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Abstract

Palladium/copper catalyzed cross-coupling methodology involving terminal alkynes
and arylhalides provided a general route to a series of rigid-rod 1,4-bis(p-R-
phenylethynyl)benzenes (R-CgH4-C=C-CgH4-C=C-CgH4-R, BPEB) and their partially
and fully fluorinated analogs. Liquid crystal (LC) studies have demonstrated that a change
in terminal substituents or fluorination of various parts of the moiecule can affect not only
the melting and clearing points but also the type of liquid crystalline phases that are formed.
Extensive single crystal X-ray diffraction studies have been conducted in order to attempt to
correlate the solid state crystalline structures with their liquid crystalline phase behaviors.
An analysis of the molecular packing in crystals of the four parent BPEBs containing 0, 4,
10, or 14 fluorines, and three related tolan (CgHs5-C=C-CgHs) derivatives as well as
several co-crystals is described, with particular emphasis being placed on the intermolecular

interactions between phenyl and perfluorophenyl units.

In connection with the development of catalyst systems for the diboration of
unsaturated organic substrates, a detailed study on the oxidative addition of the B-B bond
in (RO);B-B(OR); diboron compounds to low valent late transition metals Co(0), Ir(I) and
Rh(I) has been carried out. Several interesting metal boryl [M-B(OR);] complexes were
synthesized and characterized by X-ray crystallography. The paramagnetic Co(II)
bis(boryl) [cis-Co(PMe3)3(Bcat)z] (cat = 1,2-02CgHy) is the first well characterized Co
bis(boryl) complex and the small B-Co-B bond angle indicates a possible remaining B---B
interaction. Likewise, the novel Rh(I) mono(boryl) [Rh(PMe3)4(Bcat)] and Rh(III)
tris(boryl) [fac-Rh(PMe3)3(Bcat)3] complexes were obtained by reactions of
[Rh(PMe3)4Me] with one or two equivalents of B;caty, respectively. The Ir(IIT) bis(boryl)
[cis-fac-Ir(PMe3)3Cl(Bcat),] is the first bis(boryl) complex with two distinctive boryl

environments.
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It has also been found that Rh(I) complexes such as [Rh(PMe3)s4Me] and
[CpRh(PMe3),] can react with Bjcats, a reagent which has always been considered to be
an undesired side product in the metal catalyzed hydroboration and diboration processes.
The rational design of reactions between Bycat3 and [(acac)RhL;] led exclusively to the
formation of (acac)Bcat and a series of novel zwitterionic complexes [(n%-Bcat;)RhL3] (L =
C;H4, COE, PPhyMe; Ly = COD, dppm, dppe, dppp, dppb, dppf), some of which have
been demonstrated to be extremely efficient hydroboration catalysts. This (acac)RhL> /
Bscat3 system was readily applied to the catalytic addition of Bjcat; to 4-vinylanisole, and
the reaction was complete within one hour with 89% of the desired 1,2-bis(boronate)ester
product formed when 4 mol% (acac)Rh(dppm)/B;cat3 was employed. Moreover,
diborations of unstrained internal alkenes such as trans-stilbene and trans-p-methylstyrene
were realized for the first time and with excellent selectivities by applying the

(acac)Rh(dppm)/Bycat3 catalyst system.
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Chapter 1
Scope and Organization of the Thesis

This thesis presents our work on two main projects: (i) Pd/Cu catalyzed cross-
coupling reactions between arylhalides and terminal acetylenes, and (ii) transition metal
boryl chemistry and Rh(I) catalyzed diboration of alkenes. Chapters 2 and 3 illustrate
the Pd/Cu catalyzed cross-coupling methodology and its applications to the synthesis of a
wide range of rigid-rod symmetric 1,4-bis(p-R-phenylethynyl)benzenes (BPEB) and their
partially and fully fluorinated analogs. Chapters 4 and 5 describe the B-B bond activation
in B2(OR)4 diboron compounds by low valent group 9 transition metals and Rh(I)
catalyzed diboration of alkenes. Chapter 6 concludes our work and attempts to apply the

knowledge gained from both projects to propose a few ideas for future work.

In addition to the above symmetric BPEBs, several unsymmetrically substituted
BPEB compounds have also been synthesized for nonlinear optics (NLO), as have a
series of symmetrically and unsymmetrically substituted bis(p-R-phenyl)acetylenes
(tolans) and trans-1,2-bis(p-R-phenylethynyl)ethenes. However, these are not included in
the thesis because some of the physical property measurements are not complete at this
time. The study of rigid-rod phenylacetylene derivatives as multifunctional materials is
a continuing research theme in our laboratory, for which many physical measurements
are being carried out in collaboration with several research groups in England and France.
Therefore, other researcher's contributions, where necessary, will be discussed and

acknowledged in the appropriate sections of the thesis.

Chapter 2 reviews the discovery and development of the Pd/Cu catalyzed cross-
coupling methodology for the synthesis of arylacetylene derivatives. It provides a

powerful tool for the construction of phenylacetylene based organic and polymeric



functional materials. A wide variety of cyclic or acyclic, straight or branched
phenylacetylene oligomers, polymers and dendrimers have been synthesized in recent

years.

In Chapter 3, we present our work in the Pd/Cu catalyzed synthesis of a series of
symmetric 1,4-bis(p-R-phenylethynyl)benzenes (BPEB) and their partially and fully
fluorinated analogs. Due to their conjugated structures, these molecules have
considerable potential as fluorescent and electroluminescent materials. Moreover, their
rod-like geometry makes them ideal model compounds for the study of thermotropic
liquid crystalline behavior. The widely used long chain aliphatic end groups are not
required for many of them to achieve stable meso phases, thus enabling us to grow
reasonably large high quality single crystals of our materials. Extensive single crystal X-
ray diffraction studies have been conducted, particularly, a detailed molecular packing
analysis is presented on the parent BPEB (CgHs-C=C-CgH4-C=C-CgHs, 1a) and tolan
(CeHs-C=C-C¢Hs, 13), and their partially and fully fluorinated analogs, which reflects
the characteristic features of molecular interactions between phenyl and perfluorophenyl
units. One interesting example is that two partially fluorinated BPEBs, CgHs-C=C-
CeF4-C=C-CgHs (8a) and CgFs-C=C-CgH4-C=C-CgF5 (8a) readily form co-crystals
with alternative parallel intermolecular phenyl-perfluorophenyl interactions. Furthermore,
the co-crystals exhibit a characteristic liquid crystal phase with a range of about 10°C.
The two components, on their own, show no or only transient tendency to liquid

crystallinity when heated.

Transition metal boryl complexes are currently of great interest because they play
an important role in the catalytic addition of B-E (E = H, B, Si, Sn) bonds to alkenes and
alkynes. In Chapter 4, oxidative addition of B-B bonds of several diboron compounds
of the form B3(OR)4 to low valent metal complexes has been examined. Thus, Bscaty

(cat = 1,2-02CgHy) adds readily to [Co(PMe3)4] and [Ir(PMe3)3CI(COE)] (COE = cis-



cyclooctene) resulting in a paramagnetic Co(II) bis(boryl) cis-[Co(PMe3)3(Bcat);] and a
diamagnetic Ir(III) bis(boryl) mer-trans-[{Ir(PMe3)3Cl(Bcat);] complex, respectively.
Likewise, Bjcaty reacts with [Rh(PMe3)4Me] to generate both mono(boryl)
[Rh(PMe3)4Bcat] and tris(boryl) fac-[Rh(PMe3)3(Bcat)3] complexes respectively when 1
or 2 equivalents of Bjcat; are employed. However, the alkoxy analogs such as Bopiny
(pin = pinacolate) only form the mono(boryl) complex [Rh(PMe3)4Bpin] even when 3
equivalents of Bopiny are added, which indicates the relative reactivities of different
diboron reagents. These electron rich Rh(I) mono(boryl) compounds [Rh(PMe3)4B(OR);]

are important for further reactivity and catalytic studies.

Chapter 5 reports the reactions between Bjcat3 (triscatecholato diboron) and
some Rh(I) complexes. The finding of a simple and direct route to [(n%-Bcatz)RhL;]
zwitterionic complexes via reaction of [(acac)RhLj] with Bjcat3 is a major synthetic
breakthrough. The combination of [(acac)RhL ;] and Bjcat3 thus provides easy access to
a variety of complexes of ligands such as COE, COD, and monodentate or bidentate
phosphines, and they were spectroscopically or crystallographically characterized. This
series of zwitterionic complexes has been applied to the catalytic addition of Bjcaty to 4-
vinylanisole, and excellent efficiency as well as selectivity has been achieved when [(1n®-
Bcaty)Rh(dppm)] is employed as the catalyst. The scope of applications of the binary
catalyst system [(acac)Rh(dppm)]/ Bjcat3 has been expanded to other alkenes. It has
been demonstrated that it is also an effective catalyst for the diboration of unstrained

internal alkenes.

Finally, Chapter 6 provides brief overall conclusion on the results of the present
work, and presents some suggestions to extend the functionality of the BPEBsS, to further
the application of Pd catalysis in organoborane synthesis, and to apply our knowledge on

the arene-perfluoroarene interactions in organic synthesis and crystal engineering.



Chapter 2
Pd/Cu Catalyzed Cross-Coupling Reactions
of Arylhalides with Terminal Alkynes as a Route

to a Variety of Functional Materials

2.1 Introduction

In recent years, the palladium-catalyzed cross-coupling reaction has evolved as a
powerful tool for carbon-carbon bond formation in organic synthesis. The common
feature of this palladium chemistry is that organic halides or triflates undergo facile
oxidative addition to Pd(0) to form complexes [PdLy(R)(X)] (1) which have a Pd-C
bond.! Then, in general, two transformations of these intermediate complexes follow:
insertion or transmetallation. Unsaturated compounds such as alkenes and conjugated
dienes can insert into the Pd-C bond, followed by B—hydride elimination. This forms the
basis for the notable Heck reaction,?2 which is the cross-coupling of aryl or alkenyl
halides with alkenes. Alternatively, transmetallation can take place with main group
organometallic compounds of Li, Mg, Zn, B, Al, Sn, Si, Hg, etc., and the reaction
terminates by reductive elimination. Among those nucleophilic reagents, organotin3 and
organoboron4 compounds are particularly attractive and have found widespread
applications; these processes are generally referred to as the Stille reaction3 and the

Suzuki-Miyaura# coupling reaction, respectively.



Pd(0)
R-X —— R-Pd-X —

1 R'-M

» R-Pd-R* —> R-R

R, R' = aryl, alkenyl, alkynyl, alkyl, acyl
X = halides, triflates
M = main group metals (Li, Mg, Zn, B, Al, Sn, Si, Hg)

Scheme 2.1 Palladium-catalyzed cross-coupling reactions.

Over the past several years, we have been particularly interested in the cross-
coupling reaction involving arylhalides with terminal alkynes for the preparation of a
variety of rigid-rod phenylacetylene derivatives. We have synthesized a series of -
conjugated organic and organometallic complexes and investigated their linear and
nonlinear optical (NLO) properties as well as their liquid crystalline (LC) phase
behaviors.5 In this chapter, a brief discussion will be presented on the methodology of
Pd/Cu catalyzed cross-coupling reaction of arylhalides with terminal alkynes, and its

application in the synthesis of various phenylacetylene-based functional materials.

2.2 Pd/Cu Catalyzed Cross-Coupling of Arylhalides with Terminal Alkynes.

In the early 1960s, Castro and co-workers® reported that a variety of
diphenylacetylenes (tolans) could be obtained in good yield by reacting aryl iodides with

cuprous acetylides in refluxing pyridine (Reaction 2.1).

N
|,
N
Arl + CuC=CAr —— ArC=CAr + Cul (2.1)



This method, known as the Castro coupling reaction, generally gives very clean
products, and it is still in wide use today. One interesting example is the synthesis of a
cyclic thiophene acetylene compound (2) 7 (Reaction 2.2). It has also been applied by
Gladysz et al.8 to synthesize metal-capped oligomers of sp carbon atoms or "molecular
wires”. However, it is not a very convenient method for organic chemists because
cuprous acetylide complexes must be prepared prior to use. Therefore, modifications of

this type of reaction were developed.

s; \Z
//C/H C“
/ \ 1.CuSO4, NH4OH, NH,OH.HC]l, EtOH C N
I A L 7\ B (2.2)
. Py, reflux C=C P

2

Suzuki et al.? in 1989 demonstrated that copper (I) species can promote the reaction of
vinyl halides with terminal alkynes directly, but, as with the Castro reaction, a
stoichiometric amount of copper salt is needed. In 1992, Miura et al.102.b found that aryl
and vinyl iodides react smoothly with terminal alkynes in the presence of a catalytic
amount of Cul (5 mol%) using KoCO3 as base in DMF or DMSO at 120°C when an
appropriate amount of PPh3 is added. They observed that the addition of PPh3 is
essential for the reaction to proceed catalytically. Recently, Kang et al.!0¢ also reported
that Cul can catalyze the Stille coupling reaction in the presence of sodium chloride

without using palladium.

In 1975, Cassar!! and Heck!2 simultaneously discovered that palladium
phosphine complexes can catalyze the coupling of aryl halides with terminal alkynes in
the presence of a base (NaOCH3, or amine) under mild conditions. The reaction was
proposed to undergo an initial oxidative addition of arylhalide to Pd(0) to form the Pd-C

complex intermediate 1, followed by an attack of an incipient acetylide anion to 1 and



terminated by reductive elimination of the product. Later that year, Sonogashira et
al.!13 demonstrated that addition of Cul as a co-catalyst gives better results. It has been
proposed that Cul activates alkynes by forming a copper acetylide!4, which undergoes
transmetallation with arylpalladium halide to form the alkynylarylpalladium species.
Now, this Pd/Cu catalyzed coupling reaction of aryl or vinyl halides with terminal
alkynes is generally called the Sonagashira coupling reaction (Reaction 2.3).!5 Although
some recent reports indicated that the coupling also proceeds smoothly without the
addition of Cul on some occasions,!6 or, as indicated above, Cul alone can catalyze the
coupling reaction,!0 the palladium-copper catalytic system is always superior to the
single catalyst systems in terms of higher reactivity and milder conditions, and thus it has

found the widest application in the synthesis of aryl acetylene derivatives.

Pd(PPh3),Cl>-Cul
Ar-I + H-C=C-R CrhaLh s » Ar-C=C-R (2.3)
EtNH, r.t.

Pd(0) complexes such as Pd(PPh3)4 can be used as a catalyst for the above
coupling reaction, or, the other commercially available and yet air-stable Pd(0) complex
Pd(dba); (dba = dibenzylideneacetone) is more conveniently used in combination with
phosphine ligands. However, the Pd(II) complex Pd(PPh3),Cl; is, above all, the most
widely used catalyst precursor. It is air-stable and can be employed directly to the
reaction system. Other forms of Pd(II) complexes have also been employed such as
PdCly/PPh3, Pd(OAc),/PPh3, Pd(PhCN)>Cly/PPh3, Pd(PPh3)2(0OAc),, PAI(Ph)(PPh3),,
etc.!7 Pd on carbon and PPh3!82 or on glass!8bis also an active catalyst. A plausible
mechanism for the Pd(IT)/Cu(I) catalyzed cross-coupling of terminal alkynes and aryl
halides was proposed by Sonogashira in 1975 (Scheme 2.2).13 The initial step involves
reduction of Pd(II) to the active catalytic Pd(0) species, "Pd(PPhs3),", via oxidative
homocoupling of the alkyne to give one equivalent of the 1,3-butadiyne. The actual

chemical nature of the highly reactive, and coordinatively unsaturated Pd moiety is



unknown. It has been proposed recently to exist as an aggregate mixture of anionic
species, [Pd(PPh3),Cl]52-, [Pd(PPh3);Cl]" and [Pd(PPh3)>Cl2]2-.19 The catalytic cycle
begins with the oxidative addition of an aryl halide to the Pd(0) center to form
(PPh3); Pd(Ar)(X), followed by a trans-metallation reaction which gives
(PPh3);Pd(Ar)(C=CR), and finally C-C bond reductive elimination to afford ethynylarene

and regenerate Pd(PPhj3)).
(PPh,),PdCl,
HC=CR
CUI/E(‘_)_NH
[NEt,H,]Cl
(PPh3),Pd(C=CR),
RC=CC=CR
ArC=CR (PPh4),Pd°
(Ph3P)» P
HC=CR
(Ph3P)2P Cl.lI/Et‘)
[NEtH,]1X

Scheme 2.2 Proposed mechanism for the Pd/Cu catalyzed cross-coupling of arylhalides

with terminal alkynes.



Monosubstitution of acetylene itself is not easy. Therefore, protected acetylenes
are used to make various terminal arylacetylenes, among which trimethylsilylacetylene
(HC=C-SiMe3)20 is the most widely used. After the coupling, the silyl group can be very
easily removed by treating with dilute alkaline solution (KOH or K;CO3) in methanol or

with fluoride anion at room temperature (Reaction 2.4). Another much less

7_.N_x HC=C-Si(CH Pd(PPhyCl-Cul
R + =C-Si(CH3)3 T

/N c=c-si(CH KOH (@) | //:\>_C_=C-H
RQ_ HEH) McOH = RR=

expensive masked acetylene is 2-methyl-3-butyn-2-ol (HC=C-C(OH)Me>), but the

deprotection step requires much harsher conditions, such as refluxing with KOH or
NaOH in toluene or butanol.2! Also, the liberation of acetone will not proceed smoothly
if the aromatic ring is substituted by strong electronic donor groups such as HaN, Me;N,
etc.; so its application is relatively limited. =~ An interesting example is the one-pot

synthesis of dehydro[12]annulene (3) from 1,2-dibromobenzene 21d (Reaction 2.5).

C):OH C)vOH

Z z

Bl’ H-CEC"‘kOH C/ C

X - I - L
Br Pd/Cu Br Cs

-~
63% 4%

OH
Pd/Cu|NaOH, A

-H 2C ;

2C c”
O | O e

36%
Br G

4

B
3

(2.4)



Due to the different reactivity of C-X bonds towards oxidative addition to the
Pd(0) center, the reactivity of the aromatic halides towards coupling with terminal
alkynes decreases in the order of I > Br >> Cl. Likewise, the reactivity of substituted aryl
halides decreases in going from electron-withdrawing substituents to unsubstituted aryl
halides to electron-donating substituents. So, aryl iodides, when possible, are preferred,
particularly in the synthesis of elongated conjugated phenylacetylene oligomers.
Otherwise, aryl iodide can be obtained by halogen exchange reactions.’} For example,
the useful synthon 4-(trimethylsilylethynyl)phenyliodide was synthesized from

commercially available 1-bromo-4-iodobenzene in 80% overall yield22 (Reaction 2.6).

Pd(PPhy)-Cla-Cul, EtNH
BY_O— I + HC=C-Si(CH3)3 p— -
(4

(i) Bu'Li, Et, -78°C
Br—©-c_=C—Si(CH3)3 — I—@-—CEC-Si(CH3)3 (2.6)
(i) b, Et0, -78°C

94 %

However, the best method of obtaining aryl iodides was identified by Moore.23 Thus,
N,N-dialkylaryltriazenes can be transformed to aryl iodides in high yield by treatment
with iodomethane or I at ca. 100°C (Reaction 2.7). The triazene group is stable to
conditions used in Pd/Cu catalyzed cross-coupling reactions as well as those used to
unmask the terminal alkynes protected by a SiMe3 group, so it can serve as an excellent
protecting group for iodide. Moreover, the SiMe3 group is also stable to the conditions
used in the triazene to iodide transformation. Therefore, these two protecting groups are
complementary to each other for the cross-coupling reaction under discussion, and

numerous conjugated arylacetylene oligomers have been synthesized.

(/\:\>_ (i) HCI, NaNO, 7 N\ Melor I 7 N\ 27
R NH; -5 KALO; HNEt, >R/— N=N-NEt; 5 To0°C RQ_ : @7
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2.3 Phenylacetylenic Compounds as Building Blocks for Functional Materials

In the past decade, acetylene chemistry has experienced a major renaissance in
modern organic chemistry.24 Phenylacetylenic compounds, in particular, provide a
conjugated and rigid scaffolding that can be further incorporated with a wide variety of
functionalities. They have been extensively studied in the last several years as suitable
building blocks for a wide variety of functional materials. This topic has been reviewed
twice by Moore recently.25 Thus, this section is not intended to be comprehensive, but

rather, only a few selected examples are given.

