
stream. To operate these processes continuously in an industrial reactor, the
active site of the catalyst must be uniform in nature and must be able to be fed
into the reaction medium smoothly without clumping. Single-site catalysts have
been supported on many different types of carriers, producing polymers of

narrow particle size distributions and high bulk densities.*

For example, Soga®®® studied supported (Al,03, MgClo, CaF,, AlF3, silica,
MgO, MgF,, SiO; zirconocenes activated by simple alkyl aluminum compounds
(AlMes, AlEt;, Al(i-Bu)s) or MAO. The zirconocenes were supported by way of an
impregnation procedure, and these supported catalysts provided unexpected
results in the polymerization of propylene. Compared to the homogeneous
analogues where alkylaluminum reagents are ineffective activators for
zirconocenes, the MgCl, or alumina supported variants show dramatic activity
increases, although still considerably less than the homogeneous MAO-activated
analogue. As well, in other studies, CpTiCl; with MAO or Al(i-Bu); show little

activity for olefin polymerization, but function considerably better when supported

on silica, alumina, or MgCl;.”

Single-site catalysts, activated by the addition first of MAO on supported

inorganic oxides, especially silica, have historically provided the majority of
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heterogeneous catalysts for olefin polymerization.*’" For example, the
silsequioxane complex (c-CsHo)7SigO12-OH),”? a model system for (1,3-SiMes—

CsH3)TiCl; (Figure 1.8), supported on silica shows activity towards ethylene

polymerization.
|
" %
N o X
/Sli——o—/Si/
0 o
sl o, ?
| Resi—p-Bgi-R
o o
ok
Ul
7 \

Figure 1.8 — van Tol's silica supported titanocene

As well, the activity and nature of supported catalysts often depends on
the method with which they are prepared, with variables extending from the order

of addition of the catalyst, to the MAO/alkylaluminum activator, and to the

support.’

1.6.1 — Bimetallic catalytic cooperativity

TRIAISTGINTE  including

Bimetallic group IV catalytic precursors,
demonstrated cases of bimetallic cooperativity’® (Figure 1.9), have been

studied with an eye to achieving unique catalytic transformations. Although
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these complexes do not involve metal-metal bonds, having the metals in close
proximity is thought to be paramount to inducing the high activity seen in

heterogeneous Z/N systems.

a.Si Zr.u\ ", ‘/ \
v ~ o S Gl
l (@) (b)

Figure 1.9— (a) Marks’ bimetallic catalyst®® and (b) Royo's bimetallic catalyst.®'

There have been some reports of precatalyst systems with direct metal-
metal bonds®2338+858587 (Fiqure 1.10 (a), (b)) or Group IV bridged dimers (Figure
1.10 (c), (d)).%® illustrating the utility of ligand design in creating a sterically

encumbered bimetallic catalytic system.
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Figure 1.10 - (a) Bergman's bimetallic carbon-hetero bond cleavage catalyst®?

(b) McParlin’s bimetallic oxygen transfer catalyst®® (c) Sita's
bridged Zr complex® (d) Piers’ bridged Ti complex®
Much investigation remains to be completed, as many questions have
arisen, including the extent to which an olefin-terminated polymer fragment,
having left one metal centre, might have an enhanced probability of being

t°" have

captured by another proximate metal centre.®® Brintzinger®® and Mulhaup
suggested that such high nuclearity might very well offer new insight into the
mechanism of Z/N polymerization, where the roles of the dimer or ion pairs of the
propagating species may be crucial.

Efforts in our group®93%

and others® have focused on challenging
previously held assumptions on the nature of the active site of the catalytic
complex. Although dimerization is thought to deactivate homogeneous catalyst

systems, Fujita®* has also examined basic strategies of ligand design, asserting

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

that a ligand should have: (1) moderate electron-donating properties; (2) a non-
symmetric chelating structure that meets thermal stability demands; (3) an
electron-count that allows the complex to remain coordinatively unsaturated; and
(4) structural diversity and synthetic accessibility. This ‘ligand-oriented’ catalyst
design approach may actually have begun with the discovery of Keim's SHOP
catalyst®® and has produced for others many active catalysts for ethylene

polymerization97.98.99,100.101.102.103.104.105 (Figure 1.1 1)'
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Figure 1.11 — Ligand-oriented designer catalysts — (a) Fujita's Fen%lgishi-lmine
(F1) catalyst'® (b) Fujita's pyrrolide-imine (PI) catalyst™
(c) Gibson's B-diketimate catalyst™ (d) Iglsashlma'stlndfnllde-lmme
(I!)catalyst’° (e) Keim's SHOP catalyst™ (f) Mashima's pyrrolyl-
imine catalyst'®

The ‘ligand-oriented' catalyst design may also offer what has been to date

unattainable: active, structural models of polymetallic heterogeneous systems,
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particularly those incorporating proximal bridging transition metal(s) or bridging

between a transition metal and a main group element.
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Chapter 2 - Pre-organized ligand systems for bimetallic cooperativity

Interest in exploring the extent to which bimetallic cooperativity in an olefin
polymerization catalyst can be deliberately constructed has directed our efforts to
prepare novel polydentate ligands. In order to understand the nature of solid
oxide supported catalysts and modified zeolite surfaces, new ligands must be
constructed with two main design principles. First, there is a least some
evidence to suggest bimetallic cooperativity at the active site of classical
supported Z/N systems. Instead of using chelating ligands, we sought to
evaluate sterically demanding ligand structures that encourage bimetallic
bridging. The second principle follows from the first - the ease with which we are
able to access the ligand and precatalyst remains paramount. To this end, the
creation of a structurally simple, rigid ligand that enforces bimetallic cooperativity
constitutes the major goal of this work.

Our group has previously reported™? on the utitility of a novel
preorganized tetradentate ligand system for coordination and catalysis (Figure
2.1). With a nearly square arrangement of oxygen atoms for metal binding, this
in principle system allows for the incorporation of sterically isolating alky!
substituents adjacent to the binding site(s). In practice, however, only relatively

small alky! substituents have been successfully introduced.
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0 (0 g
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Figure 2.1 — Tetrakis(2-hydroxy-phenyl)ethene magnesium precatalyst®

Application of any commercial catalyst often depends on cost effective starting
materials and syntheses. Recent progress in developing McMurray coupling
methodology has reduced the synthesis of the parent ligand system to a three-
step procedure* amenable to large-scale preparation. The introduction of the n-
propyl substituents, however, consumes three additional steps.

With an eye to elucidating putative bimetallic active sites in classical Z/N
catalysts and, in contrast to Fujita's” ligand chelation assertions, the effects of a
relatively rigid, sterically hindered ligand and the imposition of bimetallic
complexation remains the thrust of this work."?*%7 As Power® showed that
increased nuclearity and pre-organization of metal centres led to novel
polymetallic coordination structures, we postulated that by constructing the
organic template so as to encourage at least indirect metal-metal interaction, the
construct might form the basis for heterogeneous catalyst models. The
phenoxide binding site in Figure 2.1 represents a host of other heteroatom-
based ligand possibilities for heterogeneous models — including the amido— and
imine-based systems reported by others in chelating ligand monometallic

systems.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30

2.1 - Dibenzofuran

In this work, we intended to further simplify the ligand system and at the
same time incorporate some additional themes. The sucess of -amido and -oxo
type ligands has been well-documented®'®"'2 including, but not limited to, those
which impose very high steric burden upon metal/ligand and metal/metal
interactions. With this in mind, we targeted bidentate ligands based on the
dibenzofuran core structure (Figure 2.2), with binding groups in the 4— and 6-
positions and, where necessary, sterically isolating substituents at the 3— and 7-

positions.

D = OH, NHR', etc.
R = sterically large substituent

Figure 2.2 - Dibenzofuran and the accepted numbering structure*®

The very weakly basic furan oxygen position (5, Figure 2.2} provides accessibility
to possible hemi-labile ligand-metal interactions. The amido— or oxo-
functionalization in the 4- and 6-positions encourages metal-ligand binding
directly relevant to our interests: bridging metal-metal interactions. That is, the

rigidly planar dibenzofuran ring system provides the essential function of this
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ligand-oriented system: the binding sites are distant enough to avoid chelation
about a single metal centre, forcing complexation of more than one metal (Figure

2.3).

/’x~ x
MO M M M
RN Y “NR - Y o)
0 0

(a) (b)

Figure 2.3 - Possible metal-metal interactions in (a) 4,6-bis(amido) dibenzofuran
or (b) 4,6-bis(oxo)dibenzofuran

However, steric obligations at the active site have been neglected: the
bis-4,6(oxygen) and primary amine functionalized parent structures (R = H)
provide little steric isolation and little predilection for a simple bimetallic
framework. Introduction of substantial steric bulk adjacent to the 4- and 6-
oxygen substituents or attached to the amine nitrogen atoms (R = bulky alkyl)
remains a considerable synthetic challenge. In fact, analysis of the existing
literature provides an appreciation of the difficulty of adapting known synthetic

routes to prepare the targeted dibenzofuran ligand systems.
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2.2 - Electrophilic aromatic substitution using dibenzofuran

A review of the literature ™ '#15:16.17.18.19 rayeas that dibenzofuran exhibits
unique reactivity patterns when compared to similar aromatic substrates, such as
phenols. Friedel-Crafts acylation,?®?' Friedel-Crafts alkylation,?? sulfonation,?
and halogenation®*?*%® of dibenzofuran universally give 2-substituted

14,27

compounds as the major product. As well, Keumi and coworkers™™“’ report on

the Friedel-Crafts benzoylation and benzylation of dibenzofuran, finding that the

2-position represents an average of 87% of the total reactivity of the 4 positions

for benzoylation.

2.3 - Nitration of dibenzofuran

Literature studies on mixed-acid nitrations of dibenzofuran, however,
indicate exclusive formation of 3-nitration products.?® Keumi'*#¥ offers no
rationale for the anomalous reactivity patterns of dibenzofuran when standard
concepts are used to explain electrophilic aromatic substitutions. Other
researchers®® have found that the nitration of dibenzofuran by HNO; in acetic
anhydride results in 40% nitration at the 2- and 3-positions and 20% of 1-
nitration product. Others'" find that the nitration of the dibenzofuran parent
using HNO; and H,SO,4 occurs exclusively at the 3 and/or 7 positions. In fact,
nitrations of dibenzofuran show a significant difference in behaviour when

contrasted with Friedel-Crafts alkylations and acylations.' The ratio of 2- to 3-
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isomer for nitration is dependant upon the nitrating agent, varying from 1.5 to
0.03. Most nitrations using Friedel-Crafts-type agents with alkyl nitrate/Lewis
acid systems typically provide the 2-isomer whereas the 3-isomer is usually
produced with nitric acid systems." For example, the use of HNO; with TFA in

CH,Cl; provides almost exclusively 3-nitro-dibenzofuran (Equation 2.1).
Equation 2.1 - Nitration of dibenzofuran using a nitric acid system
o o
CF3COOH
93%
Eaborn®! suggests that the 3~isomer is favoured by initial protonation of
the furan oxygen by acids, leading to a change in the directing effects of

dibenzofuran for electrophilic attack. (Scheme 2.1)

Scheme 2.1 - Eaborn's suggested mechanism of dibenzofuran nitration
with nitric acid system

However, Keumi and co-workers'* found no direct relationship between

the amount of 3-isomer formed and the acidity of the medium used. They
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suggest another possible mechanism (Scheme 2.2), where the nitronium atom is

trapped initially by the furan oxygen, followed by intramolecular rearrangement.

Scheme 2.2 - Keumi's suggested mechanism of dibenzofuran nitration with
a nitric acid system

-
0 76

The authors do not speculate, however, how this rearrangement would
preferentially afford the 3-isomer. Nevertheless, their exhaustive catalogue of
trials' suggest that the positional preference is related to the concentration of
nitronium ion associated with nitrate ion and molecular nitric acid (Equation 2.2-
(@))% They found consistency with other reports® of H,SO4/HNO; systems,
wherein the active species is the nitronium ion (Equation 2.2—(b)). In fact,
Keumi's empirical evidence is consistent with earlier reports from Olah,* which
suggest an increase in the concentration of nitronium ion follows from an
increase in the dialectric constant of the solvent or an increase in the

concentration of nitric and sulfuric acid."
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Equation 2.2 - Proposed reacting species of nitronium ion
(a)

2HNO3 == NO,* + NO; + H,0
(b)

HNO; + 2H,SO4 === NOp' + H30" + HSO,~

2.4 - Formation of 1,1,4,4,8,8,11,11-octamethyi-1,2,3,4,8,9,10,11-octahydro-
dinaphtho[2,3-b;2',3'-d]furan and nitration

We postulated that if indeed no conditions were found for the
regioselective 4,6-nitration of dibenzofuran, we might be able to induce nitration
in the 4—- and 6-positions by first adapting Bruson's protocol®® for the Friedel-
Crafts double alkylation of dibenzofuran. Although the Bruson found limited
consistency with expected results, Abbott, in fact, reports exclusive 2-alkyl
products from Friedel-Crafts alkylation of dibenzofuran.”? By using this and our
previous work’ on the tert-butylation of the 4,6-bis(hydroxy)dibenzofuran as a
model, we proposed that it might be possibie to annulate selectively to give I
(Scheme 2.3), followed by nitrating and subsequently reducing at the 4— and 6-

positions.
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Scheme 2.3 - Retrosynthetic strategy towards a sterically hindered 4,6-
bis(amino)dibenzofuran structure.

0

2.5 - Other Friedel-Crafts alkylations of dibenzofuran

Consideration was also given to constructing a hindered 4,6-
bis(amino)dibenzofuran by way of methodology developed earlier by other
members of our group,’ initially by the Friedel-Crafts tert-butylation of
dibenzofuran at the 2— and 7—positions or by exhaustive tert-butylation (Equation

2.3).

Equation 2.3 - Synthesis of 2,4,6,8-bis(tert-butyl)dibenzofuran

Bu!, 'Bu
0 AICI J o
3
w2
CH,Cl, -18°C
B Bu

u!

~quant.
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36,37,38 39,40,41

Aware of the work of Tashiro and others on the selective
dealkylation of aromatic substrates by treatment with AICI; in CH3CN/benzene,
we considered the possibility of adapting these procedures to selectively

dealkylating and, subsequently nitrating the 4—- and 6-positions.

2.6 - Dibenzofuranyl synthons

The reactivity patterns of dibenzofuran raise significant obstacles for both
alkylation (for the introduction of steric bulk) and nitrogen introduction to give the
required 4,6-dibenzofuran derivatives. However, the literature suggests that the
introduction of appropriate functionality on monocyclic dibenzofuranyl synthons
will be more promising. For example, the regioselective mono-nitration of
biphenyl analogues is well known. With steric bulk already in place, the coupling

424344 other synthesis or

of substituted benzene derivatives, either by Uliman-type
through the oxidative coupling of phenols*“®*” might be accomplished efficiently

(Scheme 2.4).
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Scheme 2.4 - Retrosynthetic strategies towards alkylated dibenzofuran by way
of (a) Ullman-type ether synthesis and (b) Oxidative coupling.

(a)

R
= = QNE gy =
Bu' By Bu By Bu! BF,

R=-NRorO

(0] 0
oy, — ! =
NH Bu NO, Bu
2
Bu' Bu!
OH

OH
O S =
'Bu Bu'

EraciEiviat

Bu'
R=-NRor -0
OH HO HO
= 2
2
Buf 'Bu '‘Bu

3148 and others® have studied partial rate factors for dibenzofuran

Eaborn
relative to dipheny! ether for protodetritiation,” protodetrimethylsilylation,* and
nitration.”® Their evidence suggests that the introduction of the biphenyl bond to

diphenyl ether, the reactivity is lowered at both the positions ortho (4-) and para
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(2-) to the oxygen atom of dibenzofuran. Taylor*® also notes the same marked
difference in reactivity patterns between dibenzofuran and diphenyl ether.
Eaborn*® proposes that the substituted phenyl group (9b) activation of the 1— and
3-positions results in competition from all positions, leading to uniform mixtures

of isomers (Figure 2.4).

2,4-activation 9b-deactivation of 2,4-positions

Figure 2.4 - Reactivity patterns of diphenyl ether and dibenzofuran

However, Eaborn®™ suggests that the principal source of the lowered
reactivity in dibenzofuran could be ascribed to the oxygen lone pair contributing
to resonance forms that impart some aromatic character to the furan ring.

Nevertheless, reactivity differences between the a— and B-positions of
indane have been noted and would result from what is now known as the Mills-
Nixon effect.®® This anomaly has been postulated to be applicable to the case of
dibenzofuran.*®° The transition state leading to 4-substitution will possess a 4a-
9b bond (Figure 2.5 - 1) that has higher double-bond character than in the ground
state, leading to increased strain in the five-membered ring, destabilizing the
transition state. In opposition, the transition state for the 2-substitution will
possess a 4a-9b (Figure 2.5 - ) bond with less double-bond character than in

the ground state, stabilizing this transition state and increasing the reactivity at
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the 2—position. Hence, the reactivity of the 4—position will thus be lower, and the
2-position greater in dibenzofuran than what would be expected for diphenyl
ether. In addition, it has been suggested®*® that the low reactivity of the 4
position may also be attributed to steric hindrance imposed by the lone-pair of
the oxygen atom. However, the authors did not comment on the possibility of
electronic effects playing a significant role in the relative stability of the transition

states.

7,
Q.N
G 2 o 2 o 0 4a O
Ny .
Y — (- n

1

Transition state for 4-substitution

(a)

{b) o
o} 4 ®

GD—c1y — (550

L/ e
o) 9b =
\QNg o,N 2

\\o O,N
Transition state for 2-substitution

Figure 2.5 - Transition states for electrophilic substitution of dibenzofuran.

However, Billups and Boese®* prepared structurally characterized
tricyclobutabenzene (Figure 2.6), and confirmed calculations done by Stanger™
and Siegel.5® Siegel suggests™ that that although the structure shows features

of small strained rings (electron density deformations consistent with bent

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41

bonds), no significant bond alternation is observed, where bond lengths of the
central benzene are 1.40 and 1.38 angstroms for single and double bonds
respectively. Their evidence thus appears to contradict arguments made for the
Mills-Nixon effect for dibenzofuran. It remains unclear as to the rationale for

some of the unique reactivity patterns in dibenzofuran.

1.38 A

AN
X o
140 A

\
Vs
Figure 2.6 — Benzene bond lengths (angstroms) of tricyclobutabenzene.