2.3.1 Arylethynylene Polymers and Oligomers

Poly(phenylene ethynylene)s (PPE) are an important class of conjugated polymers
exhibiting properties such as photoluminescence, electronic conductivity and nonlinear
optics.26 They were conveniently obtained by the cross-coupling of aryl dihalides with
aryldiacetylenes, and the ortho-, meta- and para- PPEs were all synthesized.2”7 Polymers
with other functional units such as thiophene, pyridine, 28 2,2'-bipyridine,29 optically
active binaphthol30 etc. were also very easily prepared by the same cross-coupling
methodology. The polymerization of aryl diiodide with acetylene gas was reported to
take place in an aqueous medium3! (Reaction 2.8). This Pd/Cu catalytic system works
smoothly in the presence of water. However, in order to obtain characterizable PPEs of
high molecular weight, it is necessary to maintain solubility by using long chain alkyl- or

alkoxy-substituted arenes.27¢.k

Pd(OAc), Cul
I—@-—I + H——H - +©—:—)— (2.8)
HO-MeCN (1:3) n

11



2.3.2 Precisely Defined Oligomers and Polymers

Due to the statistical nature of the polymerization process, the above cross-
coupling reactions generate polydisperse materials, that is, polymer chains with varying
molecular weights. However, there is a growing interest in the past several years in the
study of precisely defined systems.32 Such oligomers and polymers with precise length
and constitution can serve as excellent models for their corresponding polydispersive
macromolecular analogs. They are far easier to characterize, furthermore, they may
exhibit distinctive unique properties in applications such as molecular device or
nanotechnology.33 Toward this end, phenylacetylene has been widely chosen as a
versatile building block, and the efficient Pd/Cu catalyzed cross-coupling methodology
has been extensively applied to the construction of both straight chain and branched,

monodisperse, sequence-specific phenylacetylene oligomers and polymers.25. 322

Using trimethylsilyl and triazene as protecting groups and starting from
compound 4, Tour34 has successfully applied an iterative divergent/convergent approach
to synthesize a series of oligo(p-phenylene ethynylene)s (Figure 2.1). In each step, the
monomeric unit is doubled. The only limitation of this growing method is the solubility
of the resulting products. Thus, with R = 3-ethylheptyl, a 16-mer compound (5) was
isolated and well characterized. It has an estimated length of 128 A, and has been
expected to act as a "molecular wire"332. The modemn state-of-the-art nanopatterning
techniques allow lithographic probe assemblies to be engineered down to the 100 A gap
regime, and 5 exhibits two reactive termini which could be used to “clip" the molecular
wire to the metal electrodes. The analogous oligo(thiophene ethynylene)s were also
obtained in a similar fashion.35 Later, Moore and co-workers36 developed a solid-phase
method to simplify the purification process and to increase the reaction rates. They

demonstrated that the synthesis of a meta-poly (phenylene ethynylene) chain attached to a

12



polystyrene support can be performed in a similar iterative manner to give a 64-unit

chain.

R
Et2N3—©—Z—SiMe3
4

/\b\

R R

i = g S
C

Y
E[er{‘O—E}‘SiMQ
2

R

16

5

Figure 2.1 The iterative divergent/convergent synthetic approach to the linear
phenylacetylene oligomers. (a) K;CO3;, MeOH, 23°C; (b) Mel as solvent, 120°C, in
a screw-cap tube; (c) [Pd(dba);] (5 mol%), Cul (10 mol%), PPh; (20 mol%),
Pr',NH/THE (1:5), 23°C.

It is a very interesting topic to analyze the possible conformations that these
highly conjugated phenylacetylene oligomers may obtain. The para-poly(phenylene

ethynylene)s (5) may adapt a pseudolinear straight chain structure so that they can be



applied as a molecular wire. While the credibility of this statement may still be in
question, the meta- analogs, however, have been demonstrated recently by Moore and co-
workers37 (for chains with n > 8) to readily coil into a helix in solution, which is one of
the basic folding motifs of proteins, and thus form a cavity which has potential
application in molecular recognition etc. In Figure 2.2, an octadecamer 6 is depicted in
a representative random coil conformation, but both computational and spectroscopic
studies have shown that it adapts a compact helical conformation in polar solvents. This
new "foldamer", like proteins, can be made to fold, unfold, and then fold again. It was
reasoned that intramolecular aromatic stacking maximizes solvent interactions with the
polar side chains, maximizes aromatic-aromatic contacts, and minimizes interactions of
hydrocarbon backbone with solvent. This is the first example of the solvophobically
driven folding of nonbiological polymers, and more studies on this aspect are expected to

come in the near future.

The above acyclic oligo(phenylene ethynylene)s have also been cyclized into
various sized phenylacetylene macrocycles by utilizing the same Pd/Cu catalyzed cross-
coupling methodology. These well-defined macrocycles of precise size and functionality
have potential use in the construction of supramolecular assemblies. Here, only one
example38 is shown below (Fig. 2.3). Compound 7 with a cavity size of 22 A was
synthesized in 70% yield. By applying different topologies such as altering substitution
positions and different degrees of linking, many other related macrocycle systems were

obtained by Moore's group and others.39
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Our understanding of polymers has changed to some extent since 1985 when
Tomalia and Newkome40 discovered a new type of polymer - dendritic macromolecules.
Dendrimers are structures that possess cores with successively increasing branches of
precise length and constitution. It is not surprising to see that the phenylacetylene
architecture has been extensively applied to the construction of the only type of fully
conjugated dendrimers to date.4! The obstacle of solubility problems were readily
overcome when 3,5-di-tert-butylpheny!l groups were utilized as termini. As a matter of
fact, Moore and co-workers stated that the solubility increases with increasing generation
beyond the 15-mer.  Sophisticated rapid growing methods such as the "double
exponential growth” 4!€¢ were developed to obtain very large dendrimers, such as the 127-
mer4!b (Figure 2.4), which has a chemical formula of Cj39gH 278 (18.1 KDa). Even
larger systems such as a 255-mer (C3g66H3079N3, 39.957 kDa) were able to be
synthesized in pure form.4!¢ These giant molecules are believed to have the potential to
function as an energy funnel for electronic excitations, etc. The solid-phase synthetic
approach was also readily applied to the synthesis of dendritic or hyperbranched
macromolecules, and it was found that the confined spaces that exist when a dendrimer
attaches to the solid-support provide a means to control the molecular weight in

hyperbranched polymerizations.42
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Chapter 3

Synthesis, Crystal Structure, and Liquid Crystalline Phase Behaviors of
Rigid-Rod 1,4-Bis(phenylethynyl) benzene (BPEB) Derivatives

3.1. Introduction

The synthesis of rigid conjugated organic molecules with novel structural,
electronic and optical properties is currently an area of intensive activity.! Among all the
construction strategies, phenylacetylene is certainly one of the most widely used building
blocks for these materials.2 The simple diphenylacetylene (tolan) derivatives, have long
been demonstrated to exhibit reasonably large second order nonlinear optical (NLO)
properties,32-¢ good fluorescent properties,3f8 as well as liquid crystalline behaviors.3h-!
Recently, much more effort has been put forward to the more extended oligomeric
structures4-6 (see previous chapter). The linear oligo(phenylene ethynylene) molecule
with a precise length of 128 A (16-mer) was reported,4b and the structurally related 64-
mer was also prepared by the solid-phase synthetic method.4c Tritopic 1,3,5-
tris(cyanophenylethynyl)benzenes have been used as ligands to construct infinite
coordination networks with metals,2-¢ and other branched poly phenylethynyl-
substituted benzene systems exhibit interesting third-order optical nonlinearity 59 or
discotic liquid-crystalline phase behaviors.5¢f In the meantime, macrocycles based on
phenylacetylene were synthesized by several different research groups.6 The syntheses
of fully conjugated rigid oligo(phenylene ethynylene) dendrimers and hyperbranched

macromolecules were also achieved.” While the linear phenylacetylene polymers were
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first prepared in the mid 1980's,82.b more recent efforts have been applied to improve the

solubility of these polymers and to utilize different polymerization strategies.8¢-f

Along this line, however, considerably less emphasis has been placed on the
study of the relatively smaller bis(phenylethynyl) benzene (BPEB) derivatives,? probably
because of the general feeling of “the longer the better”, which, of course, is not always
true. For instance, several theoretical studies on the conjugation length and nonlinear
optical hypersusceptibilities indicate a saturation response at a certain length.!0 The
optimum effective conjugation length with respect to the third order optical nonlinearity
(Y) for poly(thiophene) has been reported to be just 9-10 repeat units.!! In the past
several years, we have been engaged in a systematic investigation of the synthesis of
symmetrically and unsymmetrically substituted 1,4-bis (p-R-phenylethynyl)benzene
derivatives (1) and their linear and nonlinear optical properties as well as liquid

crystalline phase behaviors.!2

In the latter case, the rod-like geometry and their suitable axial ratio (i.e. length-to-
diameter ratio) made them ideal model compounds for the study of thermotropic liquid
crystalline properties.!3 One of our collaborators, C. Viney,!32 has previously shown
that an axial ratio of approximately 4.3 for this type of molecules is large enough to
sustain nematic order at ambient pressure, whereas, the axial ratio of the parent
unsubstituted BPEB (C¢H5-C=C-CgH4-C=C-CgHjs, 1a) is estimated to be 4.45.13¢ Thus,
the widely used long chain end substituents (for example, in the corresponding tolan
derivatives) are not necessarily required for these compounds to achieve stable
mesogenic phases. This, in turn, allowed us to explore the effect of soft interaction (i.e.

charge distribution) on the liquid crystalline behavior easily by maintaining the core
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structure of the molecules and changing the simple end substituents without too much
axial ratio change. It also enabled us to grow reasonably large single crystals of these
liquid crystal molecules and hence to try to correlate their solid state crystalline

structures with their liquid crystalline phase behaviors.

In continuation of our studies on this BPEB system, we began to introduce
perfluorophenyl units into the molecules. The fluorine atom combines large
electronegativity with small size, so, it is expected to affect significantly the electronic
polarizability of the molecules but without elimination of the possibility of mesophase
formation. The introduction of fluorine atoms into mesogens is a very common strategy
in liquid crystal studies.!* In this work, we employed the Pd/Cu catalyzed cross-
coupling methodology to synthesize a variety of partially and fully fluorinated BPEB
molecules. The X-ray single crystal structure studies enable us to investigate the
molecular packing patterns and hence to gain some insight into the nature of the
intermolecular phenyl-perfluorophenyl interactions and furthermore, to rationalize the

thermotropic properties of these molecules.

3.2. Results and Discussion
3.2.1. Synthesis

Both electron-donating and accepting para-substituted phenylacetylenes 4a-e can
be obtained readily from the cross-coupling reactions between the corresponding para-
substituted phenylbromides (or iodide, 2¢) and 3-methylbut-1-yn-3-ol (5) catalyzed by 2
mol% Pd(PPh3)>Cl; and 2 mol% Cul in diisopropylamine, followed by deprotection with
NaOH in refluxing toluene. The arylbromides were utilized wherever applicable for
obvious economic reasons, however, 4-iodoanisole (2c) had to be used in order to secure

an effective coupling reaction. When R = CFj3, the deprotection step from F3C-CgHg4-
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C=C-C(Me3)OH was unsuccessful due to the decomposition of the corresponding
terminal alkyne, F3C-CgH4-C=CH wunder refluxing conditions. So,
trimethylsilylacetylene (6) was used instead of 5 (Scheme 3.1). The Pd/Cu catalyzed
cross-coupling reaction has been demonstrated to be an effective route for all the terminal

alkynes 4a-f; the overall yields from 2a-f to the final products 4a-f were over 70%.

Pentafluorophenylacetylene (4g) was also synthesized in a similar fashion!5 by
the cross-coupling reaction between iodopentafluorobenzene (2g) and 6. The masking
reagent 5 is obviously unsuitable for this purpose because 4g can not tolerate the harsh
deprotection reaction conditions. Triethylamine, instead of diisopropylamine, was used
as the reaction medium, because perfluoroaryl compounds are known to undergo
nucleophilic substitution reactions with primary or secondary amines in the presence of a
base such as K»CO3.16 (Trimethylsilyl)pentafluorophenylacetylene (3g) was obtained
with the best isolated yield being 73% among several experiments when coupling
between 2g and 1.2 equiv of 6 was catalyzed by 2 mol% of Pd(PPh3)Cl; / Cul in Et3N
for 24 h at 40°C. However, significant amounts of 1,4-bis(trimethylsilyl)butadiyne (ca.
20%) and pentafluorobenzene were also observed by in situ GC-MS analysis of the
reaction mixture. We reasoned that they had arisen predominantly from the
hydrodehalogenation side reaction where 2g serves as an oxidizing reagent to promote the
Pd/Cu catalyzed oxidative homo-coupling reaction of 6 to give Me3Si-C=C-C=C-SiMe3
and Cg¢Fs-H. This side reaction is more severe if bromopentafluorobenzene is applied
for the cross-coupling reaction, an isolated yield of only 20% from Cg¢Fs-Br was reported
previously.!7 The compound CgFs-C=CH could be very easily deprotected by treating
CeFs-C=C-SiMe3 (3g) with dilute KOH (aq) solution in MeOH; however, prolonged
reaction time results in the formation of 4-MeO-CgF5-C=CH (4h). Therefore, 4h was
obtained in 81% yield as a white solid when 3g was treated with KOH in MeOH for 10 h
(Scheme 3.1).
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Scheme 3.1 Synthesis of Terminal Alkynes 4a-h

R—@-X + HC=C-CMe,;0H

2aR=H,X=Br;
2bR=CH3; X =Br;
2cR=0Me. X=1;
2d R = SMe, X =Br;
2e R=CN, X =Br

F3C—©—Br + HC=C-SiMe;

3a-e

2f
3f
R F
F%}'I + HC=C-SiMe;
F F
2g
R F
FQ—CEC-SiMq
F F
R F
F—Q~ C=C-SiMe;
F F

2%Pd(PPh3)Cl>
—2%Cul . R C=C-CMe,OH
PriNH
3a-e
NaOH
Toluene, reflux R—Q_ C=CH
4a-e

2%Pd(PPhyCl

2%Cul P
PNH F3C—©— C=C-SiMe3

3f
0.05M KOH (aq.)
af
2%Pd(PPhyLCl, KR F
2%Cul .
T F—QC:C-&MQ
F F
3g
R F
0.05M KOH (aq.)
MeOH C=CH
F F
4g
K F
KOH
MeOH MeO—Q' C=CH
F F
4h
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The 1,4-bis(p-R-phenylethynyl)tetrafluorobenzenes (8a-f) were prepared in good
yields via the Pd/Cu catalyzed cross-coupling reactions between 1,4-
diiodotetrafluorobenzene (7) and 2 equiv. of the corresponding para-substituted
phenylacetylenes 4a-f in diisopropylamine at reflux (Scheme 3.2). The reactions were
monitored by GC-MS for completion. The ammonium salt was removed by filtration,
and the desired products were isolated either by direct recrystallization or after
purification by column chromatography. These catalytic cross-coupling reactions all
proceed smoothly; only minor side products due to competing processes such as terminal
alkyne homo-coupling, dimerization, and hydrodehalogenation were detected by in situ
GC-MS analysis. The decafluorinated 1,4-bis(pentafluorophenylethynyl)benzene (10a)
was synthesized through the coupling of 1,4-diethynylbenzene (9) with two equiv. of
iodopentafluorobenzene in triethylamine (Scheme 3.3). Triethylamine was utilized
throughout this synthetic work whenever iodopentafluorobenzene was used for the cross-
coupling reactions, in order to avoid the possible nucleophilic substitution reactions by
amines (vide supra). When the reactions were conducted in diisopropylamine, the
related amine substitution products could be observed by GC-MS analysis, but it was
only to a minor extent. Compound 10c¢ was prepared by the reaction of fluorinated
terminal alkyne 4h with 1,4-diiodobenzene. Likewise, by applying the same Pd/Cu
catalyzed cross-coupling methodology, two perfluorinated BPEB analogs 12a, 12¢ have
also been prepared with good yields (> 75%) (Scheme 3.4). All these BPEBs have been

fully characterized by NMR spectroscopy, IR, elemental analysis, MS, as well as single
crystal X-ray diffraction analysis.
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Scheme 3.2 Synthesis of Tetrafluorinated 1,4-Bis(p-R-phenylethynyl)benzenes 8a-f

R F 29%Pd(PPh3),Cl
29%Cul
I [+ 2 R—O—-CsCH —
Pr',NH
F F
7 4 a-f

E F
R—@—(EC«Q—EC—@—R
F F
8 a-f

Scheme 3.3 Synthesis of Deca- and Octafluorinated 1,4-Bis
(p-R-phenylethynyl)benzenes 10a. 8c.

R F 2%Pd(PPh3)-Cl,
2%Cul
2 F [ + HC= C=CH T’
3
F 9
I F K F
: F
F F F
10 a

2%Pd(PPh3)>Cl

2%Cul
I—@—I + 2 MeO C=CH —_—
Pr',NH

11 F

Me —@—(‘i OMe
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Scheme 3.4 Synthesis of perfluorinated 1,4-Bis(p-R-phenylethynyl)benzenes 12a, 12c.

2%Pd(PPhyLCl,
Z%CuI
Elj\l
F F E F
R—%;\g—(‘.ic CEC—Q- R
F F F F F F

12aR =F; 12¢c R = OMe

3.2.2 UV/Vis and Fluorescence Studies

The above fluorinated BPEBs have strong absorptions in the near UV (316-354
nm) region, and are also highly fluorescent in the near UV-visible (342-487 nm) region.
Their absorption and emission spectroscopic data are summarized in Table 3.1. In the
8a-f series compounds, both electron-donating (8b-d) and electron-accepting (8e)
substituents affect the absorption as well as emission bathochromically, while terminal
CF3 groups, as in 8f, have little effect on the absorption. Methoxy substitution on the
phenyl rings leads to a similar effect on the absorption in the fluoroarene systems,
whereas ring fluorination itself seems to result in a small blue shift of the absorption

bands (compare the three series of compounds 8, 10, and 12).
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Table 3.1 Absorption and emission data for fluorinated BPEBs.2

R Absorption Emission
A/nm (log €) A/nm (Aexb/nm)
R-CeH4-C=C-C¢F 4-C=C-CgH4-R
H (8a) 322 (4.79), 340 (4.62) 350, 370 (322)
Me (8b) 328 (4.78), 346 (4.66) 369, 386 (328)
MeO (8c¢) 340 (4.70), 358 (4.63) 410, 423 (340)
MeS (8d) 284 (4.28), 354 (4.87) 487 (284)
CN (8e) 330 (4.88), 352 (4.70) 366, 395 (330)
CF3 (8f) 320 (4.82). 340 (4.64) 350, 368 (320)
R-CgF4-C=C-CsH4-C=C-CgF4-R
F (10a) 316 (4.76), 336 (4.61) 342,370 (316)
MeO (10c¢) 322 (4.79), 342 (4.59) 361, 384 (322)
R-CgF4-C=C-C¢F4-C=C-Cg¢F4-R
F (12a) 318 (4.81), 338 (4.66) 344,370 (318)
MeO (12¢) 328 (4.74), 346 (4.62) 415, 435 (328)

2 Absorption and emission spectra were recorded in acetonitrile;

b Aex, excitation wavelength.
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3.2.3 Single Crystal Structure Study

The molecular structures of all the above compounds have been determined by
single crystal X-ray diffraction, as have those of the non-fluorinated BPEB compounds
1a-f which were prepared previously in our laboratory by P. Nguyen.!8 These linear
molecules are prone to crystallize as flat plates or long needles. Some structures were
determined at Waterloo by Dr. N. J. Taylor, but most of them were solved in Prof. W.
Clegg's research group at the University of Newcastle-Upon-Tyne, England. With the
newly developed CCD area detector, particularly with the use of ultra-high intensity
synchrotron X-ray radiation. they were able to determine structures from very small
single crystals, e.g. 0.24 x 0.15 x 0.05 mm (1f) or less with high precision. It is not our
intention in this thesis to present a detailed analysis of all of the structures in this series of
compounds, instead, some crystallographic data are listed in Table 3.2 and only one

example is given in detail.