2.7 - Directed ortho-metallation of dibenzofuran

Although Gilman's initial studies involved the directed ortho-metallation of
anisole,®® he reports extensively on dibenzofuran, including 4,6-double
metallations® and electrophilic substitution reactions.”’ In fact, substantive

£6,.60.61

% and other studies’

reviews of directed ortho-metallations, on

dibenzofuran reactivity, have shown the utility and scope of the methodology.
The directed ortho-metallation reaction is comprised of the deprotonation
of a nominally non-acidic position ortho to a heteroatom containing a directed
metallation group (DMG), I - Scheme 2.5. This deprotonation is usually
effected by strong base, typically alkyllithium sources, resulting in an ortho
lithiated species, II. The subsequent quench with an electrophilic agent yields a

1,2-disubstituted compound, 111
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Scheme 2.5 - Directed ortho-metallation reaction®®

G DMG

DMG DM
Q== O
1 11

I

The directed ortho-metallation process generally involves the use of a
powerful alkyllithium base in an organic solvent where solubilities are enhanced
due to association into aggregates of well-known structure, ordinarily hexamers

(in hydrocarbon solvents) or tetramers/dimers (in weakly basic solvents) (Table

2.1).
Table 2.1 - Aggregation of lithium reagents®
Concentration  Aggregate
RLi Solvent (M) Species Reference
MeLi THF or Et,0 0.2-1.2 tetramer 62
n-BuLi CgH12 Or benzene 0.4-3.4 hexamer 63.64.65
THF or Et,0 0.1-0.7 tetramer-dimer 66666768
n-BuLi.TMEDA NA 0.1 monomer 69
n-BuLi.TMEDA NA high dimer 69
sec-BuLi CsHio tetramer-hexamer "°

Results of NMR spectroscopy,” X-ray structure determination,”’ and
calculations’™ suggest that alkyllithium aggregates occur mostly as bridged
structures, often consisting of electron-deficient bonding patterns of polar,
multicovalent C-Li bonds. When in solution, these aggregates undergo rapid
exchange of carbon-lithium and lithium-ligand bonds, often resulting in

conformational interconversions.>® Basic solvents, such as Et,O and THF, cause
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dissociation through a Lewis acid-base reaction, solvating the aggregate (eg., the
addition of THF induces (n-Buli)s to reaggregate into (n-BuLisTHF)s). Bidentate
TMEDA and tridentate PMDETA effectively break down such alkyllithium

aggregates to monomers and dimers, effectively increasing their basicity. In the

69,71

case of TMEDA, spectroscopic studies™ "' indicate that the dominant species is

in the form (RLisTMEDA); with the lithium tetracoordinate (Figure 2.7).

=/ \:
N, ,
e

Figure 2.7 - Coordination sphere of (RLisTMEDA), >

2.8 - Alkylation of 4,6-bis(hydroxy)dibenzofuran

As others in our group have previously shown,” facile introduction of
hydroxy groups in the 4~ and 6-positions of dibenzofuran can be accomplished
via double ortho-metallation followed by B(OMe); quench and subsequent

peroxide oxidation, furnishing the 4,6—diol in fair to good yield (Equation 2.4).

Equation 2.4 - Formation of 4,6-bis(hydroxy)dibenzofuran

o) HO OH
i) s-BuLi, TMEDA, THF, -78 °C o
ii) B(OMe); O O
iii) NaOH, H,0, I
56%
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We also considered the possibility of adapting known methodology’** to
further modify the 4,6-bis(hydroxy)dibenzofuran I (Equation 2.4), providing an

entry point to sterically encumbered oxo- ligand systems (Figure 2.8).

HO OH HO OH
0} 0]
30 (10
Q R R
R
R="Bu R = annulated alkyl

Figure 2.8 - Possible sterically encumbered 4,6-bis{hydroxy)dibenzofuran
compounds

2.9 - Metal catalyzed coupling of dibenzofuran and amines

The use of an aryl boronic acid or halide in the metal-catalyzed coupling

75,76,77,78,79,80,81,82,83,84,85 As we had previously

with various amines is well-known.
shown’ good success with introducing the boronic acid in the 4— and 6-positions
of dibenzofuran, and being aware of literature protocol for the preparation of 4,6-
bis(iodo)dibenzofuran,®® we considered these compounds to be promising entry

points for the preparation of hindered amines (Equation 2.5).
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Equation 2.5 - Preparation of 4,6-dibenzofuranylbisboronic acid 2 and
4,6-bis(iodo)dibenzofuran.

HO),B B(OH
i)s-BuLi.TMEDA,THF,-78°C( )2 0 (OH).
i) H,0
2
72%

I I
o (o)
i) n-BuLi, TMEDA, Et,0, -78 °C
i) I

82%

Several coupling methodologies were available, including the use of either

copper or palladium, and are discussed in Chapter 3.
2.10 - Nitrodesilylation

Ipso-nitro substitution of aromatic silyl analogues had been achieved by

Eaborn® using HNOj3 (Equation 2.6).

Equation 2.6 - Eaborn's nitrodesilylation reaction

HNO,
ACzo

Si NO,
1T 9o%m
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Although the authors did not use dibenzofuran as a substrate, we
considered that silylation of a double metallated dibenzofuran intermediate,
followed by nitrodesilylation constitutes yet another potential entry point to the

4,6-bis(amino)dibenzofuran construct (Scheme 2.6).

Scheme 2.6 - Retrosynthetic strategy using nitrodesilylation towards
4,6-bis(amino)dibenzofuran.

\
=8i

[ lnlviainiveaingves

Based on the precedent of many of the aforementioned strategies, we
have recognized several efficient proposals for the synthesis of targeted ligand

systems, this synthetic work is detailed in Chapter 3.
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Chapter 3 - Results and Discussion

The foregoing chapter details our investigation of routes to sterically
encumbered oxo—-, imino-, and amido-containing ligands. From classical
methodology to novel applications of known chemistry, our goal remained the

same - a short and efficient synthesis of desired compounds.

3.1 - Strategies towards alkyiating dibenzofuranyl substrates

Early work was focused on introducing bulky alkyl groups on previously
known compounds.” Concurrently, we explored the use of classical methodology

towards introducing nitrogen synthons in the 4— and 6- positions of dibenzofuran.
3.1.1 - Alkylation of 4,6-bis(hydroxy)dibenzofuran

Increasing the steric burden through the introduction of cyclohexyl rings
led our initial attempts to functionalize 4,6-bis(hydroxy)dibenzofuran 1 (Equation

3.1), first synthesized previously in our group.’

Equation 3.1 - Formation of 1,1,4,4,8,8,11,11-octamethyl-1,2,3,4,8,9,10,11-
octahydro-5,7-dihydroxy-dinaphtho[2,3-b;2’,3'-d]furan (1)

: 0 “7 C'MC' .Q i O.

AICl; , CH,Cly, -18°C
2 8 10-20%

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53

We knew the alkylation of 4,6-bis(hydroxy)dibenzofuran could be effected,
as the introduction of tert-butyl groups was accomplished in acceptable yield.’

(Equation 3.2)

Equation 3.2 - Alkylation of 4,6-bis(hydroxy)dibenzofuran

HO OH HO OH
0 %—cn 0
0 L 0
By

57%

We considered the possibility that if the 3— and 7- positions of 4,6-
bis(hydroxy)dibenzofuran were activated towards Friedel-Crafts alkylation (Figure
3.1) over the 2- and 8- positions, statistical arguments might suggest wanted

isomer formation could be effected using double alkylation.

H H H H

/ \.. ./ \..

(o) Q. Q 0
o \ o /

Figure 3.1 - 3,7 - Activation of dibenzofuran towards Friedel-Crafts alkylation

For our purposes, the reaction could involve initial alkylation at either the

ortho— or meta—positions to yield the desired product. In the event, we found that
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not only were extra equivalents of Lewis acid required to drive the reaction to
completion (as judged by the disappearance of starting material by TLC), product
isolation proved to be difficult, with crude 'H NMR spectroscopic analysis

suggesting the formation of several isomers (Figure 3.2).

|
HQ  ,  OH Q . OH
felacsl
(M4
m v
Figure 3.2 - Possible regioisomeric preferences for Friedel-Crafts alkylation of
dibenzofuran

Our observations indicated little preference for product lil formation, with
the possibility of other unwanted isomer formation (I, Il, IV). As well, other inter-
molecular alkylations between dibenzofuranyl parents may also be possible.
Nevertheless, no NMR spectroscopic comparison of products was possible due
to the difficulties in isolation and separation, consistent with Bruson’s findings.?
Stepwise cyclohexyl ring annulation each with one equivalent of substrate may
have served to improve the ease of purification and identification. However, no
attempts were made to explore this option. Several attempts were made to

improve the selectivity of the desired product by varying Lewis acids (FeCls,
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AICl3), stoichiometry (0.5 — 10 equiv.), solvent (1,2-dichloroethane, THF, ether)
and temperature conditions (-18 °C to reflux). In all trials, no conditions were
found which improved the regioselectivity (by crude 'H NMR spectroscopic
analysis).

Overall, our results are consistent with previous reports of Abbott,®
suggesting that positions 2— and 8- may be most activated by the furan oxygen

of dibenzofuran, leading to a preponderance of unwanted isomer mixtures.

3.2 - Metal catalyzed coupling of dibenzofuran and amines

The use of an aryl boronic acid template was regarded as a promising
entry point for the preparation of hindered amines, considering the wealth of
metal-catalyzed ~ methodologies ~ Chan,*®  Evans®  Hartwig” and
Buchwald®1%11213.14 have developed for the coupling of aryl boronic acids and
amines. As mentioned earlier, the introduction of the boronic acid groups in the
4— and 6-positions of dibenzofuran was established by others in our group.’

However, both Cundy' (Scheme 3.1) and Buchwald® report significant
reduction in yield and reaction rate when coupling ortho-substituted phenyl

boronic acids with various amines.
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Scheme 3.1 - Cundy's™ attempts at Cu-catalyzed aryl boronic acid coupling

B(OH),

()

)

. O 2 equiv. TEA, 1 equiv. Cu(QAc),
N DCM, RT, 48-72 h Q
H

OMe 82%

MeO

B(OH),
OMe . ] < >
. O 2 equiv. TEA, 1 equiv. Cu(OAc), N
N DCM, RT, 48-72 h @ oMo

14%

Unfortunately, all attempts at copper(ll}—catalyzed coupling* of the 4,6-
dibenzofuranylbisboronic acid and tert-butylamine, including the conditions

shown in Equation 3.4, were not successful.

Equation 3.4 - Attempted copper—catalyzed boronic acid and amine coupling

(HO),B o B(OH), ><NH o HN)<
O NH,  Rfne O

The literature offers no examples of using fert-butylamine as a substrate
for cross-coupling, despite the exhaustive catalogue of primary amine sources

1 12,
d.8.9, 0,11,12

reporte 134 Discussions with Buchwald'® indicated no rationale for our

inability to achieve the same success with tert-butyl amine under similar

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o7

conditions. In fact, '"H NMR spectroscopy of the crude products suggested that
only mono- and/or di-deboronation products were obtained. Following literature
procedures to avoid deboronation using myristic acid or 2,6-lutidine and other
hindered amines,"” we were again unsuccessful, producing only deboronation
products. Cundy and Buchwald™ suggest steric arguments could be a factor in
the failure to couple ortho—substituted arylboronic acids. However, in our trials
of 4,6-dibenzylfuranylbisboronic acid and tert-butylamine, we might expect to see
at least some coupling to form the mono-alkylamino product. As we
encountered only deboronation products in all trials, it is not clear that steric
factors alone account for the lack of product formation.

We were able, however, to affect the bis-iodination of dibenzofuran in

better yield than was reported in the literature'® (Equation 3.5).

Equation 3.5 - Synthesis of 4,6-bis(iodo)dibenzofuran

0} i ) l o)
i) n-BuLi, TMEDA, Et,0, -78°C “
i) I O

87%

However, adaptation of published protocols®*!*

in the copper—catalyzed
coupling of 4,6-bis(iodo)dibenzofuran and tert-butylamine provided no desired
product. In fact, we were able to affect only the de-iodination of the 4,6-
bis(iodo)dibenzofuran substrate. Buchwald'® suggests possible deactivation of

the catalytic cycle through the formation of I — Scheme 3.2.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

Scheme 3.2 - Possible mechanistic pathways for the Cu—catalyzed coupling of
amines and aryl halides'*'

o) L

L. L /
;CL< L Cu—L
R
- —N
HAN N SN
R H
1 II
OR L\ /L
R—NH, *+ base (I:U . b
ase
X
R\
NH2+ pase ) L\CU/ L (Ar-x
\J N wNHMe

NHMe
L\Cu L L\Cu/X
L. X
/ _ Nn 7
L N+
R H-N

In our system, the use of 4,6-bis(iodo)dibenzofuran and tert-butylamine
suggests deactivation through Il — (above) or homolytic pathways il ~ (above)
also possible. However, the rationale is not clear as to how the process may be
occuring.

All attempts to prepare 4,6-bis(tert-butylamino)dibenzofuran through the
Pd(dba).-catalyzed coupling of 4,6-bis(iodo)dibenzofuran and tert-butylamine*®

were also not successful, as 'H NMR spectroscopic analysis of the crude
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products indicated no 4,6-bis(amino)dibenzofuran product. Aithough Buchwald
reports the variation of solvent or halide may play an important role in the
oxidative addition step of the catalytic cycle, we did not investigate the role of
either solvent or halide source.

Instead we looked to 4,6-bis(amino)substitution on dibenzofuran with the

intent of introducing steric bulk on the amino groups.

3.3 - Strategies toward 4,6-bis(amino)dibenzofuran functionalization

Initial attempts to effect 4,6-nitration of the dibenzofuran parent followed a
literature protocol®®?! using HNO; and H;SO,. The analysis of crude products
by 'H NMR spectroscopy was consistent with the expected 3,6-
dinitrodibenzofuran formation.  Nevertheless, we attempted to alter the
regioselectivity by using less harsh reagents,? such as NaNO, in AcOH. %' An
analysis of the 'H NMR spectra of the crude reaction mixture, however,

suggested no nitration products whatsoever were obtained.

3.3.1-1,1,44,8,8,11,11-octamethyl-1,2,3,4,8,9,10,11-octahydro-dinaphtho
[2,3- b;2',3'-d]furan formation and nitration.

Consistent  with  earlier attempts to alkylate the  4,6-
bis(hydroxy)dibenzofuran, ~ adaptation of Bruson's® and others®®
methodologies to the regioselective Friedel-Crafts alkylation of dibenzofuran itself

also faired poorly (Equation 3.6). In fact, we were left with the desired product in
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only an approximately 5% yield (as judged by 'H NMR spectroscopy of crude

product mixtures).

Equation 3.6 - Attempts toward Friedel-Crafts alkylation of dibenzofuran

pee paradlevitg

3 (ca. 5%)

0]
o)
. +  other products O O
' , elc

Although steric factors might have suggested otherwise, there again
appears to be little preference for the symmetric annulation of the two 6-
membered rings (Figure 3.3), despite our expectation of selective initial alkylation

at the 2- and 8—positions.
o}
. O O -~
Figure 3.3 - Possible isomers leading to the bis-dibenzofuran alkylated products

Although nitration of 3 using NaNO, and AcOH was unsuccessful,?’ we

were able to obtain 1,1,4,4,8,8,11,11-octamethyl-1,2,3,4,8,9,10,11-octahydro-
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dinaphtho[2,3-b;2',3'-d]furan 5 by nitration of 3 with HNO3; and HSO4, followed

by reduction with hydrogen catalyzed by 10% Pd/C (Scheme 3.3).

Scheme 3.3 - Nitration and reduction of 1,1,4,4,8,8,11,11-octamethyl-
1,2,3,4,8,9,10,11-octahydro-dinaphtho[2,3-b;2’,3'-d]furan

o) ON Nop
IO o (-
70, 0 ¢ ()
3 4

0%

Hy, PAIC
HoN NH, quant.

Nevertheless, initial low yields of annulated compound 3 effectively retired

this strategy.

3.3.2 - Other Friedel-Crafts alkylations of dibenzofuran

Having a significant quantity of the tert-butylated dibenzofuran 6 prepared
earlier by others in our group,' we next adapted Tashiro’s procedures®®?"%# for
dealkylation of related biphenyl analogues. Repeated trials designed to

selectively remove the 4— and 6-tert-butyl groups of 6 (Equation 3.7), including
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variaton of Lewis acid concentration and solvent ratio (AICl3 in
CH3NO2/benzene) were met with poor results, with the desired product found in
less than 10% of the crude reaction products (by 'H NMR spectroscopic

analysis).

Equation 3.7 - Selective dealkylation of bis(2,4,6,8-tert-butyl)dibenzofuran

t t
Bu o Bu 0
sommms_§ -0
O O 1:1 CH3NO,benzene
'Bu Buf 'BU
6 7

BU'
<10%
Bu o Buf o Bu
viol
Bu' Bu Bu!

We did, however, successfully  mono-nitrate  2,8-bis(tert-
butyl)dibenzofuran 7, using HNO; and H2SO4 (Equation 3.8), but were not able to
introduce a second nitro group. Subsequent attempts using a larger excess of

HNO; resulted in unwanted side products, including dealkylated, and apparently,

rearranged isomers (crude 'H NMR) (Equation 3.9).

Equation 3.8 - Nitration of 2,8-bis(tert-butyl)dibenzofuran

o ON
o)
4 equiv. HNO3, H,S04 O O
, Ac,0, 0°C
Bu Buf fBu
8

7 quant.

Bu!
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Equation 3.9 - Regioselective dealkylation and nitration of 2,8-bis(tert-
butyl)dibenzofuran.

0] : 0
20 equiv. HNO;, H,S0, O O
Ac,0, 0°C
Bu! Bu Buf
7 ca. 35% 10

As a result of the dealkylation observed, we considered the possibility of
using the same HNO3/H,SO4 conditions to selectively remove the 4- and 6-tert-
butyl groups from 2,4,6,8-bis(tert-butyl)dibenzofuran 6 and nitrate in situ
(Equation 3.10). However, repeated ftrials with varying conditions and

stoichiometry were not successful.

Equation 3.10 - Attempts towards regioselective dealkylation and nitration
dibenzofuran.

Buy /B O,N NO,
= 20 equi\#o& H,S04 0
S0 e (30
Bu Bu Bu! '8
6 U 1 U

3.3.3 - Nitrodesilylation of dibenzofuran derivatives

Because we had previously shown that the double metallation of

dibenzofuran was quantitative by quenching the intermediate with D20
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(disappearance of the 4~ and 6~protons by 'H NMR spectroscopy), we trapped
the dianion intermediate with trimethylsilyl chloride. In the event, the reaction

afforded 4,6-bis(trimethylsilyl)dibenzofuran 12 in good yield (Equation 3.11).