Compound 8e (NC-CgH4-C=C-CgF4-C=C-CgH4-CN) (Figure 3.1) crystallizes in
the monoclinic space group. P2(/c with a = 14.638, b = 5.0625,c = 11.679 A, and B =
95.158°. The molecule is essentially planar, the angles between the mean planes of the
outer and inner phenyl rings averaging 8.9°. The C=C triple bonds are 1.068(7) A, which
are shorter than those of the non-fluorinated analog le (1.1742(19) A), whilst both C(ar)-
C(sp) lengths are slightly longer than the corresponding lengths in le (1.477(8), 1.512(8)
A compared with 1.4386(18), 1.4368(18) A). The molecular packing in 8e occurs along
the short b-axis (Figure 3.2). The molecules are found to pack in a flattened, herringbone
fashion, the main C--C interactions being between parallel translated molecules. The
overlap diagram is shown in Figure 3.3. The molecules adopt an offset parallel packing

configuration. Very similar packing arrangements can be seen in other structures of this

series of compounds (8, R-CgH4-C=C-CgF4-C=C-CgHs-R).
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Table 3.2 Crystallographic data for BPEBs

R Space Group Axial Ratio Packing Coefficient

R-CgHy-C=C-CeHy4-C=C-CcH4-R

H (1a) P-1 4.52 0.680
Me (1b) P2,/c
MeO(l1c)2-b Pbca
MeS (1d) P-1 5.63 0.696
CN (1e) P2,/c
CF3 (1) P2y/c

R-CgH4-C=C-CgF4-C=C-CsH4-R

H (8a) P2,/c 391 0.705
Me (8b)b P2y/c

MeO (8c)b P2i/n 4.36

MeS (8d) P-1 4.84 0.710
CN (8e) P2,/c 4.62 0.737
CFs (8) P2,/c 0.728

R-CgF4-C=C-CgH4-C=C-C¢F4-R

F (10a) P2,/c 4.07 0.737
MeO(10c) P-1 4.82 0.716

R-CgF4-C=C-CgF4-C=C-CgF4-R

F (12a) C2/m 4.07 0.745
MeO (12¢) C2/c 4.87 0.743

3 Work done by P. Nguyen; b Structure determined by Dr. N. J. Taylor at Waterloo.
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Ein FI2A)

Figure 3.3 Overlap diagram for 8e
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3.2.4 Single Crystal Study on Parent BPEBs

In this section, we will take a closer look at the crystal structures of the four
parent unsubstituted compounds (la, 8a, 10a and 12a) of the above series of BPEBs.
During our investigations, we also found that when equimolar amounts of 8a and 10a
were dissolved in CHCl3, a 1:1 co-crystal of 8a*10a was formed which was also
characterized by X-ray diffraction. However, 1:1 co-crystals of 1as12a were apparently
not obtained when the same procedure was applied to 1a and 12a. GC-MS analysis
indicated that the first recrystallization of an equimolar mixture of 1a and 12a from
CHCl3 gave rise to a mixture of the two in a ratio of ca. 1:3. Subsequent recrystallization
of this solid from CHClI3 resulted in only pure 12a. While preliminary X-ray powder
diffraction studies on the 1:1 mixture of 1a and 12a did show some new patterns in
addition to those of the pure components, further investigation of this binary system is
obviously necessary. Herein. we report a molecular packing analysis on the parent
BPEB (1a) and its partially (8a. 10a) and fully (12a) fluorinated analogs. In addition, the
structures of the 1:1 co-crystal of tolan/decafluorotolan (13+14) and of the partially
fluorinated tolan (15, CgHs5-C=C-CgFs5) will also be included for the purpose of
completion. We believed that the alternation of perfluorophenyl and phenyl units in the
molecules should change the way in which they pack in the crystalline phase. Thus, by
carrying out a detailed molecular packing analysis, we can examine the influence of
fluorination on the arene-arene interactions, with particular interest in the interactions

between pheny! and perfluoropheny! units.
3.2.4.1 Phenyl-perfluorophenyl Interactions

Non-covalent interactions between aromatic units are currently of great interest
because they play a significant role in determining the structures and properties of

molecular assemblies in biology, chemistry and material science.!9 They are important
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for the tertiary structures of proteins. 20 for the vertical base pair stacking which
stabilizes the double helical structure of DNA,2! and for a variety of biological activities
such as the intercalation of small molecules between nucleotides, and enzyme recognition
of substrates and inhibitors etc.22 Recently, n—stacking interaction between base pairs
has been proposed for the still controversial electronic conductivity of the DNA double
helix.23 In a variety of chemical phenomena, the arene-arene interaction has long been
realized to play a key role in the aggregation of porphyrins and other macrocycles in
solution.24 In the past ten years or so, arene-arene interactions have been widely
employed in supramolecular chemistry,25 and to some extent to facilitate chiral
recognition in organic synthesis and catalysis.26 The n—stacking was rationalized to be a
control element for the steric selectivity of certain Ziegler-Nata metallocene
polymerization catalysts.2”7 Furthermore, numerous examples can be found in the solid
state where arene-arene interaction is of great importance to the packing of organic
molecules in crystals and to crystal engineering for the design of functional materials.28
The stability and phase behavior of many liquid crystals have also been reported to

originate from these arene-arene interactions.29

The nature of this arene-arene interaction is now realized to be based essentially
on dispersion forces and electrostatic interactions; other concepts such as "charge
transfer” or "electron donor acceptor interaction” are of much less importance.!9 One
unique example of the arene-arene interactions involves those between arene and
perfluoroarene units. In 1960, Patrick and Prosser discovered that when benzene was
mixed with hexafluorobenzene (HFB) in equimolar quantities, a solid 1:1 molecular
complex of the two components was formed.30 The melting points of the two pure
components are similar, being 5.5°C for benzene and 4°C for HFB, while the 1:1 mixture
has a melting point of 24°C. This binary system has been the subject of extensive
research both experimentally3! and theoretically32 for the past 38 years. The crystal

structure of the molecular complex revealed that in the crystalline phase, benzene and
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hexafluorobenzene are packed in a face-to-face manner alternately forming infinite
columns.33 This differs remarkably from the packing of its two pure constituents
wherein the aromatic rings are oriented perpendicular to one another.34 Despite the
absence of any charge-transfer bands in the spectra, and the low electron affinity of
hexafluorobenzene, the striking features of this binary complex still led early researchers
to interpret it as one kind of "charge transfer” complex,30 which was indeed a widespread
theory on stacked, planar organic molecules in the 1960's.35 As the discussion of arene-
arene interactions progressed, the basis of this benzene-hexafluorobenzene type of
interaction has gradually been rationalized to be predominantly electrostatic in nature.
One simple model that has been utilized widely in the past 24 years,322-d and has been
invoked by Williams recently,32¢ is based on the interaction between electric quadrupole
moments. Thus, benzene has a large and negative quadrupole moment of -29.0 x 10-40
Cm2, while that of hexafluorobenzene is also large but with a positive sign, 31.7 x 10-40
Cm?2, owing to the strong electronegativity of the fluorine atoms. It is easy to
comprehend that benzene and hexafluorobenzene are prone to stack in a face-to-face
manner which represents the lowest energy assembly of two dissimilar quadrupolar
molecules.32¢ However, this description may not be entirely correct. As already pointed
out by Williams32¢.f and others!9¢:36 there is a fundamental obstacle to describing the
electric potential as a multipole expansion when the molecular separation is comparable
to or smaller than the dimensions of the molecules in discussion, as in the case of
CeHg*CgFg. Dougherty37 recently pointed out the same argument in the description of

cation-arene interactions.

It is apparent that the most commonly used packing diagrams in the
crystallographic literature always display a projection along one of the crystallographic
axes rather than one normal to the plane of the molecules. This may well distort one's
view of the true nature of the intermolecular packing and thus be misleading (see Figure

3.4a and 3.4b) as the crystallographic axis is often inclined with respect to the plane of
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the arene. It seems to us that it would be more appropriate to use the latter view or both

views side-by-side.

Figure 3.4a Williams' packing plot

of the CgHg*CgFg complex viewed
down the c-axis.

Figure 3.4b Another view of C¢Hg*CgFg (left) and overlap diagram (right).
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Perhaps the most profound method of interpreting arene-perfluoroarene
interaction relies on atom-atom potential calculations, and entropic contributions may
also be taken into account. The corresponding structure would be the balance of various
attractive and repulsive forces, neither of which should be overestimated or ignored.
With electrostatic interactions alone, the arene-perfluoroarene system can be visualized
as comprising C, H and F atoms with appropriate charges. Hunter and coworkers38 have
conducted an energy calculation on a [M(OCgHs)(OCgFs)] systemn by using a variety of

empirical charge models, and their results are quite promising.

Although a more sophisticated description of the nature of the arene-
perfluoroarene interaction still requires further investigation, the remarkable ability of
hexafluorobenzene to form molecular complexes with almost all simple aromatic
hydrocarbon compounds3!2 implies that systems containing perfluoroaromatic units have
potential utility in supramolecular chemistry. It is therefore surprising to note that
examples of this application were very limited until the last few years39. One example
was reported by Fujita39b-€ in that specific recognition of the electron-rich aromatic guest
molecules is observed by host macrocycles containing the -CgF4- unit. No such
specificity is found by the non-fluorinated cavity. Very recently, Grubbs and
coworkers40 reported an elegant example in which diphenylbutadiyne and
decafluorodiphenylbutadiyne adopt a face-to-face stacking configuration in the crystalline
phase, enabling the topochemical polymerization of the 1,3-diyne in this co-crystal to
occur in a unique cis fashion. Again, the stacking is not in an idealized ring centroid
over ring centroid fashion (and the separation is somewhat wider due to this offset) so
that the polymerization conversion reached only 50% after 24 hours of UV radiation,
resulting in various cis-specific oligomers. Nonetheless, the experiment demonstrated the

utility of the perfluoroarene/arene interaction in controlling crystal architecture.
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As the molecular packing in crystals depends on various intermolecular
interactions, X-ray crystallography has always been an important method for the study of
those forces. In the recent years, there is a growing demand for systematic analysis of the
packing patterns of groups of related molecules, in order to draw general conclusions on
some intermolecular interactions which may not be easy to reach from individual
analyses.36 In the context of arene-perfluoroarene interactions, systematic
crystallographic studies on 1:1 molecular complexes containing hexafluorobenzene have
been conducted by Dahl4! and others33 in the past 27 years. Besides the above
mentioned diphenylbutadiyne/decafluorodiphenylbutadiyne co-crystal,40 other structures
such as 1:1 molecular complexes of decafluorobiphenyl / biphenyls,4?
octafluoronaphthalene / naphthalene,*3 and decafluorobiphenyl / naphthalene44 have also
been determined, so has that of trans-decafluoroazobenzene/trans-stilbene.43 In all cases,
both component molecules are stacked alternatively face-to-face to varying extents to
form infinite columns. A similar pattern can be seen in the structures of partially
fluorinated molecules such as 2,3,4,5,6-pentafluorodiphenylbutadiyne,40 2,3.4,5,6-
pentafluorobiphenyl46 and N-pentafluorophenyl-4-methylphenyl aldimine4? where the
molecules packed in a head-to-tail parallel fashion exhibiting the unique arene-

perfluoroarene interaction.

3.2.4.2 Molecular Structures of Parent BPEBs

The crystallographic data on the unsubstituted BPEB and its fluorinated analogs
and tolans along with the co-crystals are summarized in Table 3.3. The parent BPEB
compound (1a, C¢Hs-C=C-CcH4-C=C-CgHs), crystallizes in the triclinic space group
P1, with Z = 2. The structure consists of two non-equivalent BPEB molecules (Figure
3.5), each with a crystallographically imposed center of symmetry. The molecules are

essentially planar, the angles between the mean planes of the outer and center phenyl
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rings averaging 3.1°. The C-C triple bond lengths average 1.203 (2)A. The C(ar)-C(sp)
lengths are almost identical. ranging from 1.428 (2) to 1.432(2) A.
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Figure 3.5 Molecular structure of 1a. with 50% probability ellipsoids

The fully fluorinated BPEB (12a. C¢F5-C=C-CgF4-C=C-C¢Fs, Figure 3.6) crystallizes in
the monoclinic space group. C2/m. Like la, the molecules are even closer to planarity
(interplanar angle, 1.1°), but smaller endocyclic angles (mean 117.2(4)°) are observed at
C(4) and C(7) due to the fluorine substituents on the phenyl rings. The C-C triple bond
length is similar to those in 1a (1.194(7) vs 1.203(2) A). The two C(ar)-C(sp) bond
lengths are identical and also similar to those in 1a (1.426(2) A compared with 1.431(2)
A). The phenyl rings are sufficiently separated from each other by the C-C triple bond
linkage and the fluorine atoms are small enough, so that there are no steric interactions

between the fully fluorinated phenyl rings.

Cl4) CIS) Cis) CI7), _ CIBAICSAI CHAIFIA

Figure 3.6 Molecular structure of 12a, with 50% probability ellipsoids
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The two partially fluorinated BPEB's (8a, CgHs-C=C-CgF4-C=C-CgHs. 10a, C¢F5-C=C-
CgH4-C=C-CgFs) both crystallize in monoclinic space groups, P2;/n and P2y/c
respectively (Figure 3.7 and 3.8). In comparison to the previous non-fluorinated (1a) or
fully fluorinated (12a) structures, these two molecules deviate significantly from
planarity in the solid state, the angles between the mean planes of the outer and inner
rings being 16.7 and 9.7° for 8a and 10a respectively. The C-C triple bond lengths in
these two molecules are essentially identical (1.199(4) for 8a and 1.198(3) for 10a) and
are not significantly different from those of 1a and 12a. It is significant that the two
C(ar)-C(sp) lengths, C(4)-C(7) and C(8)-C(9) for both 8a and 10a are quite different: the
C(ar)-C(sp) bond adjacent to the fluorinated phenyl ring (8a: 1.424(4); 10a: 1.424(3) A)
is notably shorter than the equivalent bond adjacent to the non-fluorinated ring (8a:
1.440(4); 10a: 1.438(3) A). The 1:1 co-crystal between 8a and 10a crystallizes in the
triclinic space group P1, with Z = 1 (Figure 3.9). The component molecules in 8a+10a
are both much closer to planarity in the co-crystal than is observed for individual 8a and
10a. The angles between the mean planes of the outer and inner phenyl rings are 3.9 and
3.0° for the centrally fluorinated and terminally fluorinated molecules respectively. No
other significant differences in the bond lengths and angles are observed. The
interplanar angles, C-C triple bond length, and C(ar)-C(sp) bond lengths for the parent

BPEBs and tolans are summarized in Table 3.4.

Figure 3.7 Molecular structure of 8a, with 50% probability ellipsoids
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Figure 3.9 Molecular structure of 8a*10a, with 50% probability ellipsoids

The planarity of tolan (13) and related molecules is a subject of considerable
interest. Steric interactions between phenyl rings are negligible, so the conformation for
an isolated molecule is expected to be dominated by electronic factors. The torsion
angle between the two mean planes would be mainly determined by the rotation of the
C(ar)-C(sp) single bonds, which may depend on the conjugation of the phenyl rings with
C-C triple bond. A planar geometry (Dop, symmetry) may result from overlapping prw-
orbitals of both phenyl rings with the same pr-orbital of the C(sp)-C(sp) triple bond
fragment. On the other hand, the overlapping of the phenyl n-system with different pr-
orbitals of the C(sp)-C(sp) triple bond would lead to a perpendicular molecular
configuration (D24 symmetry). While theoretical calculations#8- 49 predicted a slightly

favorable perpendicular form, experimental studies49: 50 on tolan revealed a planar
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geometry. Nevertheless, both sides indicated that these two forms are quite similar in
energy and that the extent of n-% overlapping and thus the barrier to rotate is small. The
Pauling bond number of the C(ar)-C(sp) single bond in tolan was estimated to be 1.18,
that is, 18% double bond character in the ground state.+3 Expédmentally, the activation
energy for torsion rotation is found to be less than 0.60 kcal/mol.50 However, several
crystallographic studies*8. 51. 52 on tolan demonstrated that the molecules are planar in
the crystalline state. Its perfluorinated analog 14 also adopts a nearly planar
configuration (interplanar angle, 2.2°).53 The planarity seems to be maintained in the
elongated parent BPEB (1a) and its fully fluorinated analog (12a) as shown here. While
the two partially fluorinated BPEB compounds 8a and 10a each deviate significantly
from planarity in their own crystals (16.7 and 9.7°), both molecules exhibit remarkably
more planar configurations in the co-crystal of 8a*10a (3.9 and 3.0°). From the above
analysis, we can conclude that the interplanar angle in tolan or BPEB compounds in the
crystalline state is mainly the result of crystal packing forces. Different intermolecular
packing patterns may result in very different molecular configurations. A Cambridge
Structural Database search done in 1988 by Desiraju and Krishna’4 indicated that
unsymmetrically substituted tolans are likely to adopt non-planar configurations in the
solid state. However, we found an interplanar angle of only 4.8° in the partially
fluorinated tolan 15. We have also recently determined the crystal structures of four
unsymmetrically substituted tolan compounds (D-CgH4-C=C-CgHy4-A, D = MeO, MeS:;
A =NOg, CN). These molecules are also found to be essentially planar in the solid-state
(interplanar angles ranging from 3.6 to 8.5°), and, moreover, polymorphs were found for
MeO-CgH4-C=C-C6H4-NO,. The ease of C(ar)-C(sp) single bond rotation may be

partially responsible for the phenomenon of polymorphism in tolan derivatives.

50



Table 3.4 Interplanar angle, C-C triple bond length, C(ar)-C(sp) bond lengths for parent
BPEBs and tolans.

Interplanar | C=C (A) C(ar)-C(sp) (A)
Angle (*)
CgH5-C=C-CgH4-C=C-CgH3s (1a) 3.1 1.203(2) 1.428(2), 1.432(2)
CgFs-C=C-C¢F4-C=C-CgFs (12a) 1.1 1.194(7) 1.426(2)
CgHs-C=C-CgF4-C=C-Cg¢Hs (8a) 16.7 1.199(4) 1.424(4), 1.440(4)
CeF'5-C=C-CgH4-C=C-C&F's (10a) 9.7 1.198(3) |  1.424(3), 1.438(3)
CeHs-C=C-CgF4-C=C-CgHs 39 1.208(5) |  1.413(5), 1.428(5)
CeF5-C=C-CgH4-C=C-C¢Fs 3.0 1.196(5) 1.421(5), 1.434(5)
CgHs5-C=C-CgH5 (13)2 1.198(4) 1.438(4)
CgFs-C=C-CgFs (14)b 22 1.198(5) | 1.422(6), 1.415(6)
CeHs5-C=C-CgHjs 1.189(5) 1.439(4)
CgF5-C=C-CgFs 1.190(5) 1.431(3)
CeHs-C=C-C¢Fs (15) 4.8 1.191(4) 1.433(4), 1.425(4)

3 Mavridis, A.; Moustakali-Mavridis I. Acta Cryst., 1977, B33, 3612.

b Goodhand, N.; Hamor, T. A. Acta Cryst. 1979, B35, 704.

3.2.4.3 Molecular Packings of Parent BPEBs

In the non-fluorinated BPEB compound, CgHs-C=C-CgHjy- =C-CgHs (1a), the
molecules pack in an approximate T-shaped arrangement (Figure 3.10, 3.11), which

resembles the packing pattern in tolan (13).48.51
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Figure 3.11 Packing plot for 1a.

The packing coefficient, K. which was introduced by Kitaigorodskii,55 is now often used
as a parameter to describe the efficiency of molecular packing in the crystalline state. A
value of 0.740 for K is estimated to be that of a close-packed arrangement of hard

spheres. In crystals of 1a, K has been calculated to be 0.680.

The fully fluorinated BPEB, CgF5-C=C-C¢F4-C=C-CgF5s (12a), on the other hand,
is extremely close packed in the crystalline state, K = 0.745. The molecules align
parallel to each other, but avoid direct ring over ring or ring over triple bond
configurations (Figure 3.12). Intermolecular F--F contact distances of 2.912 to 2.969 A
are observed (Figure 3.13). In comparison, the sum of the van der Waal’s radii for this
possible interaction is about 2.94 A. Some intermolecular F--F distances fall well within
their van der Waal's contact. Perfluorotolan, CgF5-C=C-CgFs (14), exhibits both face-

face and face-edge intermolecular packing patterns (Figure 3.14).
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Figure 3.14 Packing diagram of 14.

53



The two partially fluorinated BPEB compounds. C¢Hs5-C=C-CgF4-C=C-CgHj5
(8a) and CgF5-C=C-CgH4-C=C-C¢Fs (10a) exhibit a similar packing pattern with each
other in the crystalline state (Figure 3.15, 3.16). The molecules are found to sit ring on
triple bond with short interstack distances between the inner ring center to the triple bond
center being 3.737 and 3.498 A. respectively (Figure 3.17. 3.18). Simply from these
interstack distance values, we may conclude that the more heavily fluorinated molecule
10a is obviously more closely packed than the tetrafluorinated BPEB 8a. Indeed, their

crystalline packing coefficients are 0.737 and 0.705, respectively.

Figure 3.15 Overlap diagram of 8a.

Figure 3.17 Short interstack distances of 8a.
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Figure 3.18 Short interstack distances of 10a.

According to a Cambridge Structural Database search, Moore et al.l?s recently
concluded that the intermolecular interactions of neither arene-acetylene nor acetylene-
acetylene is of significance to the crystal packing of conjugated phenylacetylene
containing organic compounds. However, in the crystal structures of 8a and 10a, the
acetylene units seem to sit offset right over phenyl or perfluorophenyl rings. It may need
cautious consideration on whether this arrangement is the result of the seemingly
favorable arene-acetylene interactions or it is the offset phenyl-perfluorophenyl packing
mode between parallel molecules that drives the acetylene linkage to be occasionally over
the rings. However, these two molecules with alternate phenyl and perfluorophenyl units
obviously pack in a very different way to those of non-fluorinated (1a) or perfluorinated
(12a) BPEBs. The interaction between phenyl and perfluorophenyl units must have
played an important role in the determination of their crystal packings. Perhaps, the
significance of phenyl-perfluorophenyl interaction can be viewed more directly from the
structure of one of the substituted tetrafluorinated BPEBs, MeO-CgH4-C=C-CgF4-C=C-
CgH4-OMe (8c), where alternative phenyls sit right over the perfluorophenyl group of
next parallel molecule (Figure 3.19).
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Figure 3.19 Packing diagram of 8c.

Both 8a and 10a are packed in a flattened-out, herringbone fashion (Figure 3.20. 3.21),
the main C---C interactions are between parallel translated molecules. According to
Gavezzotti and Desiraju’'s classification,282.b these structures would probably be

described as having a y-type packing mode.

Figure 3.20 Packing diagram of 8a.
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Figure 3.21 Packing diagram of 10a.

The structure of the co-crystal of 8a and 10a is comprised of alternating layers of
molecules in a columnar arrangement. The molecules are oriented such that the phenyl

and perfluorophenyl rings sit approximately above each other (Figure 3.22).

Figure 3.22 Overlap diagram of 8a+10a.

The mean distance between the centers of the phenyl and perfluorophenyl rings within
the stack is 3.770 A. The interplanar distance averages 3.398 A. The rings are not
completely eclipsed, a slight lateral offset being observed (Figure 3.23), which is very
similar to that of the co-crystal of CgHg*CgFg.
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Figure 3.23 Stacking geometry of 8a<10a.

The packing coefficient for 8a+10a is only 0.700, which is less than either on the values
for its two components in their homo structures (0.705 for 8a and 0.737 for 10a,
respectively). Accordingly, the estimated crystal density for 8a+10a (1.571) is well
below the mean value of the crystals of 8a and 10a themselves (1.451 for 8a, 1.780 for
10a, averaging 1.615). The crystal structures of 8a and 10a may be viewed as
comprising of two sets of parallel molecular stacks which interpenetrate each other in
different angles to form a herringbone-type structure. In their co-crystals, on the other
hand, molecule 8a, C¢Hs-C=C-C¢F4-C=C-CgHs and molecule 10a, CgF5-C=C-CgHg4-
C=C-CgFs match up with each other perfectly in terms of direct parallel phenyl-
perfluorophenyl interaction, so that all the comprising molecules are packed parallel to
form stacks along only one direction, that is, the crystallographic b-axis. As in the
structure of C¢Hg*CgFg, only slight interpenetration of the C-H and C-F bonds of
molecules in neighboring columns can be found in the crystals of 8a¢10a. The molecular
stacks in this arrangement are obviously less closely packed than in the previous
interpenetrating herringbone fashions as seen in the structures of 8a and 10a. The
significant impact of this packing to the thermal stability of this molecular complex will

be discussed later in the context of liquid crystalline phase behaviors.

Intermolecular CH--F close contacts in 8a*10a crystals are found to be within

2.598 t02.715 A (Figure 3.24). The sum of the van der Waal’s radii for H and F is 2.67

58



A. Tt is thus possible to envision that these interactions may involve weak hydrogen
bonding as the means to stabilize the columnar packing in the crystal structure. The
same argument has been invoked before by Williams32¢ in the analysis of the structure of
CesHg*CgFg. Recently, both Howard36 and Dunitz57 concluded independently from CSD
searches and MO calculations that organic fluorine hardly ever accepts hydrogen bonds.
However, more examples38 are appearing to support the statement56 which says
“encouraging for the bio-organic chemists is that the substrate/protein interactions may
offer an environment for optimal F--H bonding". Likewise, we may borrow the same
argument here that the unique packing fashion in the crystals of 8a+10a as well as
CeHe*CsF¢ makes the CH---F hydrogen bonding a reality which acts as a stabilizing

factor to the crystal lattice.
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Figure 3.24 Short interstack contact distances of 8a*10a.

The crystal structure of the molecular complex of tolan 'and perfluorotolan 1314
is comprised of alternate layers of tolan and perfluorotolan molecules. No significant
differences are observed in the geometries of the molecules in 13¢14 compared with those
in the crystal structures of the pure 13 or 14 compounds. Much like that of 8a*10a, a

slight offset arrangement is found in the structure of this complex (Figure 3.25).
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Figure 3.25 Overlap diagram of 13-14.

The molecular columns are also stacked along the b-axis (Figure 3.26). The mean
distance between the centers of the phenyl and perfluorophenyl rings within the stack is

3.765 A, the interplanar distance averaging 3.402 A. The packing coefficient for 13+14 is
estimated to be 0.695.

Figure 3.26 Stacking geometry of 13+14.

Similar short intercolumn interactions as in 8a*10a show H--F contacts ranging from

2.593 to0 2.741 A (Figure 3.27).
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Figure 3.27 Short interstack contact distances of 1314.

The crystal structure of partially fluorinated tolan 15, C¢Hs-C=C-CgFs, is essentially
identical with that of 13°14. The similarities can be seen from their crystal data in Table
3.3 as well as their packing coefficients (0.701 for 15). Crystals of 15 are composed of
columns of molecules in a head to tail arrangement, with the phenyl unit sitting offset
over the perfluorophenyl unit of the next parallel molecule (Figure 3.28). The same
arrangement has been previously found in the crystal structures of partially fluorinated

diphenylbutadiyne?0 and pentafluorobiphenyi46.

Figure 3.28 Overlap diagram of 15.
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Again, the molecular columns are stacked along the b-axis (Figure 3.29). The mean
distance between the centers of the phenyl and perfluoropheny! rings within the stack is
3.693 A. The interlayer spacing is 3.462. Possible weak hydrogen bonding is observed
with interstack CH--F distances of 2.545 A (Figure 3.30).
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Figure 3.29 Stacking geometry of 15.
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Figure 3.30 Short interstack contact distances in 15.
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To summarize, in the above seven crystal structures, we can at least conclude at
present that the interactions between phenyl and perfluorophenyl units are an important
driving force influencing the packing of these molecules in the crystalline phase. In the
crystals containing an equal number of phenyl and perfluoropheny! groups (in the case of
8a+10a, 13+14 and 15), columnar packing arrangements have exclusively been observed
with alternating phenyl and perfluorophenyl units one over the other. The interaction of
the parent BPEB 1a with the perfluorinated BPEB 12a is still open to question at this
stage as we have not yet obtained suitable single crystals for X-ray diffraction. However,
our preliminary studies have indicated that a crystal of BPEB grown from CgFg is
comprised of one BPEB molecule associated with three CgFg molecules. As expected,
the CgF¢ molecules are associated with the phenyl rings of the BPEB; with an offset
geometry, the inter-ring distances are approximately 3.6 A (Figure 3.31). Due to the
steric repulsions between CgFg molecules, the BPEB molecule in this structure does not
have the planar geometry found in 1a; the angle between the outer and inner rings is
approximately 60°. Further analysis is restricted by the very poor quality of this
structure. However, this gives another good example of how the crystal packing can
affect the interplanar angle in the tolan derivatives. The two partially fluorinated BPEB
molecules 8a and 10a each bear unequal numbers of phenyl and perfluorophenyl groups,
with phenyl or perfluorophenyl ring over acetylene being the pattern displayed in their
crystal structures resulting in a flattened herringbone arrangement. With the cooperation
of another polarizable substituent such as MeO in 8c (Figure 3.19), the alternate phenyl
over perfluorophenyl packing mode is obtained in the crystal structure. The phenyl-
perfluorophenyl interaction is certainly more favorable than the interactions between the
homogeneous components. We cannot, however, from the current work, make a
judgment on whether the parallel perfluorophenyl-perfluorophenyl interaction is stronger
or weaker than that between phenyl and phenyl units, although notable differences are

observed between the packing coefficients of BPEB and perfluorinated BPEB (0.680 vs.
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0.745) as well as between tetrafluorinated and decafluorinated BPEBs (0.705 vs. 0.737).
As we can see, the packing coefficient cannot be used alone to compare one particular
type of intermolecular force in different crystals as there are many kinds of forces
involved in the stabilization of a crystal lattice, particularly when different packing modes

are observed in the crystals under comparison.
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Figure 3.31 Arrangement of molecules in BPEB3C¢Fg complex (preliminary results).

3.2.5 Liquid Crystal Study

Liquid crystals are very important materials in modern society, yet they were
virtually unknown before the 1960's. Today, they are all around us. They are used in the
displays of calculators, lap-top computers, and pocket television sets; they are an important
component of high-strength fibers; and they occur naturally in cell membranes of
biological systems. Their greatest impact has been in display technology, where liquid
crystal displays (LCD) are second only to the cathode ray tube in a multi-billion-dollar
market. Their greatest potential is expected in emerging flat-panel television displays,
optical computers, and integrated devices for communications. Multidisciplinary research

is currently aiming to improve view angle, response time, and brightness of LCDs.59



3.2.5.1 Liquid Crystal Phases and Liquid Crystal Materials

The liquid crystal state is a distinct phase of matter observed between the
crystalline (solid) and isotropic (liquid) states. In the solid state, the molecules occupy
certain positions in the crystal lattice and are constrained in certain orientations with
respect to each other. Thus, solid phases possess positional as well as orientational order.
When a solid melts to a liquid, both types of order are lost completely. However, if it
melts into a liquid crystal phase, the positional order may be lost, but some of the
orientational order still remains. Figure 3.32 illustrates the order present in the three
phases. This represents the first type of liquid crystals, namely thermotropic liquid
crystals,60  which are formed from compounds whose molecules are mainly rod-shaped
(calamitic) or disc-shaped (discotic), either by heating the crystalline solid or by cooling
the isotropic liquid, i.e. by thermal effects. The other type of liquid crystals is called
lyotropic liquid crystals. They are formed from compounds with amphiphilic properties
and solvents (commonly water). Common examples of such lyotropic liquid crystals are

those produced from soaps and other detergent systems and water.
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Figure 3.32 Physical description of solid, liquid crystal and isotropic phases.

The majority of thermotropic liquid crystals are composed of rod-like molecules
which is the theme of discussion in the current work. The calamitic liquid crystals are
generally classified into three groups: nematic, cholesteric (chiral nematic), and smectic

phases (Figure 3.33).
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Figure 3.33 Schematic illustration of the various phases of calamitic molecules.
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In nematic mesophases, there is a quasi-long-range orientational order of the
molecules, but there is no long-range positional order. The long axes of the rod-like
molecules tend to align along a common axis called the director. The cholesteric
mesophase is also a nematic type liquid crystal which is composed of optically active
molecules. This name stems from cholesterol derivatives in which the cholesteric liquid
crystal phase was firstly observed. A more proper name for this phase is chiral nematic
liquid crystal. The difference between nematic and chiral nematic phases lies in the
direction of the preferred molecular orientation. The director is fixed in space for a
nematic phase, but rotates throughout the sample in a chiral nematic phase. The rotation
(or twist) may generate right-handed or left-handed helices depending on the molecular

conformation.

In the smectic phase, not only is the small amount of orientational order of liquid
crystals present, but there is also a small amount of positional order. The molecules tend
to point along the director and arrange themselves in layers. There are a variety of
possible molecular arrangements which make up the different smectic phases (12 right
now) labeled through Sp to Sk (Figure 3.34). The designation of smectic phases by
letters is more historical than physical, in that additional letters have been used each time
a new smectic phase is discovered.60b However, only the most distinct and representative
phases are discussed here. In both smectic A and smectic C phases, the molecules
randomly diffuse within each plane. No positional order exists within the plane, so, in a
sense, the positional order is in one dimension only. In the smectic A phase, the director
is perpendicular to the planes, while in smectic C phase the direétor makes an angle other
than 90° to the planes. The smectic B phase differs from the S5 and Sc phases in that it
has an ordered arrangement of the molecules in the layers. The positional order is three
dimensional now. Such orderly arrangement tends to make the layers in the Sg phase

much more rigid than that of the S, and Sc phases.
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Figure 3.34 Schematic representation of molecular arrangement in some smectic phases.

A large number of compounds are known to exhibit one or several types of liquid
crystal phases. Since the subject of this chapter is solely on rod-like molecules, only
calamitic liquid crystal materials will be discussed in this context. As a matter of fact,
currently, only calamitic liquid crystals have found important technological applications.
The anisotropic shape and resulting anisotropic forces of a rod-shaped molecule lead to
the tendency to form liquid crystal phases. A typical calamitic liquid crystal molecule

can be depicted as having the following molecular structure.

f i

X4 B f— A— B |—Y

X, Y = terminal groups;
A = a linking group between two (or more) ring systems (B, B'");
Z, Z' = lateral substituents.

The B, B' ring systems are often represented by phenyls. However, one or both B, B’ can
also be an alicyclic system, for example cyclohexyl, or a heteracyclic system such as
pyridine or dioxane. Alternatively, B, B' can consist of more than one ring, for example

phenylcyclohexane or phenyldioxane, etc. Biphenyl derivatives are a very typical type of
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mesogens. The compound p-n-pentyl-p’-cyanobiphenyl (SCB) is the first room

temperature liquid crystal compound discovered by Gray in 1970.

e O-Oro

Other common linking groups (A) are -CH=CH-, -C=C-, -CH=N-, N=N-, -CO-O-, and
soon. The skeleton of only B-A-B' is often referred as the “core” structure of the liquid
crystal molecules. However, by altering the magnitude of the molecules' terminal and
lateral substituents, it is possible to vary the liquid crystal properties. Several other

representative liquid crystal molecules are listed in Figure 3.35.

Figure 3.35 Three representative liquid crystal mesogens.

3.2.5.2 Liquid Crystal Properties of BPEBs

In the studies of calamitic liquid crystals, several theoretical analyses6! have been
put forth to predict the critical axial ratio (i.e. length-to-diameter ratio) needed for

nematic phase formation. To test the predictions of these analyses, one of our
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Table 3.5 Axial ratio and phase transitions of BPEBs

R Axial Ratio Phase Transitions (°C)

R-CgHy-C=C-CgHy-C=C-CgHy-R

H (1a)2 452 K 181.71

Me (1b)2 K 218.8 N (243.6)b I
MeO(1c)2 K217.6 N7
MeS (1dpR 5.63 K 249.9 N (285.5)b I
CN (le) K274N ]
CF;3 (1f)2 K 200.0 S 22231

R-CgH4-C=C-CgF 4-C=C-CgH4-R

H (8a) 3.91 K 18251

Me (8b)b K2383N7I

MeO (8c)b 4.36 K 184.4 N (~300)b I

MesS (8d) 4.84 K 173.7 S 197.0 Sp 203.7 N 260.3 I
CN (8e) 4.62 K3134N7c]

CF; (8f) K 182.6 Rot 189.7 I

R-CgF4-C=C-CgH4-C=C-C¢F4-R

F (10a) 4.07 K 196.5 N/1d
MeO(10c) 4.82 K1982N ]

R-C6F4-C=C-C¢F4-C=C-C¢F4-R

F (12a) 4.07 K226.11
MeO (12b) 4.87 K 188.2 N 200.7 I

2 Compound was synthesized by P. Nguyen.
b Question mark denotes that no transition can be unambiquiously observed.
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¢ Parentheses signify that microscopy reveals slow degradation above Tk _N.
d N/I denotes that the nematic phase exists over a very narrow temperature, and is
observed only transiently by microscopy.

collaborators, Dr. Viney!32 started in 1990 to investigate a series of rigid-rod BPEB
compounds, and he showed that the critical axial ratio for nematic phase formation in
polytolans is close to 4.3 (about that of the parent BPEB, 1a). It is widely accepted that
hard interactions (excluded volume effects) are the principal cause of molecular ordering
into a nematic phase. In such cases, rod axial ratio is a critical parameter. However, it is
also expected that regardless of the shape anisotropy the charge distribution anisotropy in
the molecule can also largely affect the liquid crystal properties. This aspect is often
termed as soft interactions. Since 1994, we have been collaborating with Viney and
others to synthesize and examine a series of substituted BPEB compounds. We are
studying not only their liquid crystalline properties but also their molecular packings in
the crystalline state as discussed in the previous section. The axial ratio and the phase
transition data on some of the BPEB compounds are listed in Table 3.5. The axial ratios
are obtained from the crystal structure results. To identify possible transitions involving
a liquid crystalline phase, the mesogenic phases were characterized by differential

scanning calorimetry (DSC) and transmitted polarized light microscopy.
3.2.5.2.1 Unsubstituted BPEBs

The non-fluorinated BPEB, 1a, was taken initially as the model compound with
a core structure which has an approximately uniform charge distribution along the length
of the molecule. It has an estimated axial ratio of 4.52 from its crystal structure. No
mesophase is observed on heating the sample through crystalline phase to isotropic liquid
(m.p. 181.7°C), however, when cooling the liquid slowly, a monotropic nematic
mesophase is found at 164.3°C and a small nematic range of 5°C, I 164.3 N 159.5 K is

observed. The undercooling helps the nucleation process to crystallinity, and hence the
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mesophase is observed. This observation is consistent with the theoretical calculation!32
that an axial ratio of 4.3 is barely sufficient to stabilize liquid crystallinity at ambient

pressure.

The fully fluorinated BPEB, 12a, with an axial ratio of 4.07, showed no liquid
crystallinity either on heating or cooling processes. This can be understood in that it has
too small an axial ratio. Perhaps consistent with its close packing in the crystals, it has a

much higher melting point of 226.1°C.

The tetrafluorinated BPEB, 8a, has an even lower molecular axial ratio (3.91).
No mesophase is observed, and it melts to an isotropic liquid at essentially the same
temperature as the model compound 1a (182.5 vs. 181.7°C). However, surprisingly, the
decafluorinated BPEB, 10a, which has the same small axial ratio of 4.07 as that of 12a,
does show a transient nematic phase at 196.5°C. This observation reflects well our
previous statement that even though this molecule lacks the necessary shape anisotropy
(not elongated enough), the strong and anisotropic intermolecular "soft" interactions

ensure the formation of a liquid crystalline phase.

As expected, the co-crystal 8a*10a shows distinctively different thermal
properties from its two component compounds 8a and 102 in their pure forms. Unlike
the co-crystal of C¢Hg*CgFg which exhibits a much higher melting point than either of its
components,30 this 1:1 molecular complex transits from its crystalline state at a higher
temperature (189.3°C) than that of 8a (182.5°C) but lower than that of 10a (196.5°C).
Most interesting of all, however, it does preserve a characteristic nematic liquid crystal
phase in a range of about 10°C, K 189.3 N 199.0 I. This observation is interesting for at
least two reasons. First, it has been reported that intermolecular arene-arene interactions
help to form or stabilize the mesophases in liquid crystals,29 and there are numerous
examples of hydrogen-bonded liquid crystals which derive from two or more non-

mesogenic components.52 The current result is, however, to our knowledge, the first
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example in which liquid crystallinity is promoted by co-crystallizing two compounds
with dominant intermolecular arene-arene interactions, specifically, phenyl-
perfluorophenyl interactions. The two components, on their own, show no or only
transient tendency to form a liquid crystalline phase when heated. Second, it is well
known63 that mixing two mesogenic species can lead to a reduction in melting point and
so expand the temperature range of liquid crystallinity exhibited by either constituent;
often a simple eutectic phase diagram is obtained. However, in 8a10a, it is not only just
the melting point that is lowered - the clearing point of this binary mixture is also raised
above the temperature needed to render the respective constituents isotropic. This
suggests that the phenyl-perfluoropheny! interaction between the molecules is not only
important to the structure in the crystalline phase but also possibly significant in the

liquid crystalline phase as well.

3.2.5.2.2 Substituted BPEBs

As expected, the bis-substituted non-fluorinated BPEBs 1b-1f all exhibit liquid
crystalline phase(s) when heated because of their elongated molecular shapes (Table 3.5).
Moreover, different thermal properties are observed for each compound as different
substituents will change the charge distribution along the length of the molecule while the
molecular geometry may not have been significantly altered. For instance, compounds
1b, CH3-CgH4-C=C-CeH4-C=C-CgH4-CH3, and 1f, CF3-CgH4-C=C-CgH4-C=C-CgHy-
CF3 are expected to have very similar molecular shape (axial ratios are estimated to be
4.85 and 4.90, respectively). They also crystallizes in the same space group, P2/c (Table
3.2). However, 1b (R = CHj3) exhibits a nematic mesophase at 218.8°C and a nematic
range of 26°C, but in 1f (R = CF3), both lower melting points and clearing points are

observed, and a more ordered smectic B phase in a range of 22°C is generated. This

73



clearly demonstrates that a small change in the charge distribution in the molecule can

have a significant effect on the thermotropic behavior.

In the substituted tetrafluorinated BPEBs (8a-8f), R-CgH4-C=C-CgF4-C=C-CgHs-
R, although axial ratios lower than 4.52 are observed in some of them, they all exhibit
liquid crystal behaviors when heated (Table 3.5). While similar melting points are
observed for the two parent compounds 1a and 8a (181.7 and 182.5°C), compounds 8¢
(MeO), 8d (MeS) and 8f (CF3) experience lower melting points than the corresponding
non-fluorinated compounds, but 8b (CH3) and 8e (CN) have relatively higher melting
points. No conclusions from these results can be drawn without the understanding of
their molecular packings in the crystalline phase, because liquid crystallinity is a property
that is dominated by the intermolecular interaction. Compounds 8a to 8f all crystallize in
the orthorhombic or monoclinic system except 8d which is composed of two independent
molecules in the lattice. The molecules are all packed in a flattened herringbone fashion
in that molecules sit parallel with phenyl or perfluorophenyl rings over triple bonds
except in 8¢ where phenyls are offset over perfluoropheny! units. Again, different liquid
crystalline phase behaviors are seen with those two very similar compounds 8b (CH3)
and 8f (CF3). In compound 8d (MeS), both nematic and smectic mesophases are
observed in the wide temperature range of 173.7 to 260°C, K 173.7 S 197.0 Sg 203.7 N
260.3 I. The presence of the -CgF4- units in these molecules must have a profound

impact on the intermolecular interactions.

The octafluorinated BPEB compound 10c¢ (R = MeO) exhibits a nematic phase at
198.2°C, but the clearing point cannot be observed. Meanwhile, the related perfluorinated
BPEB mesogen 12¢ (R = MeO) shows both lowered melting and clearing points, K 188.2
N 200.7 I. It has been reported previously that the introduction of tetrafluoro substitution
in the phenyl rings often decreases the thermal stability of the mesophase.64 In the case
of the octofluorinated 1,2-(4,4'-dialkoxyphenyl)acetylene, H(CH2) O-CgF4-C=C-CgF 4-
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O(CH2)mH, (m = 7-9), complete annihilation of liquid crystallinity was observed,
compared with their non-fluorinated analogs. However, our resuits demonstrate that this
is not necessarily true, particularly when intermolecular phenyl-perfluorophenyl

interactions are involved.