Equation 3.11- Synthesis of 4,6-bis(trimethylsilyl)dibenzofuran.

\ N/
0 ~Si Si—
i) sec-BuLi, TMEDA, THF, -78 °C o
if) TMSCI, THF, -78°C O O
85% 12

Aftempted nitrodesilylation of 12 followed an adaptation of a literature
protocol, using HNO3.%° In the event, analysis of the crude 'H NMR spectrum of
the crude product suggested that no 4,6-bis(nitro)dibenzofuran product was
formed; instead, 2,8-bis(nitro)-4,6-bis(trimethylsilyl)dibenzofuran 13, as well as
mono- and di~proteodesilylated products were obtained, as judged by

spectroscopic analysis (Equation 3.12).

Equation 3.12- Attempts to nitrodesilylate compound 12.

\ / L/
\\Si/ \S/i/ ~Si o Si—
O AcOH, HNO3, Ac,0 D
O O H50, O
02N NO;
12 ~20 % 13

Repeated trials of the reaction with AQNO3 under various conditions® also

provided no 4,6-bis(nitro)dibenzofuran (Equation 3.13), but did give several
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products (by crude 'H NMR spectroscopy), with the greatest percentage of

product consistent with the mono—substitution product 14.

Equation 3.13 - Attempts to nitrodesilylate dibenzofuran

\ /
~&/ o - S NO,

AgNO;3 / CH;CN o
Ac,0, AcOH O O
AcCl, Ac,0
12 <10 % 14

Eaborn and co-workers®® have rationalized that at higher temperatures,
nitrodesilylation is favoured over separate C-Si bond cleavage and subsequent
nitration. However, Eaborn did not evaluate ortho-oxygen substituted substrates
similar to dibenzofuran. We subsequently sought to control the suspected over-
nitration of bis(4,6-trimethylsilyl)dibenzofuran 12 by first protecting the 2~ and 8-

positions with alkyl groups (Scheme 3.4).

Scheme 3.4 - Attempts to nitrodesilylate of dibenzofuran substrates.

\ /
\/ -~
~si 81
OH A|C|3 CH20|2 O O
v O i
12 55% 15

HNO3, HySO,
Ac,0, 0°C NR

O5N NO
2
Bu! By
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We were indeed able to effect the Friedel-Crafts alkylation of 4,6-
bis(trimethylsilyl)dibenzofuran 12 in good yield; however repeated attempts at
nitrodesilylation resulted only in complex mixtures of products, as judged by the

analysis of the "H NMR spectrum of the crude product.
3.4 - Dibenzofuranyl synthons

Concurrently, synthesizing 4,6-bis(nitro)dibenzofuran was explored using
monocyclic dibenzofuranyl synthons, with the hope of exploiting the known
chemistry of simple phenols and bipheny! ethers.
3.4.1 - Oxidative coupling

Should we effect oxidative coupling of an appropriately substituted phenal,
the nucleophilic dehydration of the product may yield the desired dibenzofuran in

a short, efficient synthesis (Scheme 3.5).

Scheme 3.5 - Proposed efficient route to hindered dibenzofuran construct with
steric bulk.

OH o
Bu" . =
(O] 'y dehydration
5 == gyt O """""" W
OH f
HO Bu

-
Bu!

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



67

Attempted oxidative coupling of simple phenols, however, showed little
promise, although others have reported the facile conversion of substituted

313233 geveral reagents and conditions were

phenols to biphenyl compounds.
attempted (Table 3.1).

Table 3.1 - Oxidative coupling trials.

Substrate Reagent Solvent  Conditions
4-tert-butylphenol tert-butylperoxide neat 120 -150 °C
VClg CCls RT
chloranil® neat 210°C
plaley neat 210°C
AICI3 chloranil MeNO, RT
AICl3, DDQ MeNO; RT
4-tert-butyl-2-nitrophenol  AICI; chloranil MeNO, RT

a: chloranil: 2,3,5,6-tetrachlorobenzoquinone b: 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone

3.4.2 - Ullman-type ether synthesis

Although oxidative coupling methodology proved unsatisfactory, an
Ullman-type ether synthesis was more promising. Before attempting the coupling
reaction,33%3837:38 4_tert-butylbromobenzene 17 was prepared by adapting an

|, 39:4041,42,43 This was accomplished by low

existing literature protoco
temperature dropwise additon of Br, to a mixture of the Fe® and tert-

butylbenzene 16 (Equation 3.14).
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Equation 3.14 - Bromination of tert-butylbenzene.

t Bul
Bu \O Bry, Fe° \©\
CCly, -18°C ar

16 quant. 17

Ullman-type ether synthesis of the aryl halide 17 and 4-tert-butylphenol
was then cleanly effected under standard Cu—catalyzed conditions®* (Equation

3.15).

Equation 3.15 - Uliman-type ether synthesis.

Bu' Bu 0
2, O, e 0

Br
17 ~70%

Whitesides** suggests that when the Cu(l) salt is used instead of Cu°, the
process occurs through the copper(l) complexation with the phenoxide anion,

followed by nucleophilic phenoxide attack (Scheme 3.6).

Scheme 3.6 - Suggested mechanism for the Uliman ether synthesis.*

'Bu 'Bu 'Bu
KOH 0
CuBr +
Bu' 'Bu
HO Br
17

0
\

Cu
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Accordingly, we expected that the introduction of the electron-withdrawing
nitro group ortho to the bromo position on 17 would activate the direct
nucleophilic substitution. The nitration of 4-tert-butylbromobenzene 17 under
mild conditions (NaNO,) followed the literature procedure®? and met with little
success. More effective were harsher conditions, using HNOs and H;S04*

providing 2-nitro-4-tert-butyl-bromobenzene 18 exclusively in good yield

(Equation 3.16).

Equation 3.16 - Nitration of 4-tert-butylboromobenzene.

B”@ HNOs, HpS0, Y N
17 80 % 18
Subsequent Ullman-type®>®4 ether synthesis of the 2-nitro-4-tert-
butylbromobenzene 18 with 4-tert-butylphenol 19 is outline in Scheme 3.7. The
results were consistent with expectation and results of Lindley,*” wherein the
ortho—nitro group functionalization serving to increase the yield of the coupling
reaction. Subsequent reduction of the diarylether 20 to 2-amino-4-tert-
butylbromobenzene 21 (Hp, 10% Pd/C) was quantitative and diazotization with
NaNO, and NaBF; produced  2-diazo-4,4'-di-tert-butyldiphenylether

tetrafluoroborate 22 in fair yield.
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Scheme 3.7 - Synthesis of 2-diazo-4,4'-tert-butyldiphenylether tetrafluoroborate.

Bu! Bu! 0
eI Weas!
Br * OH 180°C Bu! NO 'Bu

2

NO,

~80%
18 19 ’ 20

Hy, Pd/C | quant.

0] o)
Byt N;" 8y il) NaNOQ, Hgo But t

NH,
- BF, i) NaBF4, H,0O

Bu

22 64% 21

Although the annelation of the diphenylether diazonium salt 22 to give the
2,8-substituted dibenzofuran has been shown to occur in good vyield,*
concommitant development of more convergent strategies took precedence over

our completion of this final step.
3.5 - Directed ortho-metallation

At this stage in our investigation, Maruoka and co-workers reported*’ that
4 6-bis(amino)dibenzofuran could be prepared in three steps: (1) directed double

metallation of dibenzofuran; (2) azidotization of the double-metallated

intermediate; and (3) reduction of the 4,6-bis(azido) product using LiAlHs.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



71

However, Maruoka's brief communication completely lacked experimental detail
and compound characterization. Attempts at directed double metallation and
subsequent azidotization using Maruoka's protocol showed only moderate
success in our hands — with less than ideal selectivity for the 4,6-bis(azido) vs.
the 4-mono(azido) product (Equation 3.17). Subsequent trials involved varying
the temperature of the double metallation step (from 0 to -78 °C) and changing

reagent concentrations, but no increase in selectivity was found.

Equation 3.17 - Synthesis of 4,6-bis-(azido)dibenzofuran from tosyl azide.

o i) sec-BuLi, TMEDA, -78 °C, Et,0 Ng o N
ii) Ts-N3 23
iii) -78°C to RT
60% 24

Using a directed ortho—-metallation and subsequent azide quench, Greco
and co-workers®*® studied azido transfers on 3,4-disubstituted indoles.
Commenting on Greco’s work, Scriven suggested™® that the mechanism of azido

transfer may be driven by the reduction at sulfur (Scheme 3.8).
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Scheme 3.8 - Scriven’s suggested mechanism of azide transfer.%

ﬁ@
ND
o) [ Q
e NO MeO
N N® H i
™ N\ )
o A= 1] N

Zanirato,>' however, suggests the azido transfer mechanism follows the
decomposition of the triazene lithium salt1 (Scheme 3.8). If we to considered
another resonance form for the intermediate Il (Scheme 3.9), other degradation
pathways become possible, especially if an aqueous work-up may favour the

thermodynamic elimination of N3 (lll through V Scheme 3.9).
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Scheme 3.9 - Degradation pathways of a triazene lithium salt

© § © )
5 0 o\Co
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An analogous four membered intermediate VI (Scheme 3.10) is thought

to occur in the reaction of an azide with triphenylphosphine,*® with the

elimination of N occuring via a four-membered transition state

Scheme 3.10 - Reaction of an azide with triphenylphosphine

Ph Phs
N//p J EN/ NI/ > \ — /P Phy
Meoé

N ——— D
N\
N \ N \N@
MeO_ MeO__~\ MeO__A\ MeO_,
) @ ® |

Vi
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In all our trials, no examination of the crude reaction mixtures was
undertaken. No release of gas was observed during the aqueous work-up,
which might be expected should degradation be occuring in the manner seen in

Scheme 3.9.

3.5.1 - Other Azide Sources

in an effort to increase the selectivity for the formation of 4,6-
bis(azido)dibenzofuran, we explored the use of other azide sources, as shown in
Equations 3.18 — (a) and (b).

Equation 3.18 - Other sulfonyl azide sources

(a)

o) i) sec-BuLi, TMEDA, -78°C, Et,0 N3 o N3
ii) Ar-N3 25
iii) -78°C to RT
60% 0
(b)
o i) sec-BuLi, TMEDA, -78°C, Et,0 N o N
ii) Ar-N; 26 @_@
iii) -78°C to RT =
48%
24
Toz S0,
N3 N3
25 26
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Although the overall yields in these reactions are comparable, more

notable is the bis vs. mono selectivity, as summarized in Table 3.2.

Table 3.2 - Comparison of azide sources and bis vs. mono selectivities

Azide Source Overall Yield Bis Selectivity

Ts-N; - 23 60% 1.5:1
Mes-N; - 25 60% 4:1
Tris-N; - 26 48% 213:1

Although the desired selectivity for 4,6-bis(azido)dibenzofuran could be
affected in the order of 25 > 26 2 23, a qualitative examination into the relative
conversion rates was not completed and it is not clear how these preferences are
realized.

The selectivity differences observed for azido transfer may also be
consistent with competing intermolecular /ateral-lithiation reactions (Equation
3.19), where the acidity differences and/or steric access to the lateral position of
the sulfonyl group are expected to be in the order of Ts>Mes2Tris. Should this
competition indeed be relevant, our results would be consistent with such

expectations.
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Equation 3.19 - Possible competing intermolecular lateral-lithiations

l\
;N7 0 Li
SN @00~ \ o
_0
—S N
0= \ N
~ DR

In addition to varying the azide source in the 4,6-bis(azido)dibenzofuran
formation, we sought also to reduce the cost of reagents by exploring other

alkyllithium sources.

3.5.2 - Coordinated amine and alkyllithium sources

As well as the use of other alkyllithium sources, we sought o increase the
overall yield and selectivity for the bis(azide) over the mono(azide) by substituting
TMEDA with another lithium sequestering reagent. It has been suggested by
Bauer®® that at low temperature, anisole and n-BuLi exist as a tetrameric

aggregate (a — Scheme 3.11), and that upon addition of one equivalent of
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TMEDA, a 1:1 n-BuLi*TMEDA dimer and free anisole are formed (b). Bauer
suggests that coordination sites at Li are then slowly taken up by the anisole
oxygen, accompanied by an agostic Li-H interaction (c). Irreversible
deprotonation follows to give the ortho-lithiated species (d) and the n-
BuLi*TMEDA (e), both of which then undergo aggregation.

Scheme 3.11 - Suggested mechanism of aggregation and directed ortho
metallation for an anisole, n-BuLi and TMEDA system

~ \ - -
i N N M\
~0 \O / ‘Li' \ \/N N\
OMe Li—r K'< >x

Tol I L'I / TMEDA \ ’,Ll\ / ———

64°%C S ﬂ - NN

i b

o @ Do

v
™N. N7 ? \N{_—>N’ \N{_’TN/ e
/ T H / o _ / o\
M >x ©/ -—\__< >_\_“ (n-BuH) . \—
Li —_— /Li," —_—
—0 "H -0 Li

@c @a

MNDO calculations™ support the formation of structure ¢, suggesting that
both kinetic and thermodynamic factors play significant roles in the directed ortho
metallation process.

Based on this analysis, any agostic lithium—oxygen interactions in the

deprotonation of dibenzofuran could be interrupted by the use of a tridentate
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coordinating reagent such as PMDETA. However, the distance of the furan
oxygen from lithium in either the 4— or 6-—positions suggests that no agostic

interaction is possible.

In trials with PMDETA, we found that we could effect the formation of 4,6-
bis(azido)dibenzofuran, using n-BuLi as base, with a slight increase in yield
(Equation 3.20). This procedure is favoured, considering the lower cost and

greater reliability of n-BuLi over sec-Buli.

Equation 3.20 - Formation of 4,6-bis(azido)dibenzofuran from PMDETA and

n-Buli.
N N
o | 3 o 3
7, ) PMDETA, nBuLi, Et0
_] i) TsN3 23, 78 °C to RT, ddays
68% 24

No azide formation (by TLC analysis) was apparent when
mesitylenesulfonyl azide was used to quench the PMDETA-coordinated

dilithiodibenzofuran intermediate.

Interestingly, in all trials using PMDETA or TMEDA and sec-Buli or n-
BuLi, Et,0 was the solvent that afforded the most complete conversion to
desired 4,6-bis(azido)dibenzofuran. This observation is consistent with that of
Brown, > who suggested that THF inhibits the rate of aggregate exchange.

It is clear that electronic effects play a more dominant role than steric
effects in our ability to increase the overall bis-selectivity. Accordingly, we might

have expected at least some bis—product formation from the use of mesitylene
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sulfonyl azide and n-BuLi/PMDETA. However, the significant increase in steric
bulk on the dibenzofuranyl structure imposed by the combination of PMDETA
and the mesitylenesulfonyl group may dominate, inhibiting any azide transfer at
all.

In other studies by Charette®® on azide transfer to chiral enolates, the rate
of azide transfer could be increased in several ways: as the enolate counterion
became more electropositive (Li* << Na* < K*); as the azide transfer agent
became both more electron-rich and sterically demanding (p-
nitrobenzenesulfonyl azide < tosyl azide < trisyl azide); and if the reaction quench
ocurred in AcOH instead of HyO. However, we did not explore the

transmetallation of the Li ion nor did we attempt to quench with acid.

3.6 - Synthesis of sterically hindered N-containing ligands from 4,6-bis-

(azido)dibenzofuran
In addition to concurrent efforts to increase the yield and bis(azido)
selectivity, we explored the facile reduction of 4,6-bis(azido)dibenzofuran through
classical methodology.

3.6.1 - Reduction of 4,6-bis(azido)dibenzofuran

The reduction of the 4,6-bis(azido)dibenzofuran 24 with LiAlHs*" provided

our first entry into useful quantities of 4,6-bis(amino)dibenzofuran 27 (Equation
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3.21). The conversion of 27 into sterically encumbered amines and imines then

became the focus of our investigations.

Equation 3.21 - Reduction of 4,6-bis(azido)dibenzofuran.

N3 N3 HoN NH
‘_‘io ! LAy / E0 - i :O: i 2
24 85% 27

3.6.2 - Hindered secondary amines by nucleophilic addition
Early attempts to add bulky alkyl substituents to the 4,6-
bis(amino)dibenzofuran involved both Lewis acid catalyzed and classical base

assisted alkylation methodologies (Equation 3.22).

Equation 3.22 - Nucleophilic addition of 4,6-bis(amino)dibenzofuran on tert-
butylamine.

o Lewis Acid or hindered base o
Q O ‘Bu-X, solvent O O

Several procedures were evaluated, with an eye to determining the most

useful combination of Lewis acid, solvent, tert-butyl source, and hindered base.
Although analysis of crude 'H NMR spectra suggested litle or no product

formation, a summary of conditions and reagents are presented in Table 3.3.
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Table 3.3 - Trial summaries of nucleophilic addition of 4,6-
bis(amino)dibenzofuran.

Alkyl Lewis
Trial  substrate acid Base Solvent Conditions

1 tert-butyl-Cl  TiCl, None THF -78°C

2 tert-butyl-Ct ~ TiCl, None CH,Cl, -718°C

3 tert-butyl-Cl  TiCl, None 1,2-dichloroethane -78°C

4 tert-butyl-Cl  None 2,4,6-tri-tert-butylpyridine 1,2-dichloroethane -25°C

5 tert-butyl-CI  None 2,6-lutidine 1,2-dichloroethane -18°C

6  tert-butyl-OH None 2,4.6-tri-tert-butylpyridine 1.2-dichloroethane -25°C

7 tert-butyl-Br  SnCl, None Toluene RT

8 TMS-ClI  None NaH Et,0 0°C

9 TMS-C! None n-BulLi Et,0 -78°C
10 TMS-CI None n-BulLi pyridine RT to 80 °C, bomb
11 Ac0O None None Et,0 RT
12 Ac,O None pyridine Et,O RT

Limited success was achieved following the vague precedent set by
Maruoka and co-workers.*” The alkylation with trityl cation led to some formation
of the desired bis(tritylation) product (Equation 3.23). Unfortunately, repeated
attempts to purify the crude reaction product by MPLC (SiO,, 20 : 1 toluene /

CH.Cly) resulted in partial decomposition, presumably by trityl ionization.

Equation 3.23 - Addition of trityl tetrafluoroborate to 4,6-bis(amino)dibenzofuran

HN NHp _PhyCBF, Tol O O O Q
ISR I,
2, il

~40% crude
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3.6.3 - Attempted reductive amination of 4,6-bis(amino)dibenzofuran

We next investigated classical reductive amination methodology®’ 8595061

for the introduction of bulky amine substituents, treating the bis(amine) 27 with
acetone and activated molecular sieves, followed by addition of either TMS-CN

or MeLi (Equation 3.24).

Equation 3.24 - Attempted reductive amination of 4,6-bis(amino)dibenzofuran.

HoN NH, } %/
0 i) Acetone/(sieves, 100 °C R R
NH HN
O O if) TMSé/or Meli ‘i Oi‘

27 R=CNor Me

Monitoring the addition of MeLi (ii - Equation 3.24) indicated no product
formation (by TLC and analysis of the crude product by *H NMR spectroscopy),
consistent with the observations of Krespan,®? who found that treatment of an
acetone—~derived imine with an alkyllithium suffered from competing

deprotonation (Scheme 3.12).

Scheme 3.12 - Competing deprotonation of an acetone—derived
imine.

0
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All ketone—derived imine substrates with acidic a-hydrogen atoms proved
problematic in the reductive amination. We were nonetheless interested in
sterically encumbered bis(imine) analogues as ligands themselves. Sugimura®
and Fujita® reported that related arylimine-based early and late metal catalysts
showed high activity for ethylene polymerization.  Following a known
procedure,®® condensation of 4,6-bis(amino)dibenzofuran 27 with the known
aldehyde 29 providing 4,6-bis-(2-hydroxy-3-tert-butyl-4-
methylbenzylimino)dibenzofuran 30 for ongoing investigations of coordination

chemistry and catalysis. (Equation 3.25).

Equation 3.25 - Synthesis of 4,6-bis-(2-hydroxy-3-tert-butyl-4-
methylbenzylimino)dibenzofuran.

HoN 0 NH, oH TSOH \@f fok/?/
* Toluene, 40°C
|
78%

27 29 30

3.7 - 4,6-Bis(azido)dibenzofuran and the Staudinger reaction

Thus aware of the difficulty in preparing sterically encumbered
bis(alkylamino)dibenzofuran compounds by classical methodologies, we revisited

the reactivity of 4,6-bis(azido)dibenzofuran formation, with specific emphasis on

the Staudinger®” reaction.
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3.7.1 - Mechanism of the Staudinger reaction

The Staudinger reaction is the transformation of an alkyl azide with a
phosphine to give an intermediate iminophosphorane, which when treated with
water, decomposes to the phosphorus oxide and secondary amine (Equation
3.26). The reaction is thought to proceed without participation of free radicals or

52,53

nitrene intermediates®>” and with retention of configuration at the phosphorous

atom.®

Equation 3.26 - The Staudinger reaction
H,0

R=N=N=N * PPh, ‘—’[R—-N=PF’h;J —" R-NH,

Using "N labelling, Bock and Schnoller®®® found that the N-R bond in a
phosphazide was found to transfer to a phosphazo product without cleavage of

the N-R bond (Equation 3.27).
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Equation 3.27 - "N Iabelling and the Staudinger

reaction
0 -
- I
PhsP=="SN—N=N— ﬁ 0
A Il
(0] . ———N— 150 ==
OR PhsP—=N ﬁ—< >— + 1SNT=N
Q (0]
Il
PhsP==N—"'N=N— ﬁ

o

The reaction of phosphorus (Ill) and an azide is thought®®"""? to be
accelerated by donor groups on the azide. The phosphazide is then believed to

decompose to the iminophosphorane through an intramolecular mechanism via a

4-membered transition state®2®® (Equation 3.28).

Equation 3.28 - Staudinger intermediate and products

b4
PhyP==N—N=N-—R —= | PhgR-~----="- N—R | — PhP—=N—R + N,

3.7.2 - Utility of the Iminophosphorane

Letsinger and coworkers”® originally showed that a slight modification of
this "one-pot” process may be used to prepare amines by hydrolysis of the

iminophosphorane intermediate using ammonium hydroxide.
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Iminophosphoranes are, in fact, much more valuable intermediates, undergoing
Wittig-type reactions with aldehydes,” ketenes,”® and in some cases,

ketones® %77 (Scheme 3.13).

Scheme 3.13 - Mechanism of iminophosphorane attack on an aldehyde’

PR r 7]
/ 3 ‘ H g ‘H o Ar
3
ArCHO A Ar 0
| ° ]
Ar T——PR3 T——PRa /N\ PR,
i Ar Ar Ar H

The use of the iminophosphorane to access bis(amine) derivatives
required the 4,6-bis(triphenyiphosphiniminyl)dibenzofuran intermediate 31.

Initial trials realized this target in excellent yield (Equation 3.29).

Equation 3.29 - Synthesis of 4,6-bis(triphenylphosphiniminyl))dibenzofuran

v QO YO

/ A\ Toluene

) g ‘n O

I79

24

Although literature protocol”™ calls for Et,0 solvent, we found the

substitution of toluene was more successful.  Schrock® and others®
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demonstrated that condensation of amines and hexafluoroacetone was effective
for the synthesis of sterically demanding fluorinated tert-butylamines. We were
thus interested in the direct reaction of the iminophosphorane 31 with
hexafluoroacetone. This we were able to do, isolating the 4,6-bis-(1,1,1,3,3,3-
hexafluoro-2-propylimino)dibenzofuran 32 in good yield (Equation 3.29), by using

an excess of the gaseous ketone.

Equation 3.30 - Synthesis of 4,6-bis(1,1,1,3,3,3-hexafluoro-2-propylimino)
dibenzofuran.

QA0 YD 2wl S
» “O

86%

32

With no possibility of competing deprotonations, the bis(imine) 32 was
treated with MeLi or PhLi, leading to the isolation of two hindered bis(amine)

ligand systems 33 and 34 (Equation 3.31).
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Equation 3.31 - Synthesis of (a) 4,6-bis-(1,1,1,3,3,3-hexafluoro-2-methyl-2-
propylamino)dibenzofuran 33 (b) 4,6-bis-(1,1,1,3,3,3-
hexafluoro-2-phenyl-2-propylamino)dibenzofuran 34.

(@) CF; CF;

CF3 CF3 H H
. \
FaC/kN o N)\ CFs  MeLi J\N/ N/'V
i ve sl
52%

32

33
(b)

CFy CFy

F3C/§N N)\CF3 PhL @)LN'H o H‘N)<®
THF, -78°C

46%
32 34

Most appealing is the versatility of this procedure. The entire sequence
can be done in situ, directly converting 4,6-bis(azido)dibenzofuran 24 to the final

bis(amine) product in reasonable yield {Scheme 3.14).
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Scheme 3.14 - One pot synthesis of 4,6-bis-(1,1,1,3,3,3-hexafluoro-2-methyl-
2-propylamino)dibenzofuran.

%@Q QQ

)k F3C \ CF3 F3C NH HN CF3
Fi€C CFy o) MeLi 0
33
45% overall

Bis(alkylamines) structures 33 and 34 were confirmed in the solid state by
X-ray crystallography (see Appendix A for complete reports). Structure 33
(Figure 3.4) is consistent with expectation, with the hexafluoro—tert-butyl groups
found on opposite sides of the dibenzofuranyl plane, minimizing their interaction.
Interestingly, the phenyl analogue 34 was not found in this arrangement (Figure
3.5). Rather, the phenyl groups are seen on the same side of the dibenzofuranyl
plane. Each demonstrates the potential of this pre-organized ligand design, with
the sterically encumbered alkyl amino environments presenting a unique,

hindered environment for coordinating early or late metals.
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Figure 3.4 - (a) Front and (b) edge—on Ortep diagrams of hindered amine 33.
Non-hydrogen atoms are represented by Gaussian ellipsoids at the
20% probability level. Hydrogen atoms are shown with arbitrarily
small thermal parameters.
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(b)

C33 F13

o13 i{ﬂ cn O C21 (QJZQ 46

3 rrol ¢ Fun
C19

F14 &F F16 Fo5 &
F15 Dr26

W
L,

Figure 3.5 - Front (a) and side view (b) Ortep diagrams of hindered amine 34
Non-hydrogen atoms are represented by Gaussian ellipsoids at
the 20% probability level. The hydrogen atoms of the amino
groups are shown with arbitrarily small thermal parameters; all
other hydrogens are not shown.

We also sought to save a step in the synthesis of the bis(imine) 31
(Equation 3.25), by adopting Staudinger methodology. Thus quenching the
bis(iminophosphorane) 24 with aldehyde 29 afforded the desired bis(imine) 27 in

moderate yield (Equation 3.32).
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Equation 3.32 - Staudinger mediated synthesis of 4,6-bis~(2-hydroxy-3-tert-butyl-
4-methylbenzylimino)dibenzofuran.

@z@ % :

We investigated the applicability of this procedure to other carbonyl
substrates. Unfortunately the reaction with pentafluoroacetophenone gave no
imine formation in repeated trial reactions. However, using a more electron-rich
phosphine in the Staudinger reaction, increased reactivity of the intermediate
iminophosphorane was observed. The reaction of tricyclohexylphosphine (PCys)
with 4,6-bis(azido)dibenzofuran provided the intermediate bis(iminophosphorane)
(Scheme 3.15), which, when condensed with pentafluoroacetophenone and
followed directly by treatment with MeLi, gave some product formation, which by
'H NMR spectroscopic analysis of the crude material suggested the formation of

bis(amine) (Scheme 3.15).
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Scheme 3.15 - Attempted synthesis of 4,6-bis(1-pentafluorophenyl-3-aceto-
propylamino)dibenzofuran.

F O
Cy3P PC
3 0 3 o
PCy3
G0 | OO |,y
i) MeLi
F F
R F
NH 0 HN
F
F F
~40% crude

However, all attempts to use other activated ketones, such as
trifluorobenzophenone (eg. Scheme 3.16) were not successful. In other trials,
the prior addition of a Lewis acid (SnCls, TiCls) to activate the ketone substrate
(pentafluorophenylacetone) showed no improvement, giving no product formation

upon treatment with alkyllithium.

Scheme 3.16 - Attempted synthesis of 4,6-bis(1,3-phenyl-2-methyl-propylamino)
dibenzofuran.

N
&)
Toluene O O
R=PhorCy
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The literature has little to reveal about the relative nucleophilicity of
iminophosphorane substrates. However, recent reports from Charette®! on the
reaction of trimethylsilyl azide with PMe; underline the utility of using electon-rich

phosphines in Staudinger methodology.
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3.8 - Conclusion and Future Work

With an efficient route now available to sterically encumbered bis(imino)
and bis(amino) compounds, a detailed investigation of respective early and late
transition metal coordination chemistry and catalysis is possible.

Directed double metallation of dibenzofuran can be effected using less
costly and more reliable alkyllithium sources in combination with coordinating
amines. An examination of other azide transfer reagents and work-up
methodology will direct efforts to improve the yield and bis-selectivity in the
synthesis of 4,6-bis(azido)dibenzofuran.

The use of the Staudinger process has shown excellent utility in the
preparation of secondary amines. Future investigations will undoubtedly be
concerned with exploring other electron-rich phosphines in the preparation of

iminophoshoranes capable of condensing with novel carbonyl sources.
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Chapter 4 - Experimental

Instruments and Analysis: Nuclear Magnetic Resonance (NMR) spectra for 'H
and "C nuclei were recorded on a Varian Unity-Inova 300 ('H, 300 MHz), Varian
Unity-inova 500 (*H, 500 MHz) or Varian Unity-Inova 400 ('H, 400 MHz)
spectrometer.  'F NMR spectra were recorded on a Varian Unity-Inova 400
(°F, 400 MHz) spectrometer. NMR spectra were obtained at 27°C (300 K)
unless otherwise noted. Chemical shifts (ppm, &) are reported relative to
tetramethylsilane (TMS) standard, and coupling constants (J) are reported in Hz.
‘Apparent’ coupling constants such as a doublet of doublets appearing as triplets
are reported as Jops or J. Assignment of quaternary (4°) or tertiary (3°) for
aromatic carbons in *C NMR spectroscopy is tentative and based on relative
intensity of signals in broadband 'H-decoupled spectra. High resolution mass
spectra were obtained on a Kratos MS-50 spectrometer (electron impact
ionization (El)) and elemental analyses were performed by the University of
Alberta Microanalysis Laboratories. FTIR spectra were obtained on Nicolet
Magna IR 750 or Nicolet 20SX spectrophotometer. Single crystal X-ray diffraction
studies were performed in the X-ray Crystallography Laboratory at the University
of Alberta Department of Chemistry by Dr. Robert McDonald and Dr. Mike

Ferguson. Details of structure determinations are included in the Appendix.

Reaction Conditions:  All manipulations on air sensitive compounds were
performed under an argon or nitrogen atmosphere using standard Schlenk
techniques, or in a Vacuum Atmospheres He-553-2 Dri-lab equipped with a Mo-

41-1 inert gas purifier and a CD-882 Dri-Cold Freezer maintained at -35°C.
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Thin Layer Chromatography (Silica Gel 60 F-254) was visualized by quenching
of UV induced fluorescence or phosphomolybdic acid reagent. Flash
chromatography and MPLC (Medium Pressure Liquid Chromatography) were
performed on silica gel 60 (230-400 mesh, Silicycle). MPLC was performed using
a FMI Lab Pump Model RP-SYX using standard Michel-Millar Teflon adaptors.
Celite filtrations were performed using Celite 545 on a fritted glass funnel under
vacuum. Flasks for moisture or air sensitive reactions were either flame-dried
immediately before use or placed in a 120 °C oven overnight before use.
Cylindrical Pyrex vessels equipped with Kontes k-826510 Teflon stopcocks are

referred to as “reaction bombs.”

Materials: Unless indicated otherwise, all solvents and reagents were
purchased from commercial vendors and used as received. Sensitive materials
were kept and used under appropriate conditions to maintain quality. The
following solid materials were purified before use: commercial dibenzofuran
(technical, 90%) was dissolved in a minimum volume of dry CH,Cl,, passed
through a silica plug, evaporated, and recrystallized in the cold from dry
tetrahydrofuran (THF); dihydrodicyanobenzoquinone (DDQ) and chloranil were
recrystallized from dry THF. The following solvents/liquid reagents were dried
and stored as indicated before use: benzene, THF, diethyl ether (Et;0), hexane,
and pentane were distilled from sodium benzophenone ketyl; toluene was
distilled over sodium and degassed; trimethylsilyl chloride (TMS-CI) was held at
reflux for 4h over CaH, before collecting: acetone was stirred over boric

anhydride (B203) for 2h, then distilled and used immediately; acetonitrile (MeCN)
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was distilled from CaH, freshly before use; 1,2-dichloroethane was passed
through neutral alumina and stored over activated 4 A molecular sieves under
N2;  para-toluenesulphonyl (Ts) azide was prepared from TsCl and NaNj;
according to published procedure1 and purified by dissolving the TsN3 in dry,
degassed Et;0 and then passing it through a plug of alumina; tert-butylamine
(‘BuNH_) was distilled from solid NaOH and pyridine was distilled from solid KOH
before use. 2,6-Lutidine was distilled from AICl3 and then redistilled.
Tetramethylethylenediamine (TMEDA) and pentamethyldiethylenetriamine
(PMDETA) were freshly distilled from metallic sodium before use; 2 5-dimethyl-
2,5-dichlorohexane  was prepared by dissolving 2,5-dihydroxy-2,5-
dimethylhexane in concentrated HCI followed by bubbling HCI gas through the
solution. 2,4,6,8-tetrakis(tert-butyl)dibenzofuran was prepared by Trevor Dzwiniel
in the Stryker group.2 The following compounds were prepared according to or
by adaptation of literature protocols: trimethylsilyliodide®; copper(ll) acetate®;
Pd(dba),>; 4,6-bis(iodo)dibenzofuran®; 4-tert-butyl-bromobenzene’®®; 4-tert-
butyl-2-nitro-bromobenzene®'"'%, 4 4'-di-tert-butyl-2-nitro-diphenylether'®;  2-

hydroxy-3-tert-butyl-5-methyl-benzaldehyde™.
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1,1,4,4,8,8,11,11-octamethyl-1,2,3,4,8,9,10,11-octahydro-5,7-dihydroxy-

dinaphtho[2,3-b;2',3'-d]furan (1)

AICl;, CH,Cl,, -18°C
10-20%

HQ  ,  OH

HO o OH ol Mg O O

SO O 0"
To a solution of 4,6-bis(hydroxy)dibenzofuran (0.500 g, 2.5 mmol) and 2,5-
dichlorodimethythexane (1.008 g, 5.5 mmol, 2.2 eq.) in CH,Cl; (5 mL) at -18 °C
under N2 was added slowly by canula a suspension of AICI; (1.363 g, 10.5 mmol)
in CHxCl,. The mixture was allowed to warm to RT and monitored by TLC. After
stirring 48 h, additional aliquots of CH.Cl, (15 mL), AICl; (0.200 g) and
dichlorodimethylhexane (0.250 g) were added. The reaction was quenched by
slow addition of H,O (20 mL) after 48 h. The organics fraction was separated
and the aqueous phase extracted with CH,Cl, (3 x 15 mL). The organic fractions
were combined, washed with H,O (15 mL), dried over Na,SO; and evaporated in
vacuo to yield a crude mixture 1,1,4,4,8,8,11,11-octamethyl-1,2,3,4,8,9,10,11-
octahydro-5,7-dihydroxy-dinaphthof2,3-b;2',3'-d]furan 1 (~108 mg, 10-20%) and
other uncharacterised products. 'H NMR (300 MHz, CDCl): 7.77 (s, 2H,

H1/H9), 1.82-1.65 (2 m, 8H, CH), 1.76 (s, 6H, CH3), 1.30 (s, 6H, CHa).
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1,1,4,4,8,8,11,11-octamethyl-1,2,3,4,8,9,10,11-octahydro-dinaphtho[2,3-

b;2',3'-d]furan (3)

ClMCl
AICly, CHyCly, -18°C

5%

The following is an adaptation of a published preparation.'