3.3 Conclusions

We have demonstrated the utility of the Pd/Cu catalyzed cross-coupling
methodology to the synthesis of a series of rigid-rod partially and fully fluorinated 1,4-

bis(phenylethynyl)benzene derivatives.

Extensive single crystal structural analyses have been employed to determine the
molecular packings in the crystalline phase. The intermolecular interactions between
phenyl and perfluoropheny! units in the molecules has a profound impact on the crystal
structures of the partially fluorinated compounds, particularly with regard to the

formation of co-crystals.

The liquid crystalline behavior studies reveal that the parent non-fluorinated
compound BPEB is a good model compound for the study of calamitic liquid crystals. It
is clear that a small variation in the end substitution groups can affect not only the
melting and clearing points but also the type of mesogenic phases that are formed. The
introduction of perflurophenyl unit(s) to the molecules changes the charge distribution
along the molecules, but perhaps more importantly, it changes the packing patterns of the
molecules themselves in the crystals. Liquid crystallinity in the molecular complex
8a+10a clearly originates from strong intermolecular phenyl-perfluorophenyl interaction

between its two non-mesogenic components.
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While we have determined all the crystal structures of the BPEB compounds
discussed in this chapter, we are in a good place to start to correlate their crystalline
structures with their liquid crystal properties. However, this task is never easy, as
different packing modes are presented for different compounds. We expect that
compound 10a, C¢F5-C=C-CcH4-C=C-CgF5 may be able to form co-crystal not only with
8a, CgH5-C=C-CgF4-C=C-CgH but also with all the other substituted compounds 8b-8f,
in a very similar packing fashion, and their crystal structures will be related. Then their
liquid crystal properties can be compared in terms of substituent effects. We also
discovered that the substituted partially fluorinated tolan, NC-CgH4-C=C-CgF5 has a very
similar crystal structure as that of 15, CgHs-C=C-CgFs. A series of derivatives of the
form of NC-CgH4-C=C-CgF 4-O(CH2)H can be very easily synthesized, and their liquid
crystal properties as well as crystal structures will be explored in future work. In
summary, with the unique phenyl-perfluorophenyl interaction, numerous combinations
can be formed from these compounds to investigate not only the liquid crystal properties

but also crystal packings.
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3.4 Experimental
3.4.1 General

All reactions were performed under a dry nitrogen atmosphere using standard
Schlenk techniques. Triethylamine and diisopropylamine were distilled from CaH,

under N».

Nuclear magnetic resonance experiments were performed on a Bruker AC200
spectrometer at the following frequencies: !H - 200 MHz; !13C{!H} -50 MHz; I9F{!H} -
188 MHz. H chemical shifts were referenced to the internal standard tetramethylsilane
(TMS), 13C chemical shifts were referenced to the solvent resonances and are relative to
the external standard TMS. !9F chemical shifts were referenced to the external standard
fluorotrichloromethane (CFCl3). All spectra were recorded in CDCl3. FT-IR spectra
were recorded as Nujol mulls on a Bomem Michelson MB Series FT-IR
spectrophotometer. Absorption spectra were recorded on a Hewlett-Packard 8452A
Diode Array UV-VIS spectrophotometer. Emission spectra were recorded on a PTI MD-
5020 spectrophotometer. Elemental analyses were obtained from M-H-W Laboratories,
Phoenix, Arizona, and at the University of Newcastle Upon Tyne, the University of

Bristol, England.

GC/MS analyses were performed on a Hewlett-Packard 5890 Series II/5971A
MSD instrument equipped with an HP 7673A autosampler and a fused silica column (30
m X .25 mm x .25 mm, cross-linked 5% phenylmethyl silicone). The following operating
conditions were used: injector, 260°C; detector, 280°C; oven temperature was ramped
from 70°C to 260°C at the rate of 20°C/min. UHP grade helium was used as the carrier

gas.
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3.4.2 Synthesis

(Trimethylsilyl)pentafiuorophenylacetylene (3g). To a solution of
iodopentafluorobenzene (30 g, 0.102 mol) and trimethylsilylacetylene (12 g, 0.122 mol)
in degassed triethylamine (200 mL) were added PdCl3(PPh3); (0.72 g, 1.1 mmol) and
Cul (0.200 g, 1.1 mmol) under nitrogen. The reaction mixture was allowed to stir at
40°C for 24 h. GC-MS test showed that iodopentafluorobenzene was completely reacted.
Then, Et20 (100 mL) was added into the suspension, the salt was filtered off and washed
well with Et20. The filtrate was then washed with H,O (150 mL x 3), 0.2 M HCI
solution (150 mL x 3) and H,O (150 mL x 2) again. The Et;0 solution was dried over
Na3S0yq, and distilled in vacuo to give (trimethyl)pentafluorophenylacetylene (19.7 g,
73%).

Pentafluorophenylacetylene (4g). Aqueous 0.05 M KOH solution (10 mL) was added
to a solution of (trimethylsilyl)pentafluorophenylacetylene (7.0 g, 0.0265 mmol) in
methanol (100 mL). The reaction mixture was allowed to stir at room temperature for 2
h, then was extracted with Et;0 (100 mL). The Et,O solution was washed with 0.2 M
HCI solution (100 mL x 3) and H,O (100 mL x 3), and dried with Na,SO4. The product
was obtained after removing the solvent by distillation, yielding 4.2 g (82%) as a

colorless liquid.

4-Methoxytetrafluorophenylacetylene (4h). Solid KOH (30 mg) was added to a
solution of (trimethylsilyl)pentafluorophenylacetylene (4.0 g, 0.015 mmol) in methanol
(50 mL). The reaction mixture was allowed to stir at room temperature for 10 h, then was
extracted with EtO (100 mL). The Et;O solution was washed with 0.2 M HCl solution
(100 mL x 3) and H,0 (100 mL x 3), and dried over Na3SO4. The solvent was removed,
and the solid was recrystallized from hexane; 2.5 g (81%) of white solid was obtained.
m.p. 56-57°C. 1H NMR (200 MHz): § 3.52 (s, 1H, C=CH), 4.09 (m, 3H, CH30).
I3C{IH} NMR (50.4 MHz): § 62.2 (m, CH30), 68.6 (C=C), 88.5 (C=C), 96.6 (C), 138.1
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(CF), 139.7 (C), 143.3 (CF), 145.6 (CF), 150.7 (CF). 19F{lH} (188 MHz): -158.01 (m,
2F), -137.89 (m, 2F). IR (Nujol, cm-1): 2228 (C=C). MS (EI), mv/z (rel) 204 (M+,100),

189(52), 173(3), 161(89), 155(2), 141(10), 123(18), 117(3), 92(10).

1,4-Bis(phenylethynyl)tetrafluorobenzene (8a). A solution of phenylacetylene (1.0 g,
9.8 mmol) in diisopropylamine (20 mL) was added to a suspension containing 1,4-
diiodotetrafluorobenzene (1.6g, 4 mmol), PdCl2(PPh3)2 (0.070 g, 0.1 mmol) and Cul
(0.019 g, 0.1 mmol) in diisopropylamine (10 mL) under nitrogen. The reaction mixture
was allowed to stir at reflux for 4 h. The solvent was removed in vacuo, and the crude
product was extracted into hot toluene and filtered through a 2 cm pad of silica gel (70-
230 mesh). Compound 2 was obtained as colorless needle-shaped crystals by cooling the
hot toluene solution. The yield was 0.55 g (71%). mp 182.5°C. 'H NMR (200 MHz): §
7.36-7.43 (m, 6H, phenyl H's), 7.58-7.62 (m, 4H, phenyl H's). 13C{!H} NMR (50.4
MHz): & 74.6 (m, C=C), 103.1 (C=C), 121.6 (C, Cg¢Hs), 128.5 (CH), 129.7 (CH), 132.0
(CH), 143.8 (CF, m), 148.9 (CF, m). 19F{!H} NMR (188 MHz): -147.7 (s). IR (Nujol,
cm-1): 2226, 2209 (C=C). MS (EI), m/z (rel) 350 (M+,100), 330(4), 298(3), 274(2),
246(1), 175(1), 149(2), 123(1). UV-Vis (CH3CN): A (nm, (log €)) 192(4.12), 226(3.36),
304(3.65), 322(3.79), 340 (3.62). Anal. Calcd. for CooHoF4: C, 75.43; H, 2.86; F, 21.71.
Found: C, 75.52; H, 2.68; F, 21.86

1,4-Bis(p-methylphenylethynyl)tetrafluorobenzene (8b). White crystals (yield 79%).
IH NMR (200 MHz): 8 2.39 (s, 6H, CH3), 7.24 (m, 4H, phenyl H's), 7.49 (m, 4H, phenyl
H's). 19F{!H} NMR (188 MHz): -137.42 (s). IR (Nujol, cm-!): 2224, 2206 (C=C). MS
(EI), m/z (rel) 378 (M+,100), 356(3), 343(4), 312(3), 291(3), 243(3), 219(2), 189(14),
178(3). UV-Vis (CH3CN): A (nm, (log €)) 328 (4.78), 346 (4.66). Anal. Calcd. for
Ca4H14F4: C, 76.12; H, 3.70. Found: C, 75.99; H, 3.68.

1,4-Bis(p-methoxyphenylethynyl)tetrafluorobenzene (8c). White plates (yield 70%).
IH NMR (200 MHz): & 3.64 (s, 6H, CH30), 6.90 (m, 4H, phenyl H's), 7.53 (m, 4H,
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phenyl H's). 19F{!H} NMR (188 MHz): -137.74 (s). IR (Nujol, cm-!): 2228, 2207
(C=C). MS (ED), m/z (rel) 410 (M+,100), 395(33), 367(13), 352(12), 325(5), 324(24),
298(6) 205(25), 162(27), 149(13), 136(5). UV-Vis (CH3CN): A (am, (log £)) 340 (4.70),
358 (4.63). Anal. Calcd. for Ca4H14F405: C, 70.25; H, 3.44. Found: C, 69.92; H, 3.78.

1,4-Bis(p-methylthiophenylethynyl)tetrafluorobenzene (8d). Pale yellow crystals
(vield 91%). 'H NMR (200 MHz): § 2.51 (s, 6H, CH3S), 7.23 (m, 4H, phenyl H's), 7.49
(m, 4H, phenyl H's). 19F{1H} NMR (188 MHz): -147.92 (s). IR (Nujol, cm-l): 2221,
2205 (C=C). MS (EID), m/z (rel) 442(M+, 100), 443(23), 444(10), 445(2), 427(23),
412(11), 393(1), 368(2), 221(10). UV-Vis (CH3CN): A (nm, (log €) 284 (4.29), 354
(4.87). Anal. Calcd. for Ca4H14F4S2: C, 65.15; H, 3.19. Found: C, 65.78; H, 3.36.

1,4-Bis(p-cyanophenylethynyl)tetrafiuorobenzene (8e). Pale yellow flakes (yield
71%). TH NMR (200 MHz): § 7.70 (s, phenyl H's). 19F{!H} NMR (188 MHz): -113.38
(s). IR (Nujol, cm-1): 2235 (CN), 2207 (C=C). MS (EI), m/z (rel) 400(M+, 49), 401(12),
402(4), 223(4), 200(5), 191(2), 169(5), 149(100), 125(7), 111(15), 109(12). UV-Vis
(CH3CN): A (nm, (log €)) 330 (4.88), 352 (4.70). Anal. Calcd. for Co4HgF4N5: C, 72.01;
H, 2.01; N, 7.00. Found: C, 71.28; H, 2.00; N, 6.99.

1,4-Bis(p-trifluoromethylphenyiethynyl)tetrafluorobenzene (8f). White plates (yield
80%). 'H NMR (200 MHz): § 7.69 (m, phenyl H's). 19F{!H} NMR (188 MHz):
-136.12 (s, 4F, CgF4), -62.83 (s, 6F, CF3). IR (Nujol, cm-1): 2227, 2207 (C=C). MS
(ED), m/z (rel) 487 (M+*,100), 468(13), 467(55), 436(31), 497(12), 377(12), 366(18),
348(18), 346(16), 328(15), 327(10), 316(13), 297(12), 296(12), 278(9), 270(10), 217(34),
208(46), 198(12), 185(10), 183(11), 174(12), 173(10), 170(42), 144(8). UV-Vis
(CH3CN): A (nm, (log €)) 320 (4.82), 340 (4.64). Anal. Calcd. for Co4HgF)0: C, 59.28;
H, 1.66. Found: C, 59.16; H, 1.89.
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1,4-Bis(pentafluorophenylethynyl)benzene (10a). A solution of iodopentafluoro-
benzene (7.0 g, 24 mmol) in triethylamine (S0 mL) was degassed and added to a
suspension containing 1,4-diethynylbenzene (1.5g, 12 mmol), PdCl>(PPh3); (0.084 g,
0.12 mmol) and Cul (0.023 g, 0.12 mmol) in triethylamine (100 mL) under nitrogen.
The reaction mixture was allowed to stir at 60°C for 6 h. After being cooled to room
temperature, the reaction mixture was filtered and the brown solid was collected. This
crude product was washed thoroughly with H>O and dried in air. Recrystallization from
hot toluene yielded pale yellow product 4.0 g (78%). mp 196.5°C. 'H NMR (200 MHz):
3 7.60 (phenyl H, s). 19F{IH} NMR (188 MHz): -172.0 (4F, m), -162.3 (2F, m), -146.10
(4F, m),. IR (Nujol, cm-1): 2223 (C=C). MS (EI), m/z (rel) 458 (M+,100), 420(7),
389(5), 320(1), 290(1), 242(1), 229(21), 194(3), 179(3), 147(2). UV-Vis (CH3CN): A
(nm, (log €)) 192(3.75), 214(3.45), 298(3.62), 316(3.76), 336 (3.61). Anal. Calcd for
C22H4F0: C, 57.64; H, 0.88; F, 41.88. Found: C, 57.63; H, 0.82; F, 41.63.

1,4-Bis(p-methoxytetrafluorophenylethynyl)benzene (10c). p-Methoxytetrafluoro-
acetylene (0.98 g, 4.4 mmol) and 1,4-diiodobenzene (0.66 g, 2 mmol) along with
PdCl>(PPh3); (0.028 g, 0.04 mmol) and Cul (0.008 g, 0.04 mmol) were charged into a
100 mL Schlenk flask under the protection of nitrogen. Diisopropylamine (50 mL) was
then added to the flask, and the reaction solution was allowed to stir and reflux for 4 h.
After being cooled to room temperature, the precipitate was collected by filtration. The
solid was washed thoroughly with HO and dried in air. Recrystallization from hot
toluene yielded white cotton-like product 0.87 g (90%). !'H NMR (200 MHz): § 4.13 (m,
6H, CH30), 7.59 (s, 4H, phenyl H's). !15F{!H} (188 MHz): -157.81 (4F, m), -137.43 (4F,
m). IR (Nujol, cm-l): 2220 (C=C). MS (EI), m/z (rel) 482 (M+,100), 467(59),
452(41), 346(37), 327(51), 283(39), 269(77), 255(39), 198(19), 148(17). UV-Vis
(CH3CN): A (nm, (log €)) 322(4.79), 342(4.59). Anal. Calcd for Ca4HoFg05: C, 59.71;
H, 2.07. Found: C, 59.53; H, 1.90.
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1,4-Bis(pentafluorophenylethynyl)tetrafluorobenzene (12a). A solution of
pentafluoroacetylene (1.37 g, 7.1 mmol) in triethylamine (10 mL) was degassed and
added to a suspension containing 1,4-diiodotetrafluorobenzene (1.20 g, 3 mmol),
PdCl2(PPh3); (0.042 g, 0.06 mmol) and Cul (0.012 g, 0.06 mmol) in triethylamine (40
mL) under nitrogen. The reaction mixture was allowed to stir at reflux for 3 h. After
being cooled to room temperature, the reaction mixture was filtered and the gray solid
was collected. This crude product was washed thoroughly with H,O and dried in air.
Recrystallization from hot toluene yielded pale yellow product 0.99 g (75%). mp
226.1°C. 19F{1H} (188 MHz): -160.4 (4F, m), -148.7 (2F, m), -134.6 ( central C¢F4, 4F,
m), -133.8 (4F, m). MS (ED), m/z (rel) 530 (M+,100), 492(8), 461(14), 423(10), 392(8),
361(13), 337 (9), 306(6), 265(21), 230(12), 196(11), 165(11). UV-Vis (CH3CN): A (nm,
(log €)) 192(4.00), 210(354.), 302(3.69), 318(3.81), 338(3.66). Anal. Calcd for C27F4:
C,49.84; F, 50.16. Found: C, 50.02; F, 46.66.

1,4-Bis(p-methoxytetrafluorophenylethynyl)tetrafluorobenzene (12c). White plates
(yield 79%) 'H NMR (200 MHz): § 4.17 (m, 6H, CH30). 19F{!H} (188 MHz): -157.25
(4F, m), -136.00 (4F, m), -135.31 (s, 4F). MS (EI), m/z (rel) 554 (M+,100), 539(62),
524(38), 496(18), 468(16), 430(9), 399(24), 368(8), 361(10), 337(6), 331(8), 329(9),
281(6), 277(17), 256(5), 234(21), 215(9), 165(8). UV-Vis (CH3CN): A (nm, (log €))
328(4.74), 346(4.62). Anal. Calcd for Cp4F1205: C, 51.96; H 1.08 Found: C, 51.89; H,
0.96.

2,3,4,5,6-Pentafluorodiphenylacetylene (15). A solution of phenylacetylene (0.61 g, 6
mmol) in triethylamine (30 mL) was added to a s'uspension containing
iodopentafluorobenzene (1.47g, S mmol), PdCl;(PPh3); (0.035 g, 0.05 mmol) and Cul
(0.010 g, 0.05 mmol) in triethylamine (30 mL) under nitrogen. The reaction mixture was
allowed to stir at reflux for 4 h. The solvent was removed in vacuo, and the crude

product was extracted into hexane and filtered through a 2 cm pad of silica gel (70-230
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mesh). Compound 2 was obtained as colorless needle-shaped crystals by cooling the
hexane solution to -20°C. The yield was 1.20 g (90%). 1H (200 MHz): § 7.32-7.40
(phenyl H's, 3H, m), 7.52-7.57 (phenyl H's, 2H, m). 19F{1H} (188 MHz): -172.6 (2F, m),
-163.5 (1F, m), -146.7 (2F, m). IR (Nujol, cm-!): 2228 (C=C). MS (EI), m/z (rel) 268
(M+,100), 249(7), 237(8), 216(8), 199(38), 179(2), 147(4), 134(9). UV-Vis (CH3CN): A
(nm, (log €)) 194(4.86), 266(3.38), 280(3.52), 296(3.45). Anal. Calcd for C14H5F5: C,
62.70; H, 1.88; F, 35.42. Found: C, 62.91; H, 2.04; F, 35.56.

(p-Cyanophenylethynyl)pentafluorobenzene. Yellow crystals (yield 70%). m.p. 164-
165°C. 'H NMR (200 MHz): 8 7.59 (m, CgHy). !3C{!H} (50.4 MHz): 99.10 (br, C=C),
113.01 (CN), 118.02 (s), 126.16 (s), 128.15 (s), 132.97 (s), 135.13 (m), 139.47 (m),
140.24 (m), 144.50 (m), 149.65 (m). MS (EI), m/z (rel) 293 (M*, 100), 294(19), 295(2),
273(5), 262(6), 242(5), 216(9), 209(1), 192(4), 166(1), 146(9), 123(3).

4-(p-lodophenylethynyl)benzaldehyde. A solution of p-ethynylbenzaldehyde (2.0 g,
15.4 mmol) in triethylamine (75 mL) was added dropwise to a suspension containing 1,4-
diiodobenzene (15.23 g, 46.2 mmol), PdCl;(PPh3); (0.108 g, 0.154 mmol) and Cul
(0.029 g, 0.154 mmol) in 175 mL of triethylamine over a period of 24 h. At the end of
the reaction, the mixture was filtered to remove the triethylammonium iodide salt, and the
solvent was then removed in vacuo. The crude product was washed by hexane (50 mL x
2), the residue was then dissolved in hot toluene and purified via column chromatography
on silica gel (70-230 mesh) with toluene as eluent. Pure product was obtained as pale
yellow flakes (3.8 g, 74%). 'H NMR (200 MHz): § 7.25 (m, 2H), 7.68 (m, 4H), 7.85 (m,
2H), 10.01 (s, 1H, CHO). Anal. Calcd for Cy5HgIO: C, 54.24; H 2.73 Found: C, 54.50;
H, 2.80.

Co-crystals of diphenylacetylene (13) and decafluorophenylacetylene (14) Co-

crystals of diphenylacetylene and decafluorophenylacetylene were obtained from hexane.
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Anal. Calcd for C14H 9. C14F10: C, 62.70; H, 1.88; F, 35.42. Found: C, 62.80; H, 1.75;
F, 35.19.

Co-crystallization of 1,4-Bis(phenylethynyl)tetrafluorobenzene (8a) and 1,4-
Bis(pentafluorophenylethynyl)benzene (10a) Solid samples of 1,4-bis(phenylethynyl)-
tetrafluorobenzene (8a) (70 mg, 2 mmol) and 1,4-bis(pentafluorophenylethynyl)benzene
(102) (92 mg, 2 mmol) were dissolved in 5 mL of hot CHCl3. Some colorless needle-like
crystals were collected after cooling the solution to room temperature. GC/MS analysis
showed that this solid contained (8a) and (10a) in a 1:1 ratio. Anal. Calcd for CyoHoF4 .
C22H4F 0 : C, 65.53; H, 1.41; F, 32.56. Found: C, 65.36; H, 1.75; F, 32.89.

Co-crystallization attempts between 1,4-Bis(phenylethynyl)benzene (1a) and 1,4-
Bis(pentafluorophenylethynyl)tetrafluorobenzene (12a). Solid samples of 1,4-
bis(phenylethynyl)benzene (1a) (28 mg, 1 mmol) and 1,4-bis(pentafluorophenylethynyl)-
tetrafluorobenzene (12a) (53 mg, | mmol) were dissolved in 10 mL of hot CHCls. Some
pale yellow crystals (40 mg) were collected after cooling the solution to room
temperature. However, GC/MS analysis showed that this solid contained (1a) and (12a)
in an approximate 1:3 ratio. This solid was recrystallized from CHCl3 again, but only

pure 12¢ was obtained which was indicated by GC-MS analysis.

In another experiment, solid samples of 1,4-bis(phenylethynyl)benzene (1a) (28
mg, 1 mmol) and 1,4-bis(pentafluorophenylethynyl)-tetrafluorobenzene (12a) (53 mg, 1
mmol) were dissolved in 10 mL of hot CHCI3. Then the solution was evaporated to
dryness, yielding a pale yellow solid. Powder X-ray diffractiqn analysis indicated that
there was new species within this solid, and LC study showed the following phase

transitions: K 1785 Sg 196.2 bi N1 2315 1.



3.4.3 Single Crystal Studies
3.4.3.1 Work at Waterloo

Suitable crystals of 1c, 8b and 8c were obtained by slow evaporation from a
toluene solution. The data sets were collected at 295 K on a Siemens R3m/V
diffractometer using graphite monochromated Mo Ko radiation (0.71073 A) and ® scan
methods with variable scan rates. Background measurements were made at the beginning
and end of each scan for a total time equal to a quarter the scan time. Data were corrected
for Lorentz and polarization effects and absorption (face-indexed numerical). The
structures were solved by direct methods and refined by full-matrix least-squares methods
using Siemens SHELXTL PLUS (VMS) software, with anisotropic thermal parameters
for all non-hydrogen atoms and isotropic thermal parameters for hydrogen atoms. The
function minimized was ¥w (IFl-IF¢l)2. The atomic scattering factors were taken from

the International Tables Vol. 4.

3.4.3.2 Work at Newcastle, England

Other structures in this chapter were determined at the University of Newcastle,

and at CCLRC, Daresbury Laboratory, England.

Suitable single crystals were grown from toluene or CHCl3;. Measurements were
made on a Siemens SMART CCD area-detector diffractometer; in all cases, graphite-
monochromated MoKa. radiation was used (A = 0.71073A). Th;: crystals were mounted
on a glass fiber with a coating of perfluoropolyether oil, cell parameters were refined
from the observed setting angles and detector spot positions for selected reflections, and
intensities were measured from a series of frames each covering a 0.3° oscillation in ®.

The structures were solved using direct methods, and refined by full-matrix least-
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squares techniques. The refinement was on F2 of all independent reflections, to minimize
Iw(F? - F})2, with weighting w-1 = 62(F’ ) + (aP)%/ bP, where P = (F? + 2F? )/3;
the refined isotropic extinction parameter y is defined such that F is multiplied by (1 +
0.001y F? A3/ 5in20)-1/4. In each case, anisotropic displacement parameters were refined
for all non-hydrogen atoms, and isotropic hydrogen atoms were constrained to ride on

their parent carbon atoms with fixed bond lengths and idealized bond angles.

Programs were standard Siemens control and integration software, versions 4 and

5 of SHELXTL, and local programs.
3.4.3.3 Work at Daresbury, England

Data of 1b, 1f were collected employing a wavelength of 0.6889 A, on a Siemens
SMART CCD area detector diffractometer, equipped with a silicon (111) crystal
monochromator and a palladium coated focusing mirror on the single crystal diffraction

station at the Daresbury Laboratory Synchrotron Radiation Sourse.
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3.4.4 Liquid Crystal Studies

Liquid crystal studies were carried out by V. Chu and C. Viney, University of
Washington, Seattle (1a-f), but mostly by C. Viney later at the Department of Materials at

Oxford University.
3.4.4.1 Differential Scanning Calorimetry

Phase transitions were determined by differential scanning calorimetry on a
Perkin Elmer DSC 7 system with aluminum sample and reference pans. Pans were
closed with aluminum covers, using a Perkin Elmer crimper press to obtain a standard
(non-hermetic) seal. An environment of dry argon was provided at a flow rate of 20
cm3/min. In cases where a compound exhibited traces of retained solvent or volatile
solid (as evidenced by a deposit forming outside the sample during an exploratory heating
run), a programmable microscope hot stage was used to pre-heat each subsequent sample
of that compound to 100°C for a few minutes in an open DSC pan. The 100°C
temperature used to pre-heat samples is safely below the degradation temperature of any

of the compounds discussed here.

The thermal history of each sample (after the pan was sealed) was as follows:
heat to 300°C at 10°C/min, cool to ambient at 10°C/min, and re-heat to 300°C at
10°C/min. While each of these three steps can be used to provide phase transition

temperatures, their information content is not necessarily identical:

* Results obtained during the first heating may depénd on whether the as-
synthesized material was precipitated from solution or crystallized from a melt. The
conditions under which the initial solid forms a higher-temperature (less-ordered) phase

can be sensitive to the molecular order that is present in the initial solid.
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* A transition detected on cooling may occur at a lower temperature than the
equivalent transition on heating, if the transition is limited by nucleation of the lower
temperature phase. Also, the specimen may degrade during the first heating, so that the
cooling step may in fact be characterizing a material that is different from the original

sample.

* The second heating is performed on a material that may have degraded during

the first heating.

Therefore, the results reported here present the transition temperatures from the

first heating step and from the cooling step.

3.4.4.2 Transmitted Polarized Light Microscopy

Microscopy at the University of Washington: Specimens were observed with a

Leitz Laborlux 12 POL microscope equipped with a Linkam THM 600 heating / freezing
stage and PR 600 controller. A long working distance objective (32x; NA=0.4) was used
to view micro structures at a resolution of approximately 1.5ym; the design of the stage
(which optimizes temperature control at the specimen) effectively restricts the incident
illumination to a parallel (orthoscopic) beam, so that resolution is not as good as it would
be under Kéhler illumination. Specimens were maintained between glass cover slides
that had previously been rinsed in ethanol and allowed to air dry. The specific purpose of
the microscopical observations was to confirm the existence (and if possible the nature)

of liquid crystalline phases.

Microscopy at the University of Oxford: An Ultraphot II light microscope (Carl

Zeiss, Oberkochen / Wiirttemberg, Germany), equipped with a Xenon arc lamp and
crossed polars, was used in transmission. The xenon arc lamp ensured good contrast
from liquid crystalline samples. A Linkam THMS 600 heating / freezing stage and TP 92

temperature programmer / controller (Linkam Scientific Instruments Ltd., Tadworth,
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Surrey, UK) were used to enable observation of sample microstructures in situ at elevated
temperatures. Heating and cooling rates of 10°C/min-! were typical. Occasionally,
slower heating rates (1°C/min-! to 5°C/min-!) were used to facilitate distinction between
phases that are stable over a narrow temperature range. Specimens were cleaned before
use: a rinse in distilled and de-ionized water was followed by two rinses with acetone:

they were then allowed to air dry under a dust cover.

In principle, microscopy could be used instead of DSC to determine the phase
transition temperatures. However, aside from the fact that DSC offers a substantially
quicker route to obtaining the transition temperatures, it also provides numbers that are
more reliable. The limitations of microscopy in this respect arise because (a) an optically
resolvable amount of the new phase has to have formed before the transition is detectable
with the microscope, and (b) the scale and nature of the microstructure is sensitive to
specimen-substrate interactions which may not be exactly reproducible from one

preparation to the next.
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Chapter 4
B-B Oxidative Addition to Low Valent Transition Metal Complexes
4.1 Introduction
4.1.1 Transition Metal Boryl Complexes

The chemistry of transition metal boryl complexes is currently an active area of
research owing to their significant applications in transition metal catalyzed B-H 1.2 and
B-E (E= B3, Si4, Sn’, S6) additions to unsaturated organic substrates and related
organoborane generating processes.”8 These compounds are characterized by the
presence of a BX; group bound to a mononuclear transition metal center (X = H,
halogen, organo, amino, alkoxy, sulfido groups). It is remarkable that no metal
compounds of boron (either transition metal or not) were known up to about 1960. In the
1960’s, German chemists H. N6th and G. Schmid started to synthesize different kinds of
metal boryl compounds, all with transition metals except Sn. A review on this early
period of studies appeared in 1970 by Schmid?, and most of the compounds were poorly
characterized and thus their authenticity was in question. It is interesting to note that
there were few contributions from 1970 until 1985 when Minnig and N6th10 discovered
the transition-metal-catalyzed alkene hydroboration reaction using Wilkinson's catalyst
[Rh(PPh3)3Cl] (1) with HBCat (Cat = 1,2-O,CgHy). This discovery resulted from a
clever combination of two earlier reported processes, namely the oxidative addition of
HBcat to Wilkinson's catalyst!! and the Rh(I) catalyzed addition of polyhedral boranes to
alkenes.12 Since then, intense studies in this area have been conducted, both in the
applications to organic synthesis and in defining the transition metal's role in the
catalyzed reactions. In the past three to four years, we have been particularly interested

in the metal catalyzed diborations of alkenes and alkynes.32-d A key step in this process
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is believed to be the B-B oxidative addition to low valent transition metal complexes.
Thus, in this chapter, we will focus on our results on the B-B oxidative addition to some
group 9 metal (Co, Rh, Ir) complexes, and the structural studies of the resulting metal

boryl complexes.
4.1.2 B-B Oxidative Addition to Transition Metal Complexes

We have recently reported that Bjcaty and related diboron compounds (2a-c)
underwent clean and facile reactions with Wilkinson's catalyst 1 or its dimer
[Rh(PPh3)2Cl]; (4) at room temperature to generate the corresponding Rh(III) bis(boryl)
complexes [Rh(PPh3),Cl(Bcat*),] (3a-c) in quantitative yield (Reactions 4.1, 4.2).13

Bcat
I N I
(PPh3)3RhCl + (\I B— —_—
B\ ¢ Ph; P/ \
Ry
2a-c 3a-c
2a: R=H,
2b: R,=4-Bu%-3,5,6-H @.1)
2c: Rn=3,5-Bu'2-4,6-H2
[((PPh3);Rh(u-Ch)], + 23.¢ — 3a-c 4.2)
4
e Q - Q MCOZC‘ O COch
0 “eer, O MeO,C* O " CO,Me
2d 2e 2f
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Reaction of 2a with 4 in CH,Cl, was complete in ca. 10 min, whereas the analogous
reaction involving 2b took ca. 1.25 h.  Interestingly, no reaction was observed when
pure Bapinj (pin = OC(CH3)C(CH3),0, 2d) or Baneop; (neop = OCH,C(CH3),CH,0,
2e) was treated with 4 at room temperature, even though Bycaty demonstrated a shorter
B-B bond distance than Bjpinj in the solid state. 13.14 On the other hand, compound 2f
with the electron withdrawing group CO;Me does show reactivity toward complex 4, but
the reaction is notably slower, and it does not go to completion in 3 h. Clearly the
reactivity of the tetrakis(alkoxy) diboron compounds is considerably lower than that of

the catecholate analogs.

However, it has been demonstrated by us3b and others3d-15 that Pt(0) phosphine
complexes such as [Pt(PPh3)(M2-CaHa)] (5) or [Pt(PPh3)4)] can react with not only
Bacat; analogs but also with Bopin; (Reaction 4.3). Nevertheless, the different reactivity
was also obvious in that 2a and 2b can react readily with 5§ upon mixing in toluene at
ambient temperature where § does not react completely with 2d in CDCIl3 or C¢Dg after
12 hours. Other Pt(II) bis(boryl) complexes were obtained in a similar fashion from

[Pt(diphos)(n2-C3Hy4)] where diphos is a chelating phospine ligand.

el e QKD —— =

Ph;P” PhsP” \BEB
5 2a: Bacatj
2b: B,(4-Bul-cat), 6a,b,d
2d: Bopin; “@.3)

B-B oxidative additions are not only restricted to Rh(I) and Pt(0) complexes.
Very recently, Hartwig et al. have observed!6 oxidative addition of Bjcaty or B3(4-

Bu'cat); to [Cp2W] and [Fe(CO)4] fragments (Reactions 4.4,4.5). These electronically
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and coordinately unsaturated species were generated by UV irradiation with the loss of

H3 and CO, respectively.

Bu'
: ]
o B,(Bu'-cat), B~
Cp,WH, [CpaW] - szW\B/ 4.4)
i
7
t
8 Bu
cO
Fe(CO c B toluene OC""F! .« Bcat*
e(CO)s + at*B-Bcat* > kel 4.5)
0°C, hv oc” |e\Bcat*
9 2a-c co
10a-c

4.1.3 Other Routes to Metal Bis(boryl) Complexes

[Fe(CO)4(Bcat*);] complexes (10a-c) could also be synthesized from the
reactions of Nap[Fe(CO)4] (11) with 2 equivalents of ClBcat* at 20°C in toluene
(Reaction 4.6).16c It was reported that the reactions needgd to be conducted in
hydrocarbon solvents. The yields of these reactions depended heavily on the purity of the
metal dianion and the amount of THF contained in the solid Collman reagent, since the
presence of THF lead to significant decomposition of the products. Previously,17
reactions involving Naj[Fe(CO)4] were reported to yield only [Fe(CO)4]3 as the

predominant product. The real factor which THF played here is not clear yet, but we
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have also observed in numerous cases that THF solvent can cause the decomposition of

many other transition metal boryl complexes.

Nap[Fe(CO)4] + CiBcat* — [Fe(CO)4(Bcat*)2] + 2 NaCl 4.6)

Although Rh(III) bis(boryl) complex [Rh(PPh3),Cl(Bcat);] (3a) can be obtained
very easily from the oxidative addition of Bacaty to Wilkinson's catalyst, it was actually
firstly reported from the reaction of [Rh(PPh3)3Cl] with excess HBcat.!8 The HBcat
oxidative addition product [Rh(PPh3);HCIBcat] (12) can react further with HBcat to
generate this bis(boryl) product with the elimination of H gas. (Reaction 4.8).

Rh(PPh3)3Cl + HBcat — Rh(PPh3);HCIBcat + PPhj3 4.7
Rh(PPh3);HCIBcat + HBcat =  Rh(PPh3),Cl(Bcat); + Hj 4.8)

Likewise, [IrH(Bcat)(CO)(dppe)] (dppe = Ph,PCH,CH,PPh>) (13) was also observed
by NMR spectroscopy in the reaction of JSac-[ItH3(CO)(dppe)] (14) with excess HBcat !9

(Reaction 4.9).
H H
P"'i. Ilr _.\‘“H PI,,,. I s Bcat
+ HBcat (exc.) ——= < o + H, 49)
P/ I\H / I\Bcat
CO CO

There were several early reports on the synthesis of Co bis(boryl) complexes by
Schmid and Néth, although none were prepared via B-B oxidative addition, and none
were well characterized. Thus, these authors reported 20-22 that the reaction of Y,BX
with [Co(dppe)2(H)] (15) gave the 19-electron Co(I) bis(boryl) complexes trans-
[Co(dppe)2(BR3),] (16) (Reaction 4.10). Compounds given by the formula, [Co(Me,P-
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0-CgH4-PMe2)2(BR2)2] (R = Ph, Ry = Cj2Hg)?! (17) were also reportedly prepared by

similar routes.

2 Y,BX + Co(dppe)2(H) — trans-Co(dppe)2(BR32); + Co(dppe)2X2 + Hp (4.10)
X=CLBr,I; Y=Br,I, Ph; Y2B =PhyB, PhCIB; Y7B = C;2HgB

Utilizing these cobalt “boryl transfer reagents” they claimed to have prepared two Ni(II)
bis(boryl) compounds [Ni(dppe)n(BPh2)2] (n = 1, 2) ( 18) (Reaction 4.11).

Co(dppe)2(BPhy); + Ni(dppe)nBra — Co(dppe);Br, + Ni(dppe)a(BPh2)2
n=1,2 (4.11)

The interest in these Co(II)-bis(boryl) derivatives resulted from the unique reactivity

displayed in 6-bond metathesis reactions, which were used to prepare several metal boryl

derivatives that were virtually inaccessible by other routes about 30 years ago.

In recent years, o-bond metathesis reactions are no longer an uncommon
phenomenon with transition metal boryl complexes. Thus, the Rh(III) bis(boryl)
complexes [Rh(PPh3);CI(Bcat)2] (3a) reacts with other diboron reagent such as
Ba(Bu'cat); (2¢) affording unsymmetrical metal bis(boryl) [Rh(PPh3)>Cl(Bcat)
(BBu'ycat)] (19) and mixed diboron compound catB-B(Butycat) (2g) (Reaction 4.12).

This reaction was proposed to proceed through the o-bond metathesis mechanism.23

Rh(PPh3);Cl(Bcat); + B(Butycat); — Rh(PPh3),Cl(Bcat)(Bulycat)+ catB-B(Butycat)
4.12)

Nonetheless, treating [Pt(PPh3)2(Bpin);] (6d) with Bjcaty gave only [Pt(PPh3)2(Bcat);]
(6a) and Bjpinj (Reaction 4.13). Neither mixed Pt (II) bis(boryl)
[Pt(PPh3)2(Bpin)(Bcat)] nor mixed diboron compound pinB-Bcat was detected, which
implies the reversibility of the B-B oxidative addition [38! rather than the above-

mentioned G-bond metathesis mechanism.
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Pu(PPh3)>(Bpin); + Bycaty — Pt(PPh3)(Bcat); + Bapiny 4.13)

4.1.4 Our Objectives

In this chapter, the B-B oxidative addition to some low valent group 9 metal (Co,
Rh, Ir) complexes with PMe3 ligand will be examined. Trimethylphospine is the
smallest and yet one of the most electron rich ligands in the phosphine family, thus, the
resulting metal boryl complexes are expected to be important as model compounds not

only for the catalytic activity studies but also for theoretical calculations.
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4.2 Results and Discussion
4.2.1 B-B oxidative Addition to [Co(PMe3)4]

Bacaty (2a) underwent a facile reaction with the Co(0) complex [Co(PMe3)4]24
(20) when they ware mixed in THF yielding the yellow, formally Co(II), 17-electron
complex [Co(PMe3)3(Bcat);] (21) in 60% yield (Reaction 4.14).

Co(PMe3)q + Bacaty — Co(PMes)3(Bceat), + PMes 4.19)

Consistent with the complex being paramagnetic, no resonances were observed in
either the 1!B{!H} or 3IP{!H} NMR spectra of 21. Elemental analysis was consistent
with the presence of three PMe3 ligands in addition to the two Bcat groups. Single
crystals suitable for X-ray diffraction were grown from hexane. This compound
crystallized in an orthorhombic system, space group Pbca, a = 17.127(5), b = 15.303(4),
¢ =20.545(6) A, U = 5385(2) A3. The molecular structure of 21 is shown in Figure 4.1.
The Col - B1 distance = 1.945(11) and Col - B2 = 1.970(11) A. The Co-P distances,
which average 2.214(3) A, (Col - Pl = 2.203(3), Col - P2 = 2.233(3) and Col - P3 =
2.205(3) A) show a small variation with Col - P2 being 0.03 A longer than the other two
which are quite similar. It seems likely that the slight lengthening of the Col-P2 bond is
due to the fact that the PMe3 group involving P2 is more sterically hindered than the

other two PMe3 groups.
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Figure 4.1 Projection of the molecular structure of 21 showing the atom numbering
scheme and illustrating the distorted square-pyramidal description of the coordination
environment. Hydrogen atoms are omitted for clarity. Selected bond distances (A) and
angles (°) for 21: Co(1) - B(1) = 1.945(11), Co(1) - B(2) = 1.970(11), Co(1) - P(1) =
2.203(3), Co(1) - P(2) = 2.233(3), Co(1) - P(3) = 2.205(3), B(1) - O(1) = 1.422(12), B(1)
- O(2) = 1.426(12), B(2) - O(3) = 1.428(12), B(2) - O(4) = 1.437(12), B(1) - Co(l) - B(2)
=67.9(4), P(1) - Co(1) - P(2) = 104.3(1), P(1) - Co(1) - P(3) = 104.0(1), P(1) - Co(l) -
B(1) = 89.0(3), P(1) - Co(1) - B(2) = 148.8(3), P(2) - Co(1) - P(3) = 101.1(1), P(2) -
Co(1) - B(1) = 100.5(3), P(2) - Co(1) - B(2) = 100.4(3), P(3) - Co(1) - B(1) = 151.3(3)
and P(3) - Co(1) - B(2) = 89.4(3).
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Of particular interest is the B1 - Col - B2 angle of 67.9(4)° which gives rise to a
B1 - B2 separation of only 2.185 A. Although a small B1 - Ptl - B2 angle of 77.1(2)° has
been observed3b (77.8(7)° in ref.(15)) in the solid-state structure of cis-[Pt(PPh3)2(Bcat)>]
(6a), none as small as 67.9° has been found previously. The B-B bond distance!3 in
Bcat; of 1.678(3) A is at the short end of the usual range for a B-B bond,2> and the B-B
separation in 21 is only 0.507 A longer than this value suggesting the possibility of some
remaining B-B interaction. Thus, the B1-B2 separation in 21 is only 0.212 A longer than
that for the peripheral B4'-B1 bond in decaborane(14) which was shown26 to be 1.973 A
from a neutron diffraction study of !!Bg2H 4 carried out at -160°C. The sum of the
angles about BI (359.3°) and B2 (359.5°) in 21 indicate clearly a trigonal planar
environment about each boron, yet conjugation with the catecholato m-system will
introduce electron density into the boron p,-orbitals. The angles between the Col - Bl -
B2 plane and B1 - OI - 02 (88.8°) and B2 - O3 - O4 (86.5°) planes are quite similar, thus
the two Bcat mt-systems are facing each other with the closest approach being that of the

two boron p,-orbitals.