To a solution of dibenzofuran (1.00 g, 5.95 mmol) and 2,5-dichloro-2,5-
dimethylhexane (2.4 g, 13.1 mmol, 2.2 eq) in CH,Cl; (10 mL) at =18 °C under N,
was added slowly by canula a suspension of anhydrous AICl3 (3.600 g, 27.0
mmol, 4.5 eq) in CH2Cl; (10 mL) under N2. Resultant suspension was allowed to
warm to RT overnight. Reaction was monitored by TL.C for the disappearance of
starting material and quenched after 22.5 h with the dropwise addition of H,O (15
mL). The products were extracted with CH,Cl» (3 x 15 mL), dried over Na,SO,4
and evaporated in vacuo to yield a crude mixture of products. These were
separated by MPLC (silica, 2 x 30 cm, cyclohexane). Fractions containing the
desired product were combined and the solvent evaporated in vacuo.
Recrystallization from cyclohexane/pentanes yielded 1,1,4,4,8,8,11,11-
octamethyl-1,2,3,4,8,9,10,11-octahydro-dinaphtho[2,3-b;2',3-d]furan 3  (113.4
mg, 5%) as an yellow oil. Rf=0.25 (1: 1 - cyclohexane : TBME). IR (CH:Cly,
cast) 2959 (s), 2922 (s), 2858 (s), 1617 (m), 1485 (s), 1470 (m), 1419 (s), 1360
(s), 1280 (m), 1200 (s), 1156 (s) cm™. "H NMR (300 MHz, acetone-ds): 5 8.06 (s,

2H, H1/HY), 7.48 (s, 2H, H4/HB), 1.78 (s, 8H, CHy), 1.37 (s, 12H, CHa), 1.36 (s,
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12H, CH3) HRMS (El) m/z : Caled for CpgH3sO: 388.27661. Found 388.27659

(100.00 %) [M"].

1,1,4,4,8,8,11,11-octamethyl-4,6-bis(nitro)dibenzofuran (4)

o ON  NO
O O H,S0, , HNO, O O
‘ 3 . AcyC, 0°C . . .
90%

To a solution of 1,1,4,4,8,8,11,11-octamethyl-1,2,3,4,8,9,10,11-octahydro-
dinaphtho[2,3-b;2",3"-d]furan 3 (50 mg, 0.15 mmol) in CHClz (5 mL) under N; at
0 °C was added glacial AcOH (10 mL), H,SOs (18.3 pL dropwise) and
concentrated HNO; (22 pL). The reaction was allowed to warm to RT and
progress was monitored by TLC. After 2.5 h, the solution was recooled to 0 °C
and additional aliquots of H2SO4 (18.3 pL) and HNO3 (22 pL) were added
dropwise and the reaction was allowed to stir overnight. The crude mixture was
quenched by the addition of saturated NaHCO; (20 mL) and extracted with
CHClz (3 x 10 mL). The combined organic extracts were washed with HxO (2 x
15 mL), dried over Na;SQ4 and evaporated in vacuo. MPLC (silica, 2 x 30 cm,
9:1 cyclohexane : Et;0) was performed on the crude mixture, yielding
1,1,4,4,8,8,11,11-octamethyl-1,2,3,4,8,9,10,11-octahydro-5,7-dinitro-
dinaphtho[2,3-b;2’,3"-d]furan 4 (0.064 g, 0.14 mmol, 80%) as an off-white solid.
Ry =0.08 (1:1 cyclohex : EtOAc). IR (CH:Cl, cast) 2963, 2931, 1552, 1369, 877

cm™’. 'H NMR (300 MHz, acetone-de): § 7.99 (s, 2H, H1/H9), 1.83 (m, 4H, CH,)
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1.74 (m, 4H, CHy), 1.44 (s, 6H, CHy), 1.41 (s, 6H, CH3). HRMS (El) m/z : Caled

for CogH3sN20s: 478.24677. Found 478.24522 (100.00 %) [M"].

1,1,4,4,8,8,11,11-octamethyl-1,2,3,4,8,9,10,11-octahydro-5,7-diamino-

dinaphtho[2,3-b;2',3'-d}furan (5)

To a solution of 1,1,4,4,8,8,11,11-octamethyl-1,2,3,4,8,9,10,11-octahydro-5,7-
dinitro-dinaphtho[2,3-b;2',3'-d]furan 4 (0.050 g, 0.1 mmol) in EtOAc (56 mL) at RT
was added Pd/C (10%, ~40 mg, ~0.1 mol %). Air in the Schlenk flask was
evacuated under vacuum and filled with N,. To this suspension was attached a
balloon charged with Hz. Reaction was allowed to stir for ~72h, at which point
TLC analysis indicated the reaction was complete. The crude suspension was
filtred through celite and the solvent evaporated in vacuo to Yyield
11,1,4,4,8,8,11,11-octamethyl-1,2,3,4,8,9,10,11-octahydro-5,7-diamino-

dinaphtho[2,3-b;2',3'-d]furan 5 (0.041 g, 0.1 mmol, 100%) as an off-white solid.
R¢ = 0.55 (1:1 cyclohex : EtOAc). 'H NMR (300 MHz,acetone-de): § 7.60 (s, 2H,
H1/H9), 5.32 (s, 4H, br, NHy), 1.76-1.64 (m, 4H, CH,) 1.66 (m, 4H, C-Hy), 1.48 (s,
12H, CH3), 1.29 (s, 12H, CHs). HRMS (El) m/z : Caled for CaygH3sN2O:

418.29840. Found 418.29824 (100.00 %) [M"].
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2,8-bis(tert-butyl)dibenzofuran (7)

° AICl5 °
O O 1:1 CH3NOj:benzene O O
6 <10% 7
To a solution of 2,4,6,8-tetrakis(tert-butyl)dibenzofuran 6 (0.200 g, 0.5 mmol) in
benzene (4 mL) under N2 at 10 °C was added slowly by canula a suspension of
AICl; (0.120 g, 0.9 mmol, 1,8 equiv.) in CHaNOz/benzene (1.8 mL, 1:1) at 10 °C
under N,. The mixture was allowed to stir 2 h at 10 °C. Ice (2 g) was added and
the crude product was extracted with CH2Cl; (3 x 10 mL). The combined
organics were washed with brine (10 mL), dried over Na,SQ,, and evaporated in
vacuo to yield 2,8-bis(tert-butyl)dibenzofuran 7 (7.3 mg, 0.026 mmol, 10 %) as a
yellow oil. Ry = 0.6 (5:1 Hex : EtOAc). 'H NMR (300 MHz, acetone-dg): & 7.94
(dd, J = 7.6, 1.3 Hz, 2H, H1/H9), 7.42 (dd, J = 7.6, 1.3 Hz, 2H, H4/H6), 7.30 (t,

Jobs = 2.1 Hz, 2H, H3/H7), 1.60 (s, 18H, CHj3).

4,6-bis(trimethylsilyl)dibenzofuran 12

\/
MEDA secBuLi, THF, -78 °C
C/—\ﬁ/n TMSCI, THF, -78°C O O

85%
The following is an adaptation of a published preparation.'®
To a deoxygenated solution of dibenzofuran (10.0 g, 59.5 mmol) in THF (100 mL)
under N, was added TMEDA (27.6 g, 237.9 mmol, 4 equiv.) by syringe. The

resultant solution was cooled to —78 °C in a dry ice/acetone bath. To this
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solution was added slowly by canula sec-BuLi (105.3 mL, 136.9 mmol, 1.3 M in
cyclohexane). The pale yellow suspension was allowed to warm to RT and
stirred overnight. The resulting yellow suspension was then re-cooled to -78 °C
and added slowly by canula to a solution of TMSCI (64.86 g, 595 mmol, 10
equiv.) in THF (50 mL) at -78 °C . The solution was allowed to stir for 2h and
quenched by pouring into H,O (200 mL) at 0 °C. The crude mixture was
extracted with CHxCly (3 x 75 mL). The combined organic phases were dried
over powdered Na;SQO, and evaporated in vacuo. The solid crude product was
recrystallized from cold pentanes to yield 4,6-bis(trimethylsilyl)dibenzofuran 12
(15.8 g, 50.6 mmol, 85%) as pale yellow crystals. Ry = 0.5 (cyclohex). 'H NMR
(300 MHz, acetone-dg): 6 8.12 (H1/H9, 2H, dd J =7.6, 1.4 Hz), 7.58 (H3/H7, 2H,

dd, J=7.6, 1.4 Hz), 7.38 (H2/H8, 2H, t, Jops = 7.6 Hz), 0.48 (CH3, 18 H, s).

Bis(2,8-dinitro-4,6-trimethylsilyl)dibenzofuran 13

-y \d - —5 -
\ 0 ACOH, HNO3, Ac,0 0
e -
~20 %
12 ’ ON 13 NO,

A solution of 4,6-bis(trimethylsilyl)dibenzofuran 12 (0.339 g, 1.08 mmol) in AcOH
(13 mL) was prepared and held at 50 °C under N;. One drop of conc. H,SO4 was
added to the solution above immediately before a solution of HNO; (0.26 mL) in
Ac,0O (1.1 mL) at 0°C was added dropwise to the 50 °C solution. The mixture

was allowed to stir overnight until TLC indicated the disappearance of starting
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material. The crude mixture was diluted with H,O (20 mL). The organic phase
was separated and the aqueous extracted with CH2Cl; (3 x 15 mL). The organic
fractions were combined, dried over powdered Na,SO,4 and evaporated in vacuo
to yield a mixture of products (~150 mg), presumably including bis(2,8-dinitro-4,6-
trimethylsilyl)dibenzofuran 13 (~80 mg, 0.0001 mmol, ~20 %) as a yellow oil. Ry =
0.2 (cyclohex). 'H NMR (300 MHz, acetone-dg): & 8.34 (d, J = 8.3 Hz, 2H,

H1/H9), 7.96 (d, J = 8.3 Hz, 2H, H3/HT7), 0.50 (s, 12H, SiCHa3)

Bis(2,8-tert-butyl-4,6-trimethyisilyl)dibenzofuran 15

\ s \/_
‘Si =Si o Si
OH AlCl3, CHCla.
ooxm 0
55% 15

To a solution of 4,6-bis(trimethylsilyl)dibenzofuran 12 (148 mg, 0.5 mmol) and
tert-butyl alcohol (93 mg, 1.26 mmol, 2.5 equiv.) in CH>Clz (4 mL) under N; at -18
°C was added a suspension of AICl3 (330 mg, 2.5 mmol, 5 equiv.) in CH,Cl, (5
mL) slowly by canula. The mixture was allowed to warm to RT and monitored by
TLC. Additional portions of tert-butyl alcohol (3 equiv.) and AlClz (3 equiv.) were
added after 12 h. After stirring an additional 12 h, TLC analysis indicated
disappearance of starting material. The reaction was quenched by the addition
of H,0 (10 mL) and the crude product extracted with CH2Clz (3 x 15 mL). The
combined organic fractions were dried over Na;SO4 and evaporated in vacuo.

The crude product was purified by MPLC (silica, 1.5 x 20 cm, 1:1
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hexanes:cyclohexane) yielding bis(2,8-tert-butyl-4,6-trimethylsilyl)dibenzofuran
15 (0.1168 g, 0.28 mmol, 55 %) as a yellow oil. R;= 0.4 (1:1 cyclohex : hex).
'H NMR (300 MHz, acetone-ds): & 8.00 (d, J = 2.0 Hz, 2H, H1/H9), 7.47 (d, J =

2.0 Hz, ~2H, H3/H7), 1.43 (s, 18H, Si-CH;) 1.61 (s, 18 H, CHa).

para-tert-butyilbromobenzene 17

BI'2. Fe®
CCly, -18°C
B

16 quant. 17

r

The following is an adaptation of a published preparation.*®’

To a solution of tert-butylbenzene 16 (5.0 g, 37.9 mmol) in CCl4 at -18 °C under
N, was added Fe® (250 mg, 4.5 mmol, 0.1 eq.). To this suspension was added
dropwise by syringe Br; (5.9 g, 37.5 mmol, 1.0 eq.). The reaction was followed
by TLC and allowed to warm to RT while stirring a total of 3.5 h. The reaction
was then quenched with the addition of NaHSO3 (10 mL). The aqueous fraction
was separated and the organic washed with NaHCO3 (10 mL), H,O (10 mL),
dried over Na,SO; and evaporated in vacuo to vyield para-tert-
butylbromobenzene*>’ 17 (8.0 g, 37.9 mmol, 100 %) as a yellow oil,
spectroscopically identical to the known material. Ry = 0.8 (EtOAc). 'H NMR
(300 MHz, CDCl): & 7.40-7.36 (complex m, AA' of AA'BB'), 7.25-7.22 (complex

m, BB' of AA'BB'), 1.28 (s, 9H, CHa).
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2-nitro-4-tert-butylbromobenzene 18

>h HNOj3, HoSO,4 j\@["‘o?
Br W Br
17 80 % 18
The following is an adaptation of a published preparation.'® "2
To a solution of para-tert-butylbenzene 17 (0.615 g, 2.8 mmol) in Ac,O (4 mL)
under N, at 0 °C was added dropwise by syringe conc. H,SO4 (1.0 mL, 6.4 eq.)
and HNO; (1.0 mL, 5.4 eq.). The reaction mixture was allowed to stir 15 min. at
0 °C and allowed to warm to RT over 45 min. The solution was poured into ice
(25 g) and the crude product was extracted with CH.Cl; (3 x 20 mL). The
combined organics were dried over Na,SO4 and evaporated in vacuo. MPLC
(silica, 1.5 x 15 cm, hexanes) was performed on the crude mixture. The fractions
containing the desired product were combined and evaporated in vacuo to yield
2-nitro-4-tert-butylbromobenzene'®'"2 18 (0.614 g, 2.2 mmol, 80 %) as a orange
oil, spectroscopically identical to the known material. R = 0.1 (hexanes). 'H

NMR (300 MHz, CDCl3): 6 7.90 (d, J = 2.3 Hz, 1H, H3), 7.61 (d, J = 8.5 Hz, 1H,

H6), 7.42 (dd, J = 8.5, 2.3 Hz, 1H, H5), 1.32 (s, 9H, CHj).
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2-nitro-4,4'-tert-butyldiphenylether 20

00O

~80%
18

The following is an adaptation of a published preparation.™

A mixture of para-tert-butylphenol 19 (4.57 g, 30.41 mmol) and KOH (2.55 g,
45.6 mmol, 1.5 eq.) under N, was heated while stirring to 130 °C for 1 h. The
mixture was then stirred under vacuum for an additional hour at which time 2-
nitro-4-(tert-butyl)bromobenzene 18 (7.82 g, 30.41 mmol, 1.0 eq.) and powdered
Cu® (200 mg, 3.1 mmol, 0.1 eq.) were added at once. To the flask was added an
air condensor and the mixture heated to 180 °C for an additional 2 h. The crude
mixture was cooled to RT, CH.Cl, (50 mL) was added, and the resulting solution
fitered through celite, washed with H,O (20 mL), dried over Na,SO; and
evaporated in vacuo to yield 2-nitro-4,4'-tert-butyldiphenylether'® 20 (7.86 g, 24.3
mmol, 80 %) as a yellow oil. This compound was not further purified. Crude
mixture Ry = 0.2, 0.25 (cyclohex). 'H NMR (300 MHz, acetone-d): § 7.96 (d, J =
2.4 Hz, 1H, H3), 7.72 (dd, J = 8.7, 2.4 Hz, 1H, H5), 7.45 (d, J=8.9 Hz, 2H,
H2'/H6'), 7.03 (d, J = 8.7 Hz, 1H, H6), 6.98 (d, J = 8.9 Hz, 2H, H3'TH5’), 1.36 (s,

9H, CHa), 1.32 (s, 9H, CHa).
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2-amino-4,4'-bis(tert-butyl)diphenylether 21

A O

quant.

To the crude 2-nitro-4,4'-bis(tert-butyl)diphenylether 20 (7.86 g, 24.3 mmol) in
EtOAc (50 mL) under N, was added Pd/C (10%, 1.0 g, 3 mol%). To this
suspension was affixed a balloon filled with H,. The suspension was stirred at
RT overnight. The crude mixture was then filtered through celite and the solvent
evaporated in vacuo. CHxCl; (100 mL) was added to the crude mixture and then
washed with H20 (20 mL), brine (20 mL), dried over Na;SO4, and evaporated in
vacuo to yield 2-amino-4,4"-bis(tert-butyl)diphenylether 21 (7.22 g, 24 mmol,
~100%) as a pale yellow oil. This compound was not further purified. Crude
mixture Ry = 0.1, 0.3 (2:1 Hex : EtOAc). 'H NMR (300 MHz, CD,Cl,): & 9.0 (m,

3H, ), 8.2 (m, 4H), 3.76 (s, br, 2H, NH;), 0.28 (s, 9H, C4Hj3), 0.16 (s, 9H, C4'H;).
2-diazo-4,4'-bis(tert-butyl)diphenylether tetrafluoroborate 22

o i) HCI, 0°C, H,0, THF
ii)NaNOz, H20 \©\<
NH, iii)NaBF, Hy0 N3
- BF,

80%

To a suspension of 2-amino-4,4'-bis(tert-butyl)diphenylether 21 (3.98 g, 13.58

mmol) in THF (5 mL) at 0 °C under N2 was added dropwise conc. HCI (5.33 mL)
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in H20 (16 mL). To this solution was added dropwise a solution of NaNO, (1.27
g, 184 mmol, 1.35 eq.) in HO (10 mL) and the resultant suspension was
allowed to warm to RT while stirring for 40 min. The reaction was quenched by
the addition of excess sulfamic acid (500 mg) and the suspension was filtered
through celite. To the filtrate was added a solution of NaBF4 (3.2 g, 29.0 mmol,
2.1 eq.) in H20 (10 mL), resulting in the formation of a precipitate. The solution
was filtered and EtOAc (35 mL) added. The aqueous layer was separated and
the organic solvent evaporated in vacuo to yield 2-diazo-4,4-bis(tert-
butyl)diphenylether tetrafluoroborate 22 (3.96 g, 0.010 mmol, 80%) as yellow
solid. 'H NMR (300 MHz, CD.Cl,): 5 7.31 (d, J = 8.9 Hz, 1H), 6.86 (m, 3H), 6.74

(m, 3H), 1.29 (s, 9H, CHa), 1.28 (s, SH, CHa).

4,6-bis(azido)dibenzofuran 24

N
K\ N< /N/\'\\j N3 0 N3
+ ——;\J- “Li/ L \\-78°C toRT /=<
0.
| Et,0 \ /
$02 O O 60% bis
N; overall 60%
24

To a degassed, stirred solution of dibenzofuran (5.0 g, 29.8 mmol) and TMEDA
(13.8 g, 17.8 mL, 119.0 mmol) in Et,0 (350 mL) at -78 °C was added by canula
sec-BuLi (50.5 mL, 65.6 mmol, 1.3 M in cyclohexane). The pale yellow
suspension was allowed to warm to room temperature overnight. This yellow

suspension was then cooled to —78 °C and added by canula to a solution of para-
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toluenesulfonyl azide 23 (56 g, 283 mmol, 10 equiv.) in Et;O (50 mL) at room
temperature.” The solution turned a deep maroon over 2 h, was stirred an
addition 4 h, and then quenched by the addition of H,O (100 mL). The organic
layer was separated, washed again with H2O (3 x 100 mL), brine (50 mL), dried
over powdered Na,SO, filtered and the solvent evaporated in vacuo. The
resultant oily maroon residue was purified by MPLC (silica, 1% Et,0 / hexane).
Combined fractions (Rf = 0.3, 10% Et;0 in hexanes) containing product were
evaporated in vacuo and recrystallized in the cold from Et;0 to yield 24 (4.47 g,
17.88 mmol, 60%) as pale yellow crystals. Rf = 0.2 (20:1 Hex : EtOAc). IR
(CH.Cly, cast) 2298 (s), 1595 (m), 1489 (m), 1361 (s) cm™. *H NMR (500 MHz,
CDCl3): & 7.65 (d, J = 7.8 Hz, 2H, H1/H9), 7.30 (t, Jos = 7.8 Hz, 2H, H2/H8),
7.11 (d, J = 7.87, 2H, H3/H7). C NMR (125 MHz, CDCl3): § 147.5 (C4A/C5A,
4%, 125.7 (C9A/COB, 4°) 125.2 (C4/C8, 4°), 124.1 (C3/C7, 3°), 117.9 (C1/C9,
39), 117.0 (C2/C8, 3°. HRMS (Eil) nv/z : Calcd for C12HgNgO: 250.06031. Found

250.06063 [M"].

4,6-bis(amino)dibenzofuran 27

N3 N3 HoN NH,
“IO ! LiAlH, / Et,0 ' :O: i
24 85% 27

To a solution of 4,6-bis-azidodibenzofuran 24 (2.6 g, 10.4 mmol) in Et2O (100

mL) at =78 °C was added a suspension of LiAlHs (1.18 g, 31.2 mmol) in
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Et,O/toluene (50/75 mL) dropwise by canula. The suspension was stirred and
allowed to warm to RT overnight. The disappearance of starting material was
followed by TLC (silica, 2:1 EtOAc : hexane) for an additional 8 h. The yellow
solution was quenched by the addition of H,O (1.2 mL), then 10% NaOH (1.2
mL), followed by H,O (3.5 mL). The resulting precipitate of aluminum salts was
filtered and the organic layer was separated. The aqueous phase was extracted
again with Et,0 (3 x 50 mL). The combined organic phases were washed with
brine (25 mL), dried over powdered Na,SO,, and evaporated in vacuo. The
crude organic residue was purified by MPLC (silica, EtOAc : hexane, 2:1) and
recrystallized from Hex : Et;O : (1 : 10) to yield 4,6-bis(amino)dibenzofuran 27
(1.75 g, 8.84 mmol, 85%) as pale yellow crystals. Ry = 0.05 (2:1 Hex : EtOAc).
IR (CH.Cly, cast) 3336 (s), 3203 (m), 3045 (w), 1646 (s), 1617 (s), 1598 (s), 1497
(m), 1444 (m), 1433 (s), 1330 (m), 1289 (m), 1186 (m), 1042 (w)cm™". 'H NMR
(300 MHz, CDCly): $7.35(dd, J=7.7, 1.1 Hz, 2H, H1/H9), 7.14 (t, Joos = 7.7 Hz,
2H, H2/H8), 6.82 (dd, J = 7.7, 1.1 Hz, 2H, H3/H7), 4.04 (s, br, 4H). *C NMR
(125 MHz, CDCl;): 5 144.8 (C4A/C5A, 4°), 131.9 (C9A/CIB, 4°), 125.3 (C4/C6,
4°), 123.4 (C3/C7, 3°), 112.8 (C1/C9, 3°), 110.8 (C2/C8, 3°). HRMS (El) m/z :
Calcd for CyaH10N20: 198.07931 Found 198.07932 (100.00 %) [M*]. Anal. Calcd

for C12H10N20: C, 72.71; H, 5.08; N, 14.13. Found C, 72.32; H, 5.43; N, 14.08.
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4,6-bis(2-hydroxy-3-tert-butyl-4-methylbenzylimino)dibenzofuran 30.

HgN OH HO
OH _TsOH

Toluene 40°C
78%

30

To a solution of 4,6-bis(amino)dibenzofuran 27 (1.05 g, 5.3 mmol) in toluene (10
mL) was added 2-hydroxy-3-tert-butyl-4-methylbenzaldehyde' 26 (3.05 g, 15.8
mmol) and p-TsOH (5 mg, 0.02 mmol, 0.005 equiv.). The suspension was
heated to 40 °C for 24 h. The solvent was evaporated in vacuo and the crude
product purified by MPLC (silica, 1 : 1 hexanes : EtOAc) to yield 4,6-bis-(2-
hydroxy-3-tert-butyl-4-methylbenzylimino)dibenzofuran 30 (2.26 g, 4.14 mmol,
78%) as a fine yellow powder. Ry = 0.2 (20:1 EtOAc : Hex). IR (CHxCl;, cast)
2955 (m), 2912 (m), 2869 (w), 1616 (s), 1577 (s), 1484 (s), 1463 (w), 1438 (w),
1390 (w), 1360 (w), 1322 (w), 1267 (w), 1232 (w), 1211 (w), 1182 (s), 1162 (W),
1137 (w), 1063 (w), 1023 (w) cm™. 'H NMR (300 MHz, CDCls): § 9.26 (s, 2H, H
imine), 7.87 (dd, J = 7.2, 1.6 Hz, 2H, H1/H9), 7.50-7.41 (m, 4H, H3/H7, H2/H8),
7.23(d, J = 2.0, 2H, Ph H6), 7.1 (d, J = 1.6 Hz, 2H, Ph H4), 2.30 (s, 6H, Ph
CH3), 1.50 (s, 18H, Ph C(CH3);). HRMS (El) m/z : Calcd for CagHagN203:
546.28827. Found 546.28830 (100.00 %) [M']. Anal. Calcd for CsH3sN2O3: C,

79.09; H, 7.01; N, 5.12. Found C, 78.60; H, 6.83; N, 4.90.
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4,6-bis(triphenylphosphiniminyl)dibenzofuran 31

@Q QQ

Toluene

To a suspension of 4,6-bis(azido)dibenzofuran 24 (4.3 g, 17.2 mmol) in toluene
(25 mL) at 0 °C was added by canula a solution of triphenylphosphine (9.46 g,
36.1 mmol) in toluene (25 mL). The resulting yellow solution was allowed to
warm to RT and stirred overnight. The resultant yellow suspension was verified
for the disappearance of starting material by TLC analysis. Solvents were
evaporated /n vacuo and the crude yeliow precipitate was triturated with dry Et,0
(3 x50 mL). The combined organic phases were evaporated in vacuo to yield
4 6-bis-(triphenylphosphiniminyl)dibenzofuran 31 (12.3, 17.2 mmol, 100%) as a
yellow powder, which was not further purified. Ry= 0.45 (10:1 Hex : EtOAc). IR
(CH.Cly, cast) 3053 (m), 1611 (m), 1580 (s), 1487 (s), 1435 (s), 1423 (s), 1408
(s), 1366 (s), 1338 (s), 1292 (m), 1210 (m), 1184 (m), 1167 (m), 1146 (s), 1090
(m), 1032 (m), 1020 (w), 998 (w), 914 (w), 858 (w) cm™. 'H NMR (300 MHz,
CDCl;). §7.94-7.87 (m, 12H), 7.52-7.41 (m, 6H), 7.41-7.39 (m, 12H), 7.21 (d, J
=7.6 Hz, 2H H1/H9), 6.84 (t, Joos = 7.6 Hz, 2H, H2/HB), 6.55 (d, J = 7.6 Hz, 2H,
H3/H7). *C NMR (125 MHz, CDCly): § 151.4 (d, 'Jpc = 19.8 Hz, *'P-Curom),
137.2, 133.1 (d, 3Jp.c = 9.9 Hz, 3'P-C-C-Carom), 132.1, 131.7 (d, *Jp.c = 2.7 Hz,

3P.C-C-C-Carom), 131.3, 128.7 (d, pc = 11.8 Hz, ¥'P-C-Cyrom) 125.9, 1224,
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119.5 (d, %Jpc = 11.8 Hz, 3'P=N-C4/6pgr), 109.4. HRMS (El) m/z : Calcd for

CagHasN20OP2: 718.23029. Found 718.23228. (100.00 %) [M"].

4,6-bis-(1,1,1,3,3,3-hexafluoro-2-propyiimino)dibenzofuran 32

O\Q QQ ,L Fac/i:3 . )C\FBCF;;

F,C" CFs

Tdo =

To a solution of 4,6-bis(azido)dibenzofuran 24 (0.065 g, 0.3 mmol) in Et;0 (5 mL)

at RT under N, was added triphenylphosphine (0.236 g, 0.9 mmol, 3 equiv.).
This suspension was stirred at RT overnight then cooled to -20 °C. Condensed
hexafluoroacetone (2 mL, -20 °C) was then added to the suspension rapidly by
canula. The resultant suspension was stirred and allowed to warm to RT
gradually overnight. The solvent was evaporated in vacuo and the crude mixture
extracted with hexanes (2 x 5 mL). Organic extracts were combined and the
solvent evaporated. The crude product was recrystallized from hexanes to yield
4,6-bis-(1,1,1,3,3,3-hexafluoro-2-propylimino)dibenzofuran 32 (0.110 g, 0.22
mmol, 86 %) as a pale yellow solid. 'H NMR (300 MHz, CDCl;): §7.85(d, J =
7.72, 2H, H1/H9), 7.41 (t, Jobs = 7.9 Hz, 2H, H2/H8), 7.04 (d, J = 7.8 Hz, 2H,
H3/H7). C NMR (APT, 125 MHz, CDCh): 132.5 (d, J = 3.1 Hz, 2C, N=C),
132.0 (d, 10.3 Hz, 2C, F3C1/F3C1’), 131.0 (C3/C7, 3°), 130.9 (C1/C9, 3° ), 125.6

(C2/C8, 3%, 128.6 (d, 12.2 Hz, 2C, F3C3/F3C3’), 123.7 (C4A/C5A,4°), 119.5
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(COA/COB, 4°), 117.1 (C4/CB, 4%. '°F NMR (400 MHz, CDCl3) & -65.4, -69.8.
(HRMS (EI) m/z : Calcd for C1gHgF12N20: 494.02884. Found 494.02787 (100.00

%) [M"].

4,6-bis(1,1,1,3,3,3-hexafluoro-2-methyl-2-propylamino)dibenzofuran 33

CF, CF, CF3 FaC
roly o el o
52%

32 33

To the yellow suspension of 4,6-bis-(1,1,1,3,3,3-hexafluoro-2-propylimino)
dibenzofuran 32 (618 mg, 0.5 mmol) in THF (10 mL) at -78 °C was added MeLli
(5.21 mL, 7.5 mmol, 1.44 M in Et,0) by syringe. The stirred mixture was allowed
and warm to RT overnight during which time the yellow suspension turned a
deep maroon. The reaction was quenched with the addition of HO (10 mL).
Solvents were partially removed in vacuo, Et;O (20 mL) was added and the
organic fraction washed with HO (3 x 10 mL), brine (10 mL), dried over
powdered Na,SO., and evaporated in vacuo. The crude organic product was
purified by MPLC (silica, 10 : 1 Hexanes : EtOAc), and recrystallized from cold
pentane to yield 4,6-bis-(1,1,1,3,3,3-hexafiuoro-2-methyl-2-
propylamino)dibenzofuran 33 (342 mg, 0.6 mmol, 52%) as pale white crystals.
The crystals proved suitable for analysis by X-ray crystallography. (Appendix A)
Rr = 0.3 (20:1 Hex : EtOAc). IR (CH:CI;, cast) 3366 (w), 3018 (w), 1923 (w),
1633 (w), 1604 (w), 1599 (w), 1491 (w), 1456 (w), 1423 (w), 1406 (w), 1394 (w),

1347 (w), 1300 (s), 1272 (s), 1219 (s), 1203 (s), 1189 (s), 1177 (s), 1161 (s),
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1143 (s), 1112 (s), 1080 (s), 1059 (m) cm™. "H NMR (500 MHz, CDCls): & 7.66
(dd, J = 7.6, 0.7 Hz, 2H, H1/H9), 7.25 (t, Jops = 7.8 Hz, 2H, H2/H8), 7.14 (d, J =
7.6 Hz, 2H, H3/H5), 4.28 (s, br, 2H, NH), 1.63 (s, 6H, CHa). "°F NMR (400 MHz,
CDCls): -77.3. HRMS (El) m/z : Calcd for CaoHis F1aN2O: 526.09143. Found

526.09132 (100.00 %) [M"].

4,6-bis(1,1,1,3,3,3-hexafluoro-2-phenyl-2-propylamino)dibenzofuran 34

CFj CF3 CF3 Fﬁp
F3C/kN Hcr FaC CF

N 3 i 3 NH HN 3
0 PhLi 0
o0
46%
32 34

To the yellow suspension of 4,6-bis-(1,1,1,3,3,3-hexafluoro-2-propylimino)
dibenzofuran 32 (250 mg, 0.5 mmol) in THF (5 mL) at -78°C was added PhLi
(1.62 mL, 2.91, 1.8 M in hexanes) by syringe. The stirred mixture was allowed to
warm to RT overnight, during which time the yellow suspension turned a deep
maroon. The reaction was quenched with the addition of H,O (10 mL). Solvents
were partially removed in vacuo, Et,0 (20 mL) was added and the organic phase
washed with H,0 (3 x 10 mL), brine (10 mL), dried over powdered Na»>SO4, and
evaporated in vacuo. The crude maroon organic fraction was purified by MPLC
(silica, 10 : 1 hexanes : EtOAc) and recrystallized from Et;O : hexanes (10 : 1) to
yield 4,6-bis-(1,1,1,3,3,3-hexafluoro-2-phenyl-2-propylamino)dibenzofuran 34

(151 mg, 0.23 mmol, 46%) as pale white crystals. The crystals proved suitable
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for analysis by X-ray crystallography (Appendix A) Ry = 0.2 (10:1 Hex : EtOAc).
IR (CHCly, cast) 3396 (w), 3068 (w), 1642 (m), 1599 (m), 1542 (m), 1498 (m),
1453 (m), 1429 (m), 1416 (m), 1337 (m), 1260 (s), 1239 (s), 1209 (s), 1189 (s),
1143 (s), 1081 (w), 1060 (m), 1038 (m), 976 (m) cm™. 'H NMR (300 MHz,
CDCly): §7.80(d, J=7.9Hz, 4H, Ph H2/H6), 7.53-7.45 (m, 6H, Ph H3/H4/H5),
7.34 (d, J = 6.8 Hz, 2H, H1/H9), 6.87 (t, Jovs = 7.87 Hz, 2H, H2/HB), 6.13 (d, J =
7.72, 2H, H3/H7), 5.18 (s, br, 2H, NH). *C NMR (125 MHz, CDCl3): § 145.3
(C4AICS5A, 2C, 4°), 130.3 (Ph C2/C8, 4C, 3°), 129.1 (Ph C4, 2C, 3°), 128.8 (Ph
C3/C5, 46, 3°), 127.9 (C2/C8, 2C, 3°), 127.7 (COA/9B, 2C, 4°), 124.7 (C4/CS,
2C, 4%, 123.0 (C1/C9, 2C, 3°), 122.4 (C-CF3, 2C, 4°), 114.5 (Ph C1, 2C, 4°),
112.5 (C3/C7, 2C, 3°), 70.2-69.6 (m, J = 81.9, 4C, CF3). HRMS (El) m/z : Calcd

for CagH1aF12N20: 650.12275. Found 650.12274 (100.00 %) [M'].

4,6-bis(2-hydroxy-3-tert-butyl-4-methylbenzylimino)dibenzofuran 30

bied

Na o N3 ppph, moluene rroluen N
BT o
24

48%
To a solution of 4,6-bis(azido)dibenzofuran 24 (1.96 g, 7.9 mmol) in toluene (30
mL) was added triphenylphosphine (4.35 g, 16.6 mmol). The reaction mixture

was allowed to stir overnight at room temperature. To this suspension was
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added 2-hydroxy-3-tert-butyl-4-methyl benzaldehyde' 29 (3.8 g, 19.7 mmol).
The resultant suspension was stirred and heated to 60 °C for 2 days. The
solvents were partially removed and the crude organics were purified by MPLC
(silica, 1 : 1 hexanes ; EtOAc) and recrystallized from THF : hexanes (10 : 1) to
yield 4,6-bis(2-hydroxy-3-tert-butyl-4-methylbenzylimino)dibenzofuran (2.57 g,
4.7 mmol, 48%) as yellow crystals, spectroscopically identical to the compound

30.
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Appendix

1 - X-ray crystallographic structure report of 1,8-bis(1,1,1,3,3,3-hexafluoro-2-
methyl-2-propylamino)dibenzofuran 33

Figure Legends

Figure 1. Perspective view of the 1,8-bis(1,1,1,3,3,3-hexafluoro-2-methyl-2-
propylamino)dibenzofuran molecule showing the atom labelling scheme
(primed atoms are related to unprimed ones by the crystallographic
rotation axis (0, y, !/4)). Non-hydrogen atoms are represented by Gaussian
ellipsoids at the 20% probability level. Hydrogen atoms are shown with

arbitrarily small thermal parameters.