It is possible to describe the overall structure as a distorted square pyramid with
P2 at the apical site and Col lying 0.0427 A above the least-squares plane defined by P1,
P3, Bl and B2 (deviations of these four atoms are 0.015, -0.015, -0.024 and 0.024 A
respectively). However, the close approach of the two boron atoms suggests the
possibility that the (Bcat); unit should be considered as a single ligand. Interestingly, the
geometry of the [Co(PMe3)3] fragment in 21 (Figure 4.2, top) is quite similar to that
found in the Co(I) complex [Co(PMe3)3C1] (22) which ' has been structurally
characterized previously2 at room temperature, and in this study?28, at 200 K (Figure 4.2,
bottom). The two structures of 22 are similar, and as the present one is more accurate, it is
included here and used in the following discussion. In compound 22, the Col and Cl1

atoms lie on a crystallographic 3-fold axis so that there is only one unique PMe3 group.
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The Col - P1 distance of 2.232(1) A is only 0.018 A longer than the average value in 21,
whereas the P - Co - P angles in 22 are all 104.5(1)° which is quite similar to the average
P - Co - P angle of 103.1(1)° in 21. Thus, complex 21 could be considered to have a
distorted tetrahedral geometry in which the two boryl ligands occupy a single
coordination site.2? The degree of interaction between the two Bcat groups is not clear at
this time; however, complex 21 may be viewed as lying part way along an oxidative
addition reaction coordinate, with the possibility of some B-B interaction still of being

present.

The reactivities of this novel Co(Il) bis(boryl) complex have not been fully
examined yet. However, when 21 was treated with [Rh(PMe3)4]Cl (23) in hot hexane, a
new Rh(I) boryl complex [Rh(PMe3)4Bcat] (24) was generated which was characterized

spectroscopically (see Section 4.2.3).

Co(PMe3)3(Bcat) ; +2 [Rh(PMe3)4]Cl = Co(PMe3)3Cly + 2 Rh(PMe3)4Bcat (4.15)

112



~ @
O
C) O &
z -.,"'\ -, C1
:/) ! o7
O \:\/I COI ‘{é )
AN <11 P1 //
< e
Plb " A il
Plaf <\ | /c2
Q>
NN \\\\.\ () ()
o= | ¢ 79
S’ D\ s
| Y,
=B 3
J 0

Figure 4.2 Projection of the molecular structure of 21 (top) illustrating the distorted
tetrahedral description of the coordination environment. Projection of the molecular
structure of 22 (bottom) with hydrogen atoms omitted for clarity. Selected bond distances
(A) and angles (°) for 22: Co(1) - P(1) =2.232(1), Co(1) - CI(1) = 2.226(2), CI(1) - Co(1)
-P(1) = 114.1(1) and P(1) - Co(1) - P(1A) = 104.5(1).
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4.2.2 B-B Oxidative Addition to [Ir(PMe3)3CI(COE)]

Addition of Bjcaty; to a THF solution of [Ir(PMe3)3CI(COE)] (COE = cis-
cyclooctene, 25) at room temperature results in complete conversion (90% isolated yield)
to the iridium bis(boryl) complex [Ir(PMe3)3Cl(Bcat);] (26) (Reaction 4.16). The
solution structure of 26 was established by 1H, 13C{!H}, 3!P{!H} and !!B{!H} NMR
spectroscopy, and its solid state structure was confirmed by a single-crystal X-ray

diffraction study on crystals grown by layering hexane over a CH,Cl> solution.

PMes
) MesPu.,,, Ilr o Beat
Ir(PMe3)3CI(m“-COE) + Bcat, _— I (4.16 )
Cl/ | o~ Bcat
PMC3

The 3!P{1H} NMR spectrum of 26 displays a doublet at -40.9 ppm (2J pp=275
Hz) and a broad peak at -50.8 ppm in 2:1 ratio (Figure 4.3). The latter broad signal
clearly indicates that one phosphine ligand is trans to a boryl group and the resonance is
influenced by the boron nucleus (!B, spin 3/2, 80.4% natural abundance; 10B, spin 3,
19.6% natural abundance) as the resonance of the spin 1/2 nucleus in the trans position
will display significant broadening due to quadrupolar coupling.30 The !!B{!H} NMR
spectrum (Figure 4.4) clearly displays two well separated resonances at 32.6 and 41.7
ppm, respectively, in which the first signal is consistent with a Bcat group trans to
chloride as shown in other Ir(II) boryl complexes [Ir(PMe3)3(Cl)(H)(Bcat)] (27) (3 32.8
ppm)3! and [Ir(PEt3)3(Cl)(H)(Bcat)] (28) (3 33.5 ppm),32 while the other resonance at
41.7 ppm is quite close to the value of § 44.7 ppm in an iridium tris(boryl) complex fac-

(Ir(PEt3)3(Bcat)3] (29) 33 in which the boryl groups are all trans to the phosphine ligands.
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Also in the lH NMR spectrum, four sets of catecholate proton resonances are observed at
(7.07, 6.76), (7.12 and 6.83) ppm, and six carbon resonances are observed at (110.53,
120.7, 149.84), (115.58, 120.76 and 150.03) ppm in 13C{!H} NMR spectrum in CDCl3.
From these results, the structure of 26 can be assigned unambiguously as mer-cis-
[Ir(PMe3)3CI(Bcat);], with one boryl group trans to chloride and the other trans to the
unique trimethylphosphine ligand.

The structure of 26 is further confirmed by single crystal X-ray diffraction (Figure
4.5) The molecular structure of 26 consists of an octahedral arrangement with mer
phosphine ligands. The two catecholatoboryl groups are mutually cis with an unusually
large B-Ir-B angle of 91.6 (2)° vide supra. The two BO3 planes of these boryl moieties
are essentially perpendicular to one another. The boron trans to chloride has a iridium-
boron distance of 2.024(6) A, which is the same within statistical error as that in the
compound mer-[Ir(PMe3)3CI(H)(Bcat)] (27) (2.023(10)A) which was produced through
the oxidative addition of the H-B bond in HBcat to 25. 3! The other iridium-boron bond
distance is 2.080(6) A which is very close to the value of 2.093(7) A in fac-
[(Ir(PMe3)3H2(BCgH4)] (29) which was prepared from the reaction of [Ir(PMe3)4H] with
9-BBN dimer and in which the BCgH 4 boryl group is trans to PMe3_ 32 These two Ir-B
bond distances are in accordance with the fact that PMe3 has a larger trans influence than
Cl. For further comparison, the Ir-B bond in trans-[Ir(PPh3);CI(CO)(H)(Bcat)] (30) is
2.045(5) A where boron is trans to chloride.33 Crabtree et al. reported 34 a novel Ir(IV)
boryl complex [Ir(PMe3)3(biphBF)CI]BPhg (31) prepared by the reaction of
[Ir(PMe3)3Cl(biph)] (biph = biphenyl-2,2-diyl) with NOBF4. The molecular structure of
[Ir(PMe3)3(biphBF)Cl]* was determined and the Ir-B bond distance was found to be
2.00(1) A. The boryl group is trans to a phosphine ligand in this complex but

unfortunately, the structure is not very accurate.
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Figure 4.8. A view of the molecular structure of mer-cis-[Ir(PMe3)3;Cl(Bcat);], (26) with
thermal elipsoids at 50% probability. Selected bond distances (A) and angles (°) for 26:
Ir(1) - B(1) = 2.080(6), Ir(1) - B(2) = 2.024(6), Ir(1) - P(1) = 2.3989(13), Ir(1) - P(2) =
2.3286(14), Ir(1) - P(3) = 2.3224(13), Ir(1) - CI(1) = 2.5348(13), B(1) - Ir(1) - B(2) =
91.6(2), CI(1)-Ir(1)-B(1) = 90.6(2), CI(1)-Ir(1)-B(2) = 177.7(2), P(1) - Ir(1) - P(2) =
96.83(5), P(1) - Ir(1) - P(3) =94.39(5), P(1) - Ir(1) - B(1) = 172.2(2), P(1) - Ir(1) - B(2) =
96.1(2), P(2) - Ir(1) - P(3) = 168.37(5), P(2) - I(1) - B(1) = 83.6(2), P2) - Ir(1) - B(2) =
87.9(2), P(3) - Ir(1) - B(1) = 85.7(2) and P(3) - Ir(1) - B(2) = 87.9(2).
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Among the Ir-P bond distances in complex 26, the two mutually trans phosphine
groups have Ir-P distances of 2.3286(14) and 2.3224(13) A respectively, which are very
similar to the two trans Ir-P distances in compound 27 (2.307(2) and 2.304(2) A).
However, the PMe3 group trans to Bcat in 26 has a significantly longer Ir-P distance of
2.3989(13)A while the PMes3 group trans to hydride in complex 27 displays an Ir-B bond
distance of only 2.351(2) A. This suggests that the Bcat boryl group has a larger trans
influence than PMe3 and even hydride ligands, at least in this octahedral system.

Among recent structurally characterized metal bis(boryl) complexes, the above-
discussed [Co(PMe3)3(Bcat)z] (21) is a paramagnetic compound with a distorted square
pyramidal structure or it can be viewed as a distorted tetrahedron with the two boryl
ligands occupying a single coordination site, while all Pt(II) bis(boryl) compounds, cis-
[Pt(PR3)2(Bcat)] (6), are four coordinate,3b.3d.15 and Rh(III) bis(boryl)
[Rh(PPh3),Cl(Bcat);] (3a) has a five coordinate, distorted square-pyramid configuration
with one boryl group trans to Cl, the other trans to the vacant site.!3 The latter
compound is fluxional in solution, giving only one broad signal in !!B{!H} NMR. Thus,
compound 26, mer-cis-[Ir(PMe3)3Cl(Bcat);] is the first structurally characterized Ir
bis(boryl) compound, and the first metal bis(boryl) complex with two distinct boryl

group environments in solution.
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4.2.3 B-B Oxidative Addition to [Rh(PMe3)4Me]
4.2.3.1. Syntheses of Rh(I) Boryl and Rh(III) Tris(boryl) Complexes

In order to study the reactivity of the M-B bond in low-valent, electron-rich, late
metal boryl complexes, and to examine the reversibility of the B-B bond oxidative
addition process, we sought to prepare a Rh(I) boryl complex. The only example of such
a species to have been reported?? is the poorly characterized species [Rh(PPh3)3(BBr3)]
(32), which was apparently obtained from the reaction of "[Co(dppe)2(BBr3)2]" with
[Rh(PPh3)3Cl]. Utilizing our newly prepared [Co(PMe3)3(Bcat);] (21) complex, we have
observed the formation of the novel Rh(I) boryl complex [Rh(PMes)4(Bcat)] (24) by
3Ip{1H} and !!B{!H} NMR spectroscopies. However, it could not be easily isolated and
unambiguously identified. Our previous attempts to prepare Rh(I)-Bcat compounds
directly via reactions of phosphine-Rh(I)-hydride and allyl precursors (e.g.
[Rh(PMe3)4H] or [(dippe)Rh(n3-2-Me-allyl)] (dippe = iPrPCH,CH,PiPr;)) with
HBcat35:36 resulted in the formation of compounds such as [Rh(PMes)]*,
[Rh(PMe3)4(H)2]* and the zwitterion [(dippe)Rh(16-catBcat)]. We reasoned that
reaction of Bjcaty (2a) with [Rh(PMe3)sMe] (33) however, would likely lead to
[Rh(PMe3)4(Bcat)] via oxidative addition of the B-B bond followed by rapid reductive
elimination of MeBcat (34) (Reaction 4.17), and the reactivities of other diboron

compounds can also be tested.

Rh(PMe;3)sMe + Bjcat, TRh(PMeg,)g,(Me)(Bcat)z
33 2a rves 35

+PMe;
-MeBcat (34)

Rh(PMe3)4(Bcat) 4.17)
24
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Indeed, when this reaction was conducted using a 1:1 molar ratio of 33:2a in
heptane, 24 and 34 were formed rapidly as evidenced by !H, !!B{!H}, 13C{IH}, and
31p{IH} NMR spectroscopy. The !!B{!H} spectrum in C¢Dg showed a broad peak at &
49.0 ppm which was assigned to the resulting Rh(I) mono(boryl) product 24 and a sharp
peak at & 35.2 ppm which was consistent with the presence of MeBcat 37 (Figure 4.6).
The presence of 34 in solution was confirmed additionally by ambient temperature
vacuum transfer of all volatiles to a separate vessel and subsequent examination of these
by GC/MS, which showed a peak at MS m/z 134 (M+) with the expected isotope pattern.
The isolated yields of 24 were 92-99%, but the material always contained a small
amount (ca. 2% by NMR) of [Rh(PMe3)sH] (3!P{!H}, & -18.86 (d, Jrn-p 146)) due to its
considerable moisture sensitivity. In one case, when the reaction was performed in CgFg,
24 free of [Rh(PMe3)4H] was obtained.

Compound 24 is fluxional in solution as evidenced by the appearance of one
doublet (-21.88 ppm, Jrh-p = 137 Hz) in the room temperature 31P{!H} NMR spectrum
which displays a sharp doublet of doublets (-22.03 ppm, Jrnh.p = 157, 2Jp_p = 48 Hz, 3P)
and a broader overlapped doublet of quartets (-13.21 ppm, Jrh.p = 91, 2Jp_p = 48 Hz, 1P)
at 193 K (Figure 4.7). The low temperature limiting spectrum indicates a trigonal

bipyramidal geometry with the Bcat ligand occupying an axial site.

This structure was confirmed by single-crystal X-ray diffraction. Crystal data for
(24): C1gH40BO,P4Rh, M = 526.10, monoclinic, P21/c, a = 16.7763(12), b = 9.8236(7), ¢
= 16.3714(12)A, B = 103.728(2)°. A view of the molecular structure of 24 with selected
bond distances and angles is given in Figure 4.8. That the Bcat group prefers an axial
rather than equatorial site suggests37 strongly that it is a strong G-donor and a poor nt-
acceptor (cf. [(PMe3)4Rh(C=CPh)])38; if Bcat were a strong m-acceptor, it would be
expected to occupy an equatorial site and to lie perpendicular to the equatorial plane in

such a d8-ML4-Bcat complex in order to maximize Rh—B n-bonding.
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Figure 4.6 !!B{!H} and 3!P{1H} spectra of [Rh(PMe3)4Me] + Bacat; in C¢Dg
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Figure 4.8. A view of the molecular structure of [Rh(PMe3)4(Bcat)] (24) with thermal
elipsoids at 50% probability and H atoms omitted for clarity. Selected bond distances (A)
and angles (°): Rh(1)-B(1) = 2.047(2), Rh(1)-P(1) = 2.3049(6), Rh(1)-P(2) = 2.2891(6),
Rh(1)-P(3) = 2.3096(6), Rh(1)-P(4) = 2.3404(6), B(1)-Rh(1)-P(1) = 87.32(7), B(1)-
Rh(1)-P(2) = 83.07(7), B(1)-Rh(1)-P(3) = 80.39(7), B(1)-Rh(1)-P(4) = 174.74(7), P(4)-
Rh(1)-P(1) = 97.30(2), P(4)-Rh(1)-P(2) = 96.74(2), P(4)-Rh(1)-P(3) = 95.09(2), P(1)-
Rh(1)-P(2) = 119.53(2), P(1)-Rh(1)-P(3) = 119.51(2), P(2)-Rh(1)-P(3) = 117.30(2).
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Reaction of 33 with two equiv. of 2a generates the unusual tris(boryl) complex
Jac-[Rh(PMes3)3(Bcat)3] (36) in quantitative yield with loss of one PMe3 group and

formation of 34 (Reaction 4.18).

Rh(PMej)sMe + Bcaty ——— Rh(PMej3)4(Bcat)

33 2a -MeBcat (34)
+Bjcat;
——» fac-Rh(PMej);(Bcat); 4.18)
-PMe3 36

The 31P{!H} NMR spectrum of the reaction products in C¢Dg showed a broad doublet at
d -26.2 ppm corresponding to the Rh(III) tris(boryl) product [Rh(PMe3)3(Bcat)3] as well
as a sharp peak at § -62.0 ppm for free PMe3. The broad doublet did not sharpen even at
193K, which implies that all PMe3 ligands are trans to Bcat. The !!B {!H} spectrum
showed the characteristic peak for MeBcat at 35.1 ppm and one broad peak at & 46.8
(Figure 4.9). Compound 36 was obtained nearly quantitatively when 33 and 2 equiv. of
2¢ were placed in heptane and stirred for 2 hours at room temperature. The resulting
white precipitate was collected with sufficient purity. (Anal. Calcd for C27H39B30¢P3Rh:
C, 47.15; H, 5.71. Found: C, 47.80; H, 5.88.)

The only previously reported39 tris(boryl) complexes are several [(N6-
arene)Ir(Bcat)3] (37) derivatives formed in the reaction of [(m3-Indenyl)Ir(n2-COE);]
(COE = cyclooctene) with 25 equiv. of HBcat in arene solvents. One such complex was
found to react with 3 equiv. of PEt3 with loss of arene yielding Jac-[Ir(PEt3)3(Bcat)3] (38)
analogous to 36. While two examples of 37 were structurally characterized, 38 was
identified only by multinuclear NMR spectroscopy, and thus 36 represents the first

structurally characterized phosphine or Rh containing tris(boryl) complex.
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Figure 4.9a 31P{!H} NMR spectrum of [Rh(PMe3)sMe] + 2 Bycaty in CgDg

Figure 4.9b !IB{!H} NMR spectrum of [Rh(PMe3)3(Bcat)s] in C¢Dg
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Single crystals suitable for X-ray diffraction were grown from toluene. The
compound crystalizes in the triclinic space group P1 with 0.5 mole of disordered toluene
molecules in the lattice. Crystal data for (36): C27H39B306P3Rh-0.5C7Hg, M = 733.90 a
= 9.4861(9), b = 11.5356(11), c = 17.8907(18)A, a = 73.055(3), B = 83.211(2), y =
68.390(2)°, V= 1741.0(3)A3. A view of the molecular structure of 36 with selected bond
distances and angles is presented in Figure 4.10. The fac-arrangement of the three Bcat
groups is evidence once again of their very strong trans-influence which is most likely a
reflection of their strong o-donating ability. In fact, there are, as yet, no well
characterized bis- or tris(boryl) complexes in which two boryl groups occupy mutually
trans-coordination sites. The only case reported in the literature were Néth's poorly

characterized Co(II) bis(boryl) complexes such as trans-[Co(dppe)z(BRz)Z].21

In order to examine the possibility that the second B-B bond oxidative addition
(24 — 36) might be reversible, 36 was reacted with one equiv. of 33 in the presence of
one drop (excess) of PMes3 giving 24 + 34 in quantitative yields (Reaction 4.19). The
simplest pathway consistent with (Reaction 4.19) is the reductive elimination of Bacats
from 36 to give the transient complex [(PMe3)3Rh(Bcat)] which is rapidly trapped by
PMe3 forming one equiv. of 24, the free Bcat; then reacting with 33 as in (Reaction

4.17) to give a second equiv. of 24 and one equiv. of 34.

fac-Rh(PMe3)3(Bcat); + Rh(PMe;)sMe + PMes
36 33

——— 2 Rh(PMe3)4(Bcat) + MeBcat - (4.19)
24 34
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From the above studies, it would appear that Becat group has a strong G-donor
ability, strong trans-influence, and relatively poor w-acceptor ability, and that the reaction
of [Rh(PMe3)4Me] with Bacat; provides a simple route to the novel electron-rich Rh(I)
boryl complex [Rh(PMes3)4(Bcat)].