Figure 2. Alternate view of the molecule, with the dibenzofuran group oriented

‘edge-on.” Hydrogen atoms bound to carbons have been omitted.
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Figure 2
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Table 1. Crystallographic Experimental Details

A. Crystal Data
formula
formula weight
crystal dimensions (mm)
crystal system
space group
unit cell parameters®
a(A)
b (A)
c(A)
5 (deg)
Vv (A3)
A
Pealed (8 cm3)
# (mm-l)

C20H14F12N20
526.33
0.63x0.14x0.12
monoclinic

C2/c (No. 15)

19.455 (2)
9.9797 (12)
11.3710 (14)
108.968 (2)
2087.8 (4)

4

1.674

0.178

B. Data Collection and Refinement Conditions

diffractometer
radiation (4 [A)])
temperature (°C)
scan type
data collection 2@ limit (deg)
total data collected
14)
independent reflections
number of observed reflections (NO)
structure solution method
refinement method
93d)
absorption correction method
range of transmission factors
data/restraints/parameters
goodness-of-fit (S)¢
final R indices/

R [Fo2 2 20(F02)]

wRy [Fo? 2 -30( F?)]
largest difference peak and hole

Bruker PLATFORM/SMART 1000 CCD?
graphite-monochromated Mo K« (0.71073)
-89

wscans (0.2°) (25 s exposures)

52.80

6711 (-24<h<23,-12<k<12,-14<51<

2136 (Rint=0.0314)

1822 [Fo? 2 20(F?)]

direct methods (SHELXS-86¢)

full-matrix least-squares on F2 (SHELXL-

multi-scan (SADABS)
0.9790-0.8962

2136 [Fo2 2 -30(Fy2)]/0/ 159
1.025 [Fo? 2 -3 0( Fo2))

0.0463
0.1191
0.337 and -0.252 ¢ A-3

aQbtained from least-squares refinement of 3811 reflections with 4.64° <20< 52.80°.

bprograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

(continued)
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Table 1. Crystallographic Experimental Details (continued)
cSheldrick, G. M. Acta Crystallogr. 1990, 446, 467-473.

dSheldrick, G. M. SHELXL-93. Program for crystal structure determination. University
of Géttingen, Germany, 1993. Refinement on £,2 for all reflections (all of these
having F,2 > -3 o(Fy2)). Weighted R-factors wR; and all goodnesses of fit S are
based on F,2; conventional R-factors R are based on Fy, with F, set to zero for
negative Fo2. The observed criterion of F? > 20(F,?) is used only for calculating R},
and is not relevant to the choice of reflections for refinement. R-factors based on F2
are statistically about twice as large as those based on F, and R-factors based on
ALL data will be even larger.

€S = [Ew(Fo? — F2)%(n - p)]Y2 (n = number of data; p = number of parameters varied; w
= [*(Fo2) + (0.0579P)2 + 2.2852P)| where P = [Max(Fo2, 0) + 2F:2]/3).

TRy = Z||Fo| — |FElZIFo); wR2 = [Ew(Fo? — F2)Zw(Foh]12.
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Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters

Atom X y z Ueq A2
Fl 0.16238(9) 0.20445(17) 0.35584(13) 0.0725(5)*
F2 0.20742(9) 0.39501(17) 0.33156(14) 0.0724(5)*
F3 0.09200(9) 0.37120(17) 0.28422(16) 0.0756(5)*
F4 0.19025(8)  0.47549(13) 0.10020(14) 0.0634(4)*
F$ 0.07436(8) 0.45050(13) 0.04614(16) 0.0662(4)*
F6 0.13563(8) 0.34691(15) -0.05135(12) 0.0593(4)*
0] 0.0000 0.08388(16) 0.2500 0.0270(4)*
N 0.08199(8)  0.18221(14) 0.09553(14) 0.0302(3)*
Cl 0.03717¢9) -0.00074(16) 0.19504(15) 0.0266(4)*
2 0.07924(9) 0.04404(17) 0.12433(16) 0.0278(4)*
C3 0.11106(10) -0.05653(18) 0.07397(17) 0.0333(4)*
C4 0.10253(10) -0.19253(18) 0.09714(18) 0.0356(4)*
Cs 0.05945(10) -0.23437(18) 0.16633(17) 0.0334(4)*
Co 0.02492(9) -0.13570(17) 0.21424(16) 0.0282(4)*
C7 0.14675(9)  0.26437(18) 0.14887(17) 0.0300(4)*
C8 0.21744(10) 0.1940(2) 0.1551(2) 0.0436(5)*
C9 0.15229(12) 0.3110(2) 0.2807(2) 0.0484(5)*
Cl0 0.13671(11) 0.38558(19) 0.0603(2) 0.0413(5)*

Anisotropically-refined atoms are marked with an asterisk (*). The form of the
anisotropic displacement parameter is: exp[-2/2(h2a*2Uy | + k2b*2Uas + 12¢*2U33 +
2kib*c*Uay + 2hla*c*Uy3 + 2hka*b* U)2)).
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Table 3. Selected Interatomic Distances (A)

Atom!  Atom2  Distance Atoml  Atom2  Distance
Fl C9 1.338(3) Cl C2 1.394(2)
F2 C9 1.336(2) Cl C6 1.397(2)
F3 C9 1.330(3) C2 C3 1.396(2)
F4 Clo 1.337(2) C3 C4 1.403(3)
F5 Clo 1.338(2) C4 Cs 1.387(3)
F6 Ci0 1.320(3) C5 Cé6 1.399(2)
0 Cl 1.3858(18) C6 Ce6' 1.454(3)
0 cr 1.3858(18) C7 C8 152502
N C2 1.422(2) C7 C9 1.540(3)
N Cc? 1.460(2) C7 Cl10 ] .546(3)

Table 4. Sclected Interatomic Angles (deg)
Atom!  Atom2  Atom3  Angle Atom[ Atom2 Atom Angle

Cl o) ClI'  104.91(17) N C7 Cl0 105.05(15)
2 N C7  122.74(14) c8 C7 C9 108.52(17)
0 Cl C2  123.70(15) C8 C7 Clo 108.15(15)
o Cl C6  112.11(14) Cc9 C7 Clo 110.61(16)
c2 Cl Co  124.13(15) FI C9 F2 107.0(2)

N C2 Cl 121.11(15) F1 C9 F3 106.73(18)
N C2 C3  123.20(15) FI C9 C7 109.29(18)
Cli C2 C3  115.33(15) F2 C9 F3 107.21(19)
2 a3 C4  121.55(16) F2 C C7 113.78(16)
C3 C4 Cs  121.88(16) F3 C9 C7 112.48(19)
C4 C5 C6  117.66(16) F4 Cl10 F5 106.95(16)
Cl cé6 C5  119.34(15) F4 Cl10 Fé6 106.85(16)
Ci C6 Ce' 105.43(9) F4 C10 C7 112.60(17)
C5 C6 Ce'  135.24(10) F5 CI0 F6 107.19(18)
N o) C8  113.83(15) F5 C10 C7 112.01(16)
N C7 C9  110.62(14) F6 Ci0 C7 110.92(16)

Primed atoms related to one unprimed ones by the crystallographic 2-fold rotation axis

(0, y, 13).
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Table S. Torsional Angles (deg)

Atom! Atom2 Atom3 Atom4 Angle

cr'
Cl'
C7
C7
C2
C2
C2
0
O
C6
Cé6
0
O
C2
C2
N
Cl
C2
C3
C4
a

Cl
Cl
C2
C2
C7
Cc7
C7
C2
C2
C2
C2
C6
C6
C6
C6
C3
C3
C4
G5
C6

C2 177002
Cc6  -0.34(9)
Cl 110.33(19)
C3  -769(Q2)
C8 41722
c9  -80.8(2)
C10 159.79(16)
N -5.103)

C3 -178.45(14)
N 171.93(16)

C3  -1403)
C5 -179.01(14)
c6'  08Q2)
CS 3.6(3)

C6' -176.50(17)
C4 -175.07(17)

C4  -1903)
Cs 3.003)
c6  -0.7(3)
Cl  -2403)

Atom!

C4
N

N

N
C8
C8
C8
C10
Cl10
Cl0

C8
C8
C8
C9
C9
C9

Cs
C7
C7
C7
C7
C7
C7
Cc7
c7
C7
Cc7
c7
C7
Cc7
C7
Cc7
C7
Cc7
C7

Cé
C9
C9
C9
C9
C9
C9
C9
Cco
C9
Cl10
C10
C10
C10
C10
Cl10
C10
Cl10
C10

Ce'

Fl
F2
F3
Fl
F2
F3
Fl

F3
F4
FS
F6
F4
F5
F6
F4
F§
F6

134

Atom2 Atom3 Atom4 Angle

177.8(2)
65.3(2)
-175.26(18)
-53.1(2)
-60.3(2)
59.2(2)
-178.65(17)
-178.78(16)
-59.3(2)
62.92)
176.52(16)
55.9(2)
-63.80(19)
-61.6(2)
177.83(17)
58.1(2)
57.1(2)
-63.5(2)
176.81(16)

Primed atoms related to one unprimed ones by the crystallographic 2-fold rotation axis
0, y, 13).
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Table 6. Anisotropic Displacement Parameters (Ujj, A2)

Atom

Fl
F2
F3
F4
F5
Fé6
O

N

Cl
C2
C3
C4
C5
C6
C7
C8
C9

Cl10

Ut

U2
0.0949(11)
0.0807(10)
0.0783(10)
0.0678(9)
0.0574(8)
0.0791(10)
0.0260(8)
0.0245(7)
0.0229(8)
0.0240(8)
0.0297(9)
0.0345(10)
0.0343(9)
0.0262(8)
0.0287(9)
0.0270(10)
0.0526(13)
0.0442(11)

U2z

0.0899(11)
0.0889(11)
0.0860(11)
0.0483(7)
0.0411(7)
0.0642(8)
0.0270(8)
0.0320(8)
0.0299(8)
0.0306(8)
0.0397(10)
0.0362(9)
0.0278(8)
0.0295(8)
0.0333(9)
0.0431(11)
0.0575(13)
0.0349(10)

Us3

0.0343(7)
0.0511(9)
0.0857(12)
0.0683(10)
0.0959(12)
0.0378(7)
0.0318(9)
0.0362(8)
0.0268(9)
0.0285(9)
0.0334(10)
0.0373(10)
0.0365(10)
0.0276(9)
0.0310(9)
0.0611(14)
0.0422(12)
0.0462(12)

Uzs

0.0068(7)
-0.0264(7)
-0.0368(9)

0.0087(6)

0.0129(7)

0.0099(6)

0.000

0.0019(6)
-0.0028(7)
-0.0008(7)
-0.0040(8)
-0.0074(8)
-0.0030(7)
-0.0006(7)

0.0005(7)

0.0022(9)

135

Uis

0.0231(7) -.0304(9)
0.0262(8) -.0457(9)
0.0584(9) -.0126(8)
0.0139(7) -.0251(7)
0.0189(8) 0.0153(6)
0.0235(7) -.0126(7)
0.0147(7)  0.000
0.0127(6) 0.0020(6)
0.0081(7) 0.0027(6)
0.0081(7) 0.0001(7)
0.0145(7) 0.0007(8)
0.0134(8) 0.0061(8)
0.0093(8) 0.0019(7)
0.0068(7) 0.0003(7)
0.0140(7) -.0020(7)
0.0149(9) -.0009(8)

-0.0100(10)  0.0249(10) -0189(10)

0.0041(8)

The form of the anisotropic displacement parameter is:
exp[-272(h2a*2Uyy + k2b*2Uap + 12¢*2Us3 + 2kib*c* Uas + 2hla*c* U3 + 2hka*b*U) 7))

0.0164(9) -.0045(8)
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Table 7. Derived Atomic Coordinates and Displacement Parameters for Hydrogen

Atoms

Atom
HIN
H3
H4
H5
HSA
HS8B
H8C
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x
0.0449
0.1392
0.1269
0.0536
0.2151
0.2243
0.2583

y
0.2235

-0.0323
-0.2578
-0.3268
0.1653
0.1156
0.2559

2

0.1153
0.0228
0.0645
0.1807
0.0714
0.2095
0.1882

Uegs A2
0.036
0.040
0.043
0.040
0.052
0.052
0.052

136



137

2 - X-ray crystallographic structure report of 4,6-bis(1,1,1,3,3,3-hexafluoro-2-
phenylpropan-2-amino)dibenzofuran 34

Figure 1. Perspective view of the 4,6-bis(1,1,1,3,3,3-hexafluoro-2-phenylpropan-2-
amino)dibenzo[b,d]furan molecule showing the atom labelling scheme.
Non-hydrogen atoms are represented by Gaussian ellipsoids at the 20%
probability level. The hydrogen atoms of the amino groups are shown
with arbitrarily small thermal parameters; all other hydrogens are not

shown.

Figure 2. Altemate view of the molecule, with the dibenzofuran group oricnted

*edge-on.’
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Figure 1

Figure 2

C33 F13

C35
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Table 1. Crystallographic Experimental Details

A. Crystal Data
formula
formula weight
crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
b (A)
c(A)
B (deg)
V(A3)
V4
Pealed (g cm3)
# (mm-!)

CagH)8F12N20

650.46

0.30x0.29x 0.11

monoclinic

P2y/n (an alternate setting of P2;/c [No. 14])

12.6766 (6)
14.7986 (7)
14.5099 (7)
91.1128 (9)
2721.52)
4

1.588
0.154

B. Data Collection and Refinement Conditions

diffractometer
radiation (4 [A])
temperature (°C)
scan type
data collection 28 limit (deg)
total data collected
18)
independent reflections
number of observed reflections (NO)
structure solution method
refinement method
93d)
absorption correction method
range of transmission factors
data/restraints/parameters
goodness-of-fit (S)¢
final R indices/

Ry [F02220(F02)]

wR [F02 2-30( Fo?)]
largest difference peak and hole

Bruker PLATFORM/SMART 1000 CCD?
graphite-monochromated Mo Ka (0.71073)
-80

wscans (0.2°) (20 s exposures)

52.82

16569 (-15<h<15,-18<k<18,-13</<

5580 (Riny = 0.0411)

3831 [Fo? 2 20(Fy?)]

direct methods (SHELXS-86°)

full-matrix least-squares on /2 (SHELXL-

multi-scan (S4DABS)
0.9833-0.9553

5580 [Fo> = -30(Fy2)] / 0/ 406
1.006 [Fo2 = —30( Fy2)]

0.0471
0.1192
0.540 and -0.473 ¢ A-3

aQObtained from least-squares refincment of 5603 reflections with 5.04° < 26< 50.96°.

bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.
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(continued)
Table 1. Crystallographic Experimental Details (continued)

cSheldrick, G. M. Acta Crystallogr. 1990, A46, 467-473.

dSheldrick, G. M. SHELXL-93. Program for crystal structure determination. University
of Géttingen, Germany, 1993. Refinement on Fy,2 for all reflections (all of these
having F? 2 -30(F,2)). Weighted R-factors wR3 and all goodnesses of fit S are
based on F,2; conventional R-factors Ry are based on F, with £ set to zero for
negative Fy2. The observed criterion of Fy2 > 20(F?) is used only for calculating Ry,
and is not relevant to the choice of reflections for refincment. R-factors based on /7,2
are statistically about twice as large as those based on F, and R-factors based on

ALL data will be even larger,
w=1/[\s"2*(Fo"27)+(0.0510P)*2~+1.1001P)

¢S = [Zw(Fo? = Fe2)?/(n - p)]2 (n = number of data; p = number of parameters varied; w
=[0%(F,2) + (0.0510P)2 + 1.1001P}! where P = [Max(Foz, 0) + 2F:2)3).

IRy = ZlFo| = IFll/ElFol; wRy = [Ew(Fo? = F)HEW(FH)2.
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Table 2, Atomic Coordinates and Equivalent Isotropic Displacement Parameters

Atom
Fil
Fli2
F13
Fl4
F1s
Fl6
F21
F22
F23
F24
F25
F26
0
NI
N2
Cil
Cl12
Ci3
Cl4
CiSs
Cl6
Cl7
Cl8
Cl19
C21
C22
C23
C24
C25
C26
C27
C28
C29
C31
C32
C33
C34
C35
C36
C41
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X
0.16708(13)
0.13326(12)
0.28202(13)
0.19800(10)
0.07618(10)
0.15359(11)
0.21296(12)
0.06379(11)
0.13746(14)
0.18585(11)
0.15373(12)
0.04578(10)
0.37531(10)
0.33847(13)
0.31532(13)
0.41579(15)
0.39353(15)
0.43217(16)
0.49205(16)
0.51754(16)
0.47840(15)
0.25591(16)
0.2088(2)
0.16977(17)
0.41354(15)
0.38487(15)
0.43302(17)
0.50262(17)
0.52663(16)
0.47960(15)
0.21216(16)
0.15574(19)
0.14813(18)
0.29845(16)
0.40111(18)
0.4405(2)
0.3776(2)
0.2755(2)
0.23569(18)
0.22367(16)

y
0.24429(10)
0.38339(10)
0.34653(10)
0.27515(10)
0.30999(10)
0.18142(10)
-0.09931(11)
0.13118(12)
-0.00346(11)
-0.15465(11)
-0.02290(10)
0.13122(11)
0.05681(9)
0.24117(12)
-0.08862(12)
0.10791(14)
0.19904(14)
0.23899(15)
0.18864(16)
0.09889(16)
0.05732(15)
0.30801(14)
0.32109(16)
0.26912(16)
-0.02933(14)
-0.10285(14)
-0.18413(15)
-0.18940(15)
-0.11601(15)
-0.03351(14)
-0.13341(15)
-0.09173(17)
-0.11051(17)
0.39992(14)
0.42351(16)
0.50755(17)
0.56847(17)
0.54539(17)
0.46188(16)
-0.23545(15)

-

4

-0.04953(12)
-0.01959(11)
-0.07521(10)
0.23286(10)
0.13448(11)
0.12679(12)
-0.22020(10)
-0.16290(12)
-0.13425(12)
0.10066(10)
0.04712(12)
0.01866(12)
0.06135(10)
0.06985(12)
-0.05342(13)
0.13380(14)
0.14341(14)
0.22393(15)
0.28784(16)
0.27373(15)
0.19402(15)
0.08146(15)
-0.01649(18)
0.14449(18)
0.07787(15)
0.02309(15)
0.04791(17)
0.12302(17)
0.17835(16)
0.15510(15)
-0.05951(16)
-0.14490(19)
0.02683(19)
0.11451(15)
0.09357(17)
0.11855(19)
0.1634(2)
0.1839(2)
0.15951(18)
-0.07644(16)

Ueg, A2

0.0657(5)*
0.0553(4)*
0.0577(4)*
0.0492(4)*
0.0542(4)*
0.0586(4)*
0.0605(4)*
0.0690(5)*
0.0691(5)*
0.0564(4)*
0.0640(5)*
0.0603(4)*
0.0292(3)*
0.0325(4)*
0.0340(4)*
0.0285(5)*
0.0291(5)*
0.0331(5)*
0.0368(5)*
0.0358(5)*
0.0301(5)*
0.0314(5)*
0.0433(6)*
0.0413(6)*
0.0295(5)*
0.0302(5)*
0.0374(5)*
0.0395(6)*
0.0366(5)*
0.0307(5)*
0.0351(5)*
0.0462(6)*
0.0452(6)*
0.0314(5)*
0.0397(5)*
0.0497(7)*
0.0534(7)*
0.0530(7)*
0.0427(6)*
0.0360(5)*
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Table 2. Atomic Coordinates and Displacement Parameters (continued)

Atom X y z Ueq, A2

C42 0.15075(19) -0.29930(17) -0.03616(19) 0.0461(6)*
c43 0.1732(2)  -0.39022(18) -0.0566(2)  0.0583(8)*
C44 0.2481(2)  -0.41762(18) -0.1168(2) 0.0601(8)*
C45 0.3113(2)  -0.35434(18) -0.1582(2) 0.0562(7)*
C46 0.29933(19) -0.26370(17) -0.13779(18) 0.0454(6)*

Anisotropically-refined atoms are marked with an asterisk (*). The form of the
anisotropic displacement parameter is: exp[-272(h2a*2Uy| + k2b*2Uny + [2c*2U33 +
2kib*c*Upy + 2hla*c*Uy3 + 2hka*b* Up2)].
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Table 3. Selected Interatomic Distances (A)

Atoml  Atom2  Distance Atoml Atom2  Distance
F11 Cl18 1.339(3) C17 Cl8 1.543(3)
F12 Cl18 1.330(3) C17 Cl19 1.549(3)
F13 C18 1.326(3) Cl17 C3l 1.536(3)
Fl14 Cl9 1.328(3) C21 C22 1.392(3)
FIs Cl9 1.337(3) C2] C26 1.387(3)
F16 Cl19 1.338(3) C22 C23 1.393(3)
F21 C28 1.328(3) C23 C24 1.391(3)
F22 C28 1.325(3) C24 C25 1.381(3)
F23 C28 1.336(3) C25 C26 1.397(3)
F24 C29 1.335(3) C27 C28 1.547(3)
F25 C29 1.331(3) C27 C29 1.544(3)
F26 C29 1.336(3) C27 Ca1 1.537(3)
0 Cil 1.385(2) C31 C32 1.387(3)
0] C21 1.383(2) C31 C36 1.386(3)
NI Cl2 1.409(3) C32 C33 1.386(3)
NI C17 1.452(3) C33 C34 1.376(4)
N2 C22 1.420(3) C34 C35 1.376(4)
N2 C27 1.467(3) C35 C36 1.378(3)
Cil Cl12 1.385(3) C41 C42 1.382(3)
Cll Clé 1.388(3) C41 C46 1.386(3)
Cl12 Cl13 1.390(3) C42 C43 1.389(4)
Cl13 Cl4 1.401(3) C43 C44 1.364(4)
Cl4 Cls 1.383(3) C44 C45 1.378(4)
Cl15 Clé 1.393(3) C45 C46 1.383(3)

Cl16 C26 1.458(3)
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Table 4. Selected Interatomic Angles (deg)

Atoml  Atom2  Atom3  Angle Atom! Atom2 Atom3 Angle
Cll 0 C21  104.37(15) C22 C23 C24  121.3(2)
Cl2 NIl C17  107.28(19) C23 C24 C25 122.7(2)
C22 N2 C27  121.28(17) C24 C25 C26 117.3(2)
0 cl Cl2  122.32(18) Cl6 C26 C21  105.13(18)
0o Cll Cl6 112.46(18) Cl6 C26 C25 136.0(2)
Cl2 Cll Cl6 125.22(19) C21 C26 C25 118.8(2)
N1 Cl12 CIl  116.95(18) N2 C27 C28 105.41(18)
N1 C12 CI3  127.6(2) N2 C27 C29 109.52(18)
Ct1 Cl2 Cl3 115.44(19) N2 C27 C4l 111.47(17)
Ci2 Ci13 Cl4  120.5(2) C28 C27 C29 108.68(19)
Cci3 Cl4 Cl5 122.5(2) C28 C27 C41  107.91(19)
Cla CI5 Cl6 117.8(2) C29 c27 C41  113.48(19)
Clt Cl6 ClI5 118.3(2) F21 C28 F22  107.0Q2)
Cll Cl6 C26 105.28(18) F21 C28 F23  106.0(2)
CIS Cl6 C26  136.3(2) F21 C28 C27 112.0(2)
N1 C17 CI18 104.20(17) F22 C28 F23  107.4(2)
NI C17 C19  109.48(17) F22 C28 C27 111.9(2)
N1 C17 C31  112.94(16) F23 C28 C27 112.1(2)
Cl8 C17 Cl19  109.03(18) F24 C29 F25 106.4(2)
Ci8 C17 C31  107.67(17) F24 C29 F26  106.9(2)
C19 C17 C31  106.7(2) F24 C29 C27 110.97(19)
Fl1 Ci18 FI12  113.07(18) F25 C29 F26 106.9(2)
Fll CI8 F13  124.12(17) F25 C29 C27 111.5(2)
F26 C29 C27 113.7(2)
Fil C18 C17 111.50(19) C17 C31 C32 118.67(19)
F12 CI8 FI13 107.1Q2) C17 C3l C36 122.11(19)
Fl12 Ci8 Cl17 112.6(2) C32 C31 C36 119.1(2)
F13 Cl8 Cl17 111.38(19) C31 C32 C33 120.2(2)
Fl4 Cl19 FI5  107.3(2) C32 C33 C34 120.2(2)
F14 C19 Fl6  106.7(2) C33 C34 C35 119.7(2)
Fl4 C19 Cl7 111.43(17) C34 C35 C36 120.5(2)
Fi5 C19 Fl6 106.59(17) C31 C36 C35 120.2(2)
Fi5 Cl9 C17 113.70(19) C27 C4l C42 123.1(2)
Fl6 Ci9 Cl7 110.7(2) C27 C4l C46 117.9Q2)
0] C21 C22  122.34(19) C42 C41 C46 119.0(2)
) C21 C26 112.65(18) C4l C42 C43 119.8(3)
C22 C21 C26 124.99(19) C42 C43 C44 121.0(3)
N2 C22 C21  118.82(19) C43 C44 C45 119.7(3)
N2 C22 C23  126.3(2) C44 C45 C46 119.9(03)
C2l C22 C23  114.8(2) C41 C46 C45  120.7(2)
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Table 5. Torsional Angles (deg)
Atom! Atom2 Atom3 Atom4 Angle Atoml Atom2 Atom3 Atom4

Angle
C2l O Cll Cl2 -78.67(18) C3t C17 CI18 Fl2 -57.6(2)
C21 O Cl1  Cleé 0.6(2) C3l C17 CI18 FI13  62.7Q2)
Clt O C21  C22175.74(19) NI C17 C19 F14  80.5(2)
Cit O C2l  C26  -2.6(2) NI C17 Cl19 FI15-158.18(18)
Cl7 NI C12  Cll  140.5Q2) NI C17  C19 Fi6 -38.2(2)
Cl7 NI Cl12  Ci13 -42203) C18 C17 C19 Fl14-166.14(18)
Ci2 NI C17  C18 -70.92(19) Ci8 C17 C19 FI5 -44.8()
Cl2 NI C17 C19 -544(2) Ci18 Cl17 C19 Fl6 752(Q2)
Ci2 NI C17  C31 725(3) C3l C17 CI19 Fl4 -46.4(2)
C27 N2 C22  C21 -118.7(Q2) C3l C17 Cl19 FI5 749(Q2)
C27 N2 C22  C23  64.5(3) C3t C17 Cl19 Fl16-165.06(17)
C22 N2 C27  C28 173.04(19) NI C17  C31 C32  26.6(3)
C22 N2 C27 C29  56.3(3) NI C17 C31  C36 -157.3(2)
C22 N2 c27  C41 -70.1Q3) clg Cl17 C31 C32 -87.9(2)
0 Cll Cl12 NI -7.9(3) Cci1g8 C17 C31  C36  88.2(3)
0 Cll  Cl12 Cl3174.43(18) Cl9 C17 C3I C32 151.6(2)
Cl6 Cl1 Cl2 NI 172.89(19) Cly Cl17 C31 C36 -323(3)
Cl6 Cl1 C12 Ci3  -48Q) 0 C21 C22 N2 1.1(3)
0 Cit  Ci6  CI5 -75.18(18) 0] C21  C22 (C23178.26(18)
0 Cilt  Cl6 C26 1.4(2) C26 C21 C22 N2 179.20(19)
Ci2 Cil cCl6e CiI5 4.1(3) c2 C21 C22 C23 -3.7(3)
Ci2 Cll  Cl6 €26 -79.37(19) 0 c21 C26 Clé6 3.4(2)
N1 Cl12 Ci13 Ci4 -1755Q2) 0 C21  C26 C25 -78.02(17)
Cit C12 cC13 Cu4 1.9(3) C22 C21 C26 Cl6 -74.87(19)
Ci2 C13 Ci4 Ci5 1.5(3) c22 C21 C26 C25 3.73)
Ci3 Cl4 C15 Cl6 -22(3) N2 C22 C23 C24 178.0(2)
Cl4 CI15 Cl6 Cll -0.4(3) c21 C22 C23 CAH4 1.1(3)
Cl4 CI5 Cl6 C26 -175.6(2) C22 (C23 C24 C25 1.4(3)
Cit Cie €26 C2i -2.8(2) C23 C24 C25 C26  -1.403)
Cll Cl6 C26 C25 179.02) C24 C25 C26 Ci6 177.02)
Cls Cl6 C26 C21 172.8(2) C24 C25 C26 C21i -1.0(3)
Cls Ci6 C26 C25 -54(4) N2 C27 C28 F2i 55.0(2)
NI C17 Ci18 Fil  61.6(2) N2 C27 C28 F22 175.2(2)
NI Cl7 Cl18 FI2-177.77(19) N2 C27 (C28 F23  -64.0(2)
N1 C17 Ci18 FI3  -57.5(2) C29 C27 C28 F21 172.38(19)
Cl9 Cl17 C18 Fil  -552(3) c29 C27 C28 F22 -67.4(3)
Cl9 C17 CI8 FI2  654(2) C29 C27 C28 F23  53.4()
Cl9 CI7 Ci8 FI3-174.29(18) Cc41  C27 C28 F21  -64.2(2)
C3l C17 CI8 FI11-178.23(19) C41 C27 C28 F22  56.003)
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c4l €27 C28 F23 176.81(19)
N2 C27 C29 F24 -73.4(2)
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Table 5. Torsional Angles (continued)

Atoml Atom2 Atom3 Atom4  Angle Atom!l Atom2 Atom3 Atomd

Angle
N2 C27 C29 F25 45.1(3) Ci¢ C31 (C32 C33 0.94)
N2 C27 C29  F26 166.03(19) Cl17 C31 (C36 C35 -176.7Q2)
C28 C27 C29 F24 171.94(19) C32 C31 C36 C35 -074)
C28 C27 C29 F25 -69.6(2) C3l C32 (C33 C34 -074
C28 C27 C29 F26  51.3(3) C32 (C33 C34 (35 0.4(4)
C41  C27 C29 F24  51.9Q3) C33 C34 C35 C36 -034
C41 C27 C29  F25170.32(19) C34 C35 C36 C3l 0.4(4)
c41 C27 C29 F26  -68.7(3) C27 C41 C42 C43 178.4(2)
N2 C27 C41 C42 141.8(2) C46 C41 C42 C43 0.9(4)
N2 C27 C41 C46  -40.7(3) C27 C41 C46 C45 -177.9(2)
C28 (C27 C41 C42 -102.9(3) C42 C41 C46 C45  -03(4)
C28 C27 C41 C46  74.6(3) C4l C42 C43 C44  -074)
C29 (C27 C41 C42  17.6(3) C42 C43 C44 Cas5  -0.1(4)
C29 (C27 C41 C46 -164.9(2) C43 C44 C45 C46 0.7(4)
Cl7 C31 C32 C33 177.02) C44 C45 C46 C4l -0.5(4)
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Table 6. Anisotropic Displacement Parameters (Ujj, A2y

Atom
Fl1
F12
F13
Fi4
F15
F16
F21
F22
F23
F24
F25
F26
0
NI
N2
Cll
Cl2
C13
Cl4
Ci5
Cl6
C17
Cl8
Cl9
C21
C22
C23
C24
C25
C26
C27
C28
C29
C31
C32
C33
C34
C35
C36
C41

Ui
0.0893(11)
0.0637(9)
0.0860(11)
0.0398(7)
0.0282(7)
0.0524(9)
0.0682(10)
0.0483(9)
0.0830(12)
0.0535(9)
0.0650(10)
0.0344(8)
0.0314(7)
0.0400(10)
0.0349(10)
0.0252(10)
0.0254(10)
0.0319(11)
0.0315(11)
0.0287(11)
0.0236(10)
0.0310(11)
0.0565(15)
0.0310(12)
0.0256(10)
0.0280(10)
0.0358(12)
0.0364(12)
0.0301(11)
0.0260(10)
0.0326(11)
0.0447(14)
0.0368(13)
0.0337(11)
0.0389(12)
0.0448(14)
0.0626(17)
0.0549(16)
0.0370(12)
0.0349(12)

U2z
0.0435(9)
0.0463(8)
0.0563(9)
0.0664(10)
0.0627(10)
0.0408(8)
0.0739(11)
0.0806(12)
0.0477(9)
0.0779(11)
0.0528(10)
0.0722(10)
0.0285(8)
0.0334(10)
0.0353(10)
0.0346(11)
0.0334(11)
0.0345(12)
0.0485(14)
0.0474(14)
0.0376(12)
0.0308(11)
0.0341(13)
0.0419(14)
0.0292(11)
0.0312(11)
0.0314(12)
0.0311(12)
0.0403(13)
0.0346(12)
0.0357(12)
0.0423(14)
0.0489(15)
0.0320(11)
0.0374(13)
0.0458(15)
0.0375(14)
0.0433(15)
0.0441(14)
0.0343(12)

Uss
0.0623(11)
0.0549(10)
0.0307(8)
0.0415(9)
0.0718(11)
0.0827(12)
0.0393(9)
0.0772(12)
0.0757(12)
0.0380(9)
0.0749(12)
0.0747(11)
0.0276(8)
0.0240(10)
0.0320(10)
0.0255(11)
0.0286(12)
0.0329(13)
0.0301(12)
0.0310(12)
0.0292(12)
0.0322(12)
0.0386(14)
0.0507(16)
0.0340(12)
0.0316(12)
0.0452(14)
0.0514(16)
0.0393(14)
0.0316(12)
0.0369(13)
0.0513(17)
0.0500(16)
0.0283(12)
0.0429(14)
0.0587(18)
0.0602(18)
0.0613(18)
0.0472(15)
0.0387(14)

Uas Uz Un
-0.0074(7)  -0.0464(9)0.0013(8)
0.0023(7)  -0.0237(7)0.0161(7)
0.0052(7)  -0.0009(8)0.0128(8)
0.0104(7)  0.0046(6) -.0025(7)
0.0032(8)  -0.0033(6)0.0003(6)
0.0034(8) 0.0026(8) -.0149(7)
0.0096(8)  -0.0029(7) -.0037(8)
0.0164(9)  -0.0241(8) -.0169(8)
0.0048(8) -0.0199(9)0.0133(8)
0.0003(8) 0.0092(7) -.0055(8)
-0.0216(8)  0.0216(8) -.0005(8)
-0.0043(9)  0.0124(7) -.0019(7)
-0.0019(6) -0.0021(6) -.0009(6)
-0.0034(8)  -0.0019(8) 0.0061(8)
0.0036(8) 0.0029(8) -.0095(8)
-0.0027(9)  -0.0001(8) -.0037(8)
-0.0002(9)  0.0011(8) -.0015(8)
-0.0066(10)  -0.0014(9) -.0016(9)
-0.0075(11)  -0.0052(9)-0002(10)
0.0017(10) -0.0050(9)-0.0042(10)
0.0014(9) 0.0018(8) 0.0000(9)
-0.0002(9)  -0.0055(9) 0.0022(9)

-0.0021(11)-0.0150(12)-0.0041(11)
0.0020(12)-0.0050(11)-0.0031(10)
0.0030(9)  0.0055(9)0.0006(8)
-0.0005(9)  0.0047(9)-0.0030(9)
-0.0025(10)  0.0054(10)-0.0015(9)
0.0056(11) 0.0056(11)-0.0058(9)
0.0064(11)  0.0023(9)0.0033(9)
0.0025(9)  0.0041(9)-0.0001(9)
0.0001(10) 0.0015(10)-0.0036(9)
0.0033(12)-0.0068(12)-0.0063(11)
-0.0039(13) 0.0056(11)-0.0031(11)
-0.0030(9)  -0.0024(9) 0.0010(9)
-0.0057(11) 0.0070(10)-0.0024(10)
-0.0059(13) 0.0088(12)-0.0146(12)
-0.0153(13) 0.0070(14)-0.0131(12)
-0.0202(13) 0.0118(13)-0.0011(12)
-0.0104(12) 0.0043(11)-0.0017(10)
-0.0001(10) -0.0045(10)-0.0060(9)
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Table 6. Anisotropic Displacement Parameters (continued)

Atom Un U2 Uss U3 U3 Ui

C42 0.0427(13)  0.0426(14)  0.0531(16)  0.0019(12)-0.0001(11)-0.0069(11)
C43 0.0582(17)  0.0397(15)  0.077(2) 0.0068(14)-0.0064(15)-0.0127(13)
C44 0.0597(17)  0.0350(14)  0.085(2) -0.0094(14)-0.0162(16)-0.0010(13)
C45 0.0518(15)  0.0485(16)  0.068(2) -0.0185(14) -0.0011(14)0.0028(13)
C46 0.0429(13)  0.0437(14)  0.0499(16) -0.0102(12) 0.0057(11)-0.0060(11)

The form of the anisotropic displacement parameter is:
exp[-272(h2a*2U) ) + k2b*2Up; + 2c*2Us3 + 2kib*c* Uaz + 2hla*c* Uy 3 + 2hka*b*U)))
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Table 7. Derived Atomic Coordinates and Displacement Parameters for Hydrogen

Atoms

Atom X y z Uegs A2
HIN 0.3552 0.2260 0.0133 0.039
H2N 0.3345 -0.0522 -0.0981 0.041
13 0.4179 0.3009 0.2357 0.040
H14 0.5161 0.2173 0.3430 0.044
H15 0.5603 0.0667 0.3170 0.043
H23 0.4180 -0.2370 0.0129 0.045
H24 0.5350 -0.2458 0.1368 0.047
H25 0.5732 -0.1214 0.2301 0.044
132 0.4446 0.3819 0.0620 0.048
H33 0.5111 0.5231 0.1047 0.060
H34 0.4044 0.6262 0.1801 0.064
H3S 0.2321 0.5873 0.2151 0.064
H36 0.1650 0.4467 0.1736 0.051
H42 0.1068 -0.2811 0.0054 0.055
H43 0.1297 -0.4340 -0.0282 0.070
H44 0.2566 -0.4800 -0.1301 0.072
H45 0.3630 -0.3730 -0.2008 0.067
H46 0.3434 -0.2203 -0.1661 0.054
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