Figure 4.10. A view of the molecular structure of [Rh(PMe3)3(Bcat)3] (36) with thermal
ellipsoids at 50% probability and H atoms omitted for clarity.'Selected bond distances
(A) and angles (°): Rh(1)-B(1) = 2.055(4), Rh(1)-B(2) = 2.053(4), Rh(1)-B(3) = 2.061(4),
Rh(1)-P(1) = 2.3913(8), Rh(1)-P(2) = 2.3906(9), Rh(1)-P(3) = 2.3920(9), B-Rh-B =
79.34(14) - 82.05(14), P-Rh-P = 94.42(3) - 99.69(3), cis-B-Rh-P = 86.80(10) - 95.49(10),
trans-B-Rh-P = 166.82(10) - 169.72(11).
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4.2.3.2. Reactions with Other Boron Compounds
4.2.3.2.1. With B2(4-But-cat)> and B2(3,5-Buty-cat)>

The reaction of By(4-Bul-cat); (2b) with [Rh(PMe3)4Me] (1:1) in hexane
proceeded essentially in the same manner as that of Bjcatp yielding [Rh(PMe3)4[B(4-But-
cat)]] (39) and MeB(4-But-cat) (40), but with relatively more [Rh(PMe3)sH] (18% by
NMR) (Reaction 4.20) showing in the NMR spectrum. As MeB(4-But-cat) is a solid at
room temperature (!!1B{!H} & 35.3 ppm), vacuum distillation could not remove 40 from
[Rh(PMe3)4B(4-But-cat)], thus, an yellow oily solid mixture of 39 + 40 resulted. The
3IP{1H} NMR spectrum of 39 showed a slightly broader doublet at -21.93 ppm (!Jgp.p
139 Hz), similar to that of [Rh(PMe3)4(Bcat)]. Also, they both showed the same
LIB{1H} signal at 49.5 ppm.

Rh(PMe3)4sMe + By(4-But-cat); — Rh(PMe3)4B(4-But-cat) + MeB(4-But-cat) (4.20)

When [Rh(PMe3)4Me] was treated by 2 equivalents of B3(3,5-Buty-cat); (2¢) in
hexane, the Rh(I) bis(boryl) complex [Rh(PMe3)3{B(3,5-Buly-cat)}3] (41) precipitated
rapidly which was isolated in 77% yield as a white solid (Reaction 4.21). Compound 41
was characterized by !H, !IB{!H}, 13C{1H}, and 31P{!H} NMR spectroscopy. The
31p{1H} NMR spectrum was better resolved than that for [Rh(PMe3)3(Bcat)s], yet the
doublet at -25.9 ppm (-26.2 ppm for 36) was still broad. The !!B{!H} NMR spectrum
also displayed a very broad peak at 43.8 ppm (46.8 ppm for 36). This reaction showed no

obvious difference in the terms of reaction rate compared with that of Bocats.

Rh(PMe3)4sMe + 2 B3(3,5-Bulz-cat); — Rh(PMe3)3(B(3,5-Buly-cat))s + PMes +
MeB(3,5-Buty-cat) (4.21)
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4.2.3.2.2. With B,pin; and Bneop;

Bopinj (2d) and Byneop; (2e) exhibited the same reactivities toward
[Rh(PMe3)4Me], resulting in the the production of Rh(I) mono(boryl) complexes
[Rh(PMe3)4Bpin] (42) and [Rh(PMe3)4Bneop] (43), respectively (Reactions 4.22 and
4.23). However, no corresponding Rh(III) tris(boryl) complexes in the forms of either
[Rh(PMe3)3(Bpin)3] or [Rh(PMe3)3(Bneop)s] were observed when [Rh(PMe3)sMe] was
treated with even 3 equiv of Bopinj or 2.5 equiv of Byneop; in CgDg. This observation
implies that alkoxy diboron compounds 2d and 2e can only react with [Rh(PMe3)4Me] to
form the corresponding Rh(I) mono(boryl) complexes [Rh(PMe3)4Bpin] or
[Rh(PMe3)sBneop]. However, the subsequent B-B addition to these resulting Rh(I)

mono(boryl) complexes is ineffective under the above experimental conditions.
Rh(PMe3)4Me + Bjpiny — Rh(PMe3)4(Bpin) + MeBpin 4.22)

Rh(PMe3)sMe + Boneopy — Rh(PMe3)4(Bneop) + MeBneop (4.23)

The 3!P{!H} NMR spectrum of [Rh(PMe3)sMe] + 3 Bapinj in CgDg was very
clean, with only a doublet at -22.0 ppm (Jry.p = 145.7 Hz) ([Rh(PMe3)4(Bpin)]), no free
PMej3 could be observed. (Figure 4.11). The !!B{!H} NMR spectrum exhibited a broad
peak for [Rh(PMe3)4(Bpin)] at 44.3 ppm and a sharp peak for MeBpin at 33.7 ppm along
with excess Bopin; at 31.9 ppm and some Bpins at 22.4 ppm. The presence of Bjpins
was due to the fact that the starting material of Bopiny was not very pure, ca. 10% B;pin3
was present in the sample. Under the same conditions, however, the reaction of
[Rh(PMe3)4Me] + 2.5 Boneop, did not give a very clean 31P{1H} spectrum. In addition
to the expected peak for [Rh(PMe3)4(Bneop)] at -20.9 ppm (d, Jrn-p = 146.5Hz),
[Rh(PMe3)4H] (8 -18.9, d, Jrh-p = 146.5) was also present in ca. 8% yield (Figure 4.12).
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The !IB{IH} NMR spectrum showed the product peak at 42.5 ppm and MeBneop at 30.1
ppm along with excess Baneops at 28.2 ppm. Again, small impurity peaks at 19.8

(presumably Bzneop3) and 17.4 ppm were also apparent in the spectrum.

In an attempt to prepare a mixed boryl Rh(IIl) tris(boryl) complex in the form of
[Rh(PMe3)3(Bneop)(Bcat)z], [Rh(PMe3)sMe] was reacted with one equivalent of
Baneop; firstly in hexane, then another molar equivalent of Bycaty was added into the
reaction solution (Reaction 4.24). Some white precipitate was isolated in 53% yield
based on the expected product [(PMe3)3sRh(Bneop)(Bcat);]. However, H, !B{!H} and
3IP{!H} NMR spectroscopy all demonstrated that the resulting white solid was
[Rh(PMe3)3(Bcat)s]; the expected mixed tris(boryl) complexes were not obtained. This
suggests that there may exist a redistribution reaction from [(PMe3)3Rh(Bneop)(Bcat);]
into [Rh(PMe3)3(Bcat)3] and other complexes. If we assume that the stoichiometry from
Bacat; to [Rh(PMe3)3(Bcat)3] follows Bacaty; — 0.5 [Rh(PMe3)3(Bcat)s], then the yield
of [Rh(PMe3s)3(Bcat)3] from the above process would be better calculated as ca. 104%,
which is reasonably close to what might be expected as [Rh(PMe3)3(Bcat)s] is essentially

insoluble in hexane.

Rh(PMe3)4(Bneop) + Bacat; — Rh (PMe3)3(Bneop)(Bcat); + PMes  (4.24)

This process was replicated in C¢Dg and monitored by NMR.  Thus, the 31P{!H}
spectrum showed only a broad doublet at -26.5 ppm cf. [Rh(PMe3)3(Bcat)3] (8 -26.2
ppm). A broad peak for PMe3 at -61.3 ppm (Figure 4.13) was observed indicating the
formation of Rh(III) tris(boryl) complexes. It aslo implies that there might exist a fast
exchange process between the free PMe3 and those on the Rh(IIT) tris(boryl) complexes.
In its !1B {!H} spectrum, there was a broad peak at 46.4 ppm (46.6 ppm for

131



[Rh(PMe3)3(Bcat)s]) and a sharp peak for MeBneop at 29.9 ppm. Though the spectra
could not necessarily differentiate different Rh(III) tris(boryl) species, the results
certainly indicate that B-B oxidative addition of Bcat; to [Rh(PMe3)4(Bneop)] occurs in
the same fashion as it does to [Rh(PMej)4(Bcat)]. On the other hand, in another trial
when Bjcat; and Byneop; (1:1) were added to [Rh(PMe3)sMe] in the reverse order as
before, the second diboron reagent Baneops showed no reactivity at all toward the
resulting [Rh(PMe3)4(Bcat)] as evidenced by 3!P{!H} and !!B{!H} NMR. Its 31P{!H}
spectrum only exhibited a doublet at -21.9 ppm (Jry-p = 147.8 Hz) which was assigned to
[Rh(PMe3)4(Bcat)], and there was no free PMe3 present (Figure 4.14). In another
separate experiment, when [Rh(PMe3)4Me] was added to an equal molar mixture solution
of Bacaty and Boneops (1:1 ) in CgDeg, again, little difference could be observed in the
3Ip{1H} and !'B{1H} spectra from the second trial, only [Rh(PMe3)4(Bcat)] was
generated, there was no indication of the formation of any Rh(III) tris(boryl) complexes.
If Boneop, had some reaction with [Rh(PMe3)4Me] to produce [Rh(PMe3)4(Bneop)] in
the first place, then the same situation as trial one would follow, and some Rh(III)
tris(boryl) complexes would have been formed. However, this is not the case. On the
other hand, reaction (4.23) seems not to be reversible, so we may rationalize from the
above argument that although both Bjcat; and Baneop; can react with [Rh(PMes3)sMe] to
produce the corresponding Rh(I) mono(boryl) complexes, the reaction rates are probably

different, with Bjcaty having a significantly faster reaction rate than Boneops.
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65 -70 .75

Figure 4.13 "'P!'H! N'MR spectrum of [Rh(PMe:);Me] + Baneop, +Bacat,
(1:1:1) in C.Ds

Figure 4.14 *'P{'H} NMR spectrum of [Rh(PMe;)sMe] + Bacat, +Baneop,
(1:1:1) in CsDs
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4.2.3.2.3. With MeBcat

When two equivalents of [Rh(PMe3)sMe] (50mg, 0.12 mmol) was added to one
equivalent of Bjcaty (14 mg, 0.06 mmol) in CgDg, the formation of [Rh(PMe3)4(Bcat)]
was found as expected. However, no extra [Rh(PMe3)4Me] was detected in the solution,
nor was the other would-be product MeBcat as in reaction (4.17). One possible
assumption is that MeBcat may have reacted with the other equivalent of
[Rh(PMe3)sMe]. However, the following idealized reaction (4.25) is very unlikely to

Qoccur.

Rh(PMej3)4Me + MeBcat ——— [Rh(PMe3)3(Me)>(Bcat)]

-PMC3
+PMej
—— Rh(PMes)4(Bcat) 4.25)
- Me-Me

Actually, in spite of the fact that the ease of oxidative cleavage of B-C bond to form
various functional groups is the dominant theme of organoborane chemistry,*0 B-C
bond oxidative addition by transition metal complexes is not common. On the other
hand, in this system of 2 [Rh(PMe3)4Me]/ Bjcaty, we have noticed the generation of a
somewhat larger amount of yellow precipitate than usual (17 mg). This kind of yellow
precipitate itself, indeed, has been observed on several occasions when reaction (4.18)
was performed in various solvents such as hexane, heptane, benzene and toluene. It was
originally believed to be the nﬁinor decomposition product of [Rh(PMe3)4(Bcat)], and
was not taken seriously due to its negligible amount. Nevertheless, by dissolving the
collected precipitated substance in CD3CN, we observed a broad peak of 3!P{!H} NMR
spectrum at -12.8 ppm as the dominant signal which corresponded to a [Rh(PMe3)4]*
cation signal similar to that of [Rh(PMe3)4]*Cl- (44).4! The 1B {!H} spectrum showed
a main peak at 14.7 ppm (Bcaty- signal) and two small peaks at 12.3 and 8.25 ppm,

respectively. The !H spectrum was not very clean either, but one obvious feature was
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that there was one broad peak upfield at -0.37 ppm which could be interpreted as a CH3
group attached to a tetracoordinated boron center. Based on the above analysis, the
reaction between [Rh(PMe3)4Me] and MeBcat can now be seen simply as MeBcat

abstracting the methyl group from [Rh(PMe3)4Me] and thus forming
[Rh(PMe3)4][MeaBcat]- (45):

Rh(PMe3)4Me + MeBcat - [Rh(PMe3)4]*[MezBcat]- (4.26)

When the reaction of [Rh(PMe3)4Me] with pure MeBcat was also performed in hexane,
the same precipitate was obtained in 96% yield if based on the complete formation of
(45). However, single crystals were obtained from this substance in CD3CN, and X-ray
diffraction revealed that the structure was [Rh(PMe3)4]*[Bcats]- (46) (Figure 4.15).
Again, there was some disproportion reaction from [Me;Bcat]- to [Bcat;]- and another
anion (probably [Me4B]-). While compound 4S5 has not been completely characterized,

further work is obviously needed to confirm its identity.
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Figure 4.15 A view of the molecular structure of [Rh(PMe3)4]*[Bcaty]- (46) with
thermal ellipsoids at 50% probability and H atoms omitted for clarity. Selected bond
distances (A) and angles (°): Rh(1)-P(1) = 2.3071(8), Rh(1)-P(2) = 2.2969(8), Rh(1)-P(3)
= 2.3083(8), Rh(1)-P(4) = 2.2928(8), B(1)-O(1) = 1.472(4), B(1)-O(2) = 1.492(4), B(1)-
O(3) = 1.493(4), B(1)-0(4) = 1.475(4), P(1)-Rh(1)-P(2) = 151.29(3), P(1)-Rh(1)-P(3) =
93.93(3), P(1)-Rh(1)-P(4) = 92.66(3), P(3)-Rh(1)-P(4) = 155.77(3), O(1)-B(1)-0(2) =
104.8(3), O(3)-B(1)-0(4) = 104.8(3), O(1)-B(1)-0(3) = 112.0(3), O(1)-B(1)-0(4) =
113.0(3)
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4.2.3.3. Mechanistic Consideration

In summary, we have discussed various reactions involving [Rh(PMe3)4Me] and
related Rh boryl complexes with some organoboranes. They are presented as the

following (Table 4.1):

Table 4.1 Reactions between [Rh(PMe3)sMe] and rhodium boryl complexes with some

organoboranes
Reactants Products
| [Rh(PMe3)4Me] + Bocats [Rh(PMe3)4(Bcat)] + MeBcat
2 [(Rh(PMe3)s4Me] + Bo(But-cat), [Rh(PMe3)4B(Butcat)]+ MeB(Bu'cat)
3 [Rh(PMes)sMe] + Bopiny [Rh(PMe3)4(Bpin)] + MeBpin
4 [Rh(PMe3)4Me] + Baneopz [Rh(PMe3)4(Bneop)] + MeBneop
5 [Rh(PMe3)4(Bcat)] + Bacaty [Rh(PMe3)3(Bcat)3] + PMes
6 [Rh(PMes)4(Bneop)] + Bacaty [Rh(PMe3)3(Bcat)3] + - + PMe3s

7 [Rh(PMe3)4Me] + 2 Ba(Butly-cat); [Rh(PMe3)3(B(Buly-cat))3] + PMe;s
+ MeB(Bu';-cat)

8 [Rh(PMe3)4(Bpin)] + Boping no reacton
9 [Rh(PMe3)4(Bneop)] + Boneop; no reaction
10 (Rh(PMe3)4(Bcat)] + Boneops no reaction
11 [Rh(PMe3)4Me] + MeBcat [Rh(PMe3)4][MesBcat]

12 [Rh(PMe3)4Me] +[Rh(PMe3)3(Bcat)3] [Rh(PMe3)4(Bcat)] + MeBcat
+ PMej3

137



Inspecting the above reactions, we can very easily notice that, unlike B;caty and
its more sterically hindered analogs 2b-¢, the alkoxy diboron reagents Bspins and
Boneop; failed to react with Rh(I) boryl complexes to generate the Rh(III) bis(boryl)
oxidative addition products. On the other hand, they did show reactivities toward
(Rh(PMe3)4Me] to yield Rh(I) mono(boryl) complexes, which means that they could
undergo oxidative addition to [Rh(PMe3)4Me], if the reaction follows the pathway
depicted in (4.17). However, in the latter process, there was no formal change in the
oxidation state of Rh between reactant and product. So, in addition to the oxidative
addition and reductive elimination pathway A, there might be other reaction pathways

by which [Rh(PMe3)4Me] reacts with diboron compounds 2a-e (Scheme 4.1).

Mquh fe BR2

/—-[;3‘ Me3P' ‘BRz +PMe3  \
PMe3

PMe Me\
CHs h"\ R B R\
MesPu, | 2 MgP/,,
'Rh—pMe pM Rh PMe3
MeP*” | 3 ©3 P |
PMe; PMej
+

. CH;
RoB-BRa  \ MesPui,, 'h.\\PMe3 / Me-BRy

MqP)gl \BR,-BR,

PMe;

Scheme 4.1 Possible reaction pathways for [Rh(PMe3)4Me] and BoR4

138



Pathway B involves the transfer of the methyl group to the diboron compounds to
form a [Rh(PMes)4]* cation intermediate with a noncoordinated borate counterion
[MeBR>(BRj3)]-. When MeBcat, instead of any diboron compounds, reacted with
[Rh(PMe3)sMe], [Rh(PMe3)4]*[MesBR3]- was presumably the resulting product.
Pathway C depicts the coordination of an electron rich Rh(I) center to one of the boron
atom in BoR4. Diboron compounds would act as eletrophiles, followed by methyl and
boryl group exchange. It has been calculated that the bond dissociation energies (BDEs)
of B-B and B-C bonds are very similar (HyB-BHj, 445.9 kJ mol-!; H;B-CH3, 443.8 kJ
mol-1),42 but the metal-boron bond strength is greater than that of the corresponding
metal-methyl for the late transition metal complexes.43. 44 Pathway D involves the
formation of a four-centered transition state with the simultaneous weakening of B-B and
Rh-C bonds. Although this 6-bond metathesis mechanism is more characteristic of
high-valent early transition metal complexes, for example, in early metal-catalyzed
hydroboration reactions,*> it has also been observed in the reaction of HBcat with a low-

valent CpRu(PPh3);Me complex46 (see also reference 23).

In our rhodium system, Bjcat; has unambiguously added oxidatively to
[Rh(PMe3)4(Bcat)] and [Rh(PMe3)4(Bneop)] to form the corresponding Rh(III)
tris(boryl)complexes. Pathway A is, thus, very likely to account for the reaction
between {[Rh(PMe3)4Me] and various diboron compounds, since [Rh(PMe3)4Me] has a
very similar structure as that of [Rh(PMe3)4(Bcat)].47 When the yellow solution of
[Rh(PMe3)4Me] was added dropwise to the colorless solution of Bjcaty, the yellow color
could be seen to disappear immediately upon the mixing, and some white precipitate
could be observed when [Rh(PMe3)4Me] was added to B(3,5-Butl-cat); in hexane. This
white species may be the oxidative addition intermediates [Rh(PMe3)3(Me)(BR3)3].
However, no such intermediate was observed by NMR spectroscopy because it also

disappears very rapidly. However, when [Rh(PMe3)sMe] was added into B;pinj or
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Bneop;, no obvious such color change was observed, which may imply that B-C

reductive elimination is extremely fast.

While the reaction of [Rh(PMe3)3(Bcat)3] with [Rh(PMe3)4Me] is very likely
following our previous ascumption that [Rh(PMe3)3(Bcat)3] underwent a reversible B-B
reductive elimination passway, a similar result was obtained when [Rh(PMe3)3Cly(Bcat)]
(47) was treated with [Rh(PMes)4Me] in the presence of PMe3. MeBcat and
[Rh(PMe3)4]Cl were found to be the reaction products (Reaction 4.27). In addition,
ClBcat (48) reacted readily with [Rh(PMe3)sMe] to generate [Rh(PMe3)4]Cl and
MeBcat. Reaction (4.27) could also be explained as the result of Cl-Bcat reductive

elimination from 47.

Rh(PMej3)3Cly(Bcat) + Rh(PMes)sMe + PMe3 — 2 [Rh(PMe3)4]Cl + MeBcat
4.27)

As a matter of fact, B-B reductive elimination has been observed on several occasions3€

including the following reaction (4.28):18

Rh(PPh3);Cl(Bcat); + ArNC— Rh(PPh3);CI(ArNC) + Bjcaty (4. 28)

While we favor a reductive elimination pathway, some possible alternatives are depicted

in Scheme 4.2.
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Scheme 4.2 Possible reaction pathways for [Rh(PMe3)3(Bcat)3] and [Rh(PMe3)4Me]

Likewise, one plausible mechanism for the reaction of [Rh(PMe3)3Cl2(Bcat)] with

[Rh(PMe3)4Me] may follow pathway D' which involves the bridging Cl and methyl

transition state.
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In conclusion, in addition to the oxidative addition - reductive elimination
pathway, there may exist other pathways in the reactions of [Rh(PMe3)sMe]. It is too

early at this stage to state exactly how these reactions proceed.
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4.3. Experimental
4.3.1. General Procedures

Reactions and NMR sample preparations were performed under a dry nitrogen
atmosphere using glove box techniques. THF was freshly distilled from sodium
benzophenone ketyl, toluene from sodium metal, hexane and heptane from Na/K alloy,
and CH;Cl; from CaHj; under a N atmosphere. NMR solvents were distilled from CaH;
(CDCl3, CD3CN) or Na metal (CgDg) following three freeze/pump/thaw cycles. NMR
spectra were recorded on Bruker AC 200 (!H at 200 MHz, !3C at 50 MHz, 3!P at 81
MHz) or AMX 500 (!H at 500 MHz, !B at 160 MHz) spectrometers. The !H chemical
shifts were referenced to the internal standard tetramethylsilane (TMS) and I13C chemical
shifts were referenced to the solvent resonances as an internal standard. The 31P and !!B
chemical shifts were referenced to the external standards 85% H3PO4 and F3B-OEt;
respectively. The !B NMR spectrum was obtained using a background subtraction
routine to remove resonances due to borosilicate glass in the NMR probe and NMR tube.
This was accomplished by recording the spectrum of an NMR tube containing the same
volume of pure solvent and with identical acquisition parameters to those of the sample
and by subtracting this background FID from that of the sample. Coupling constants are
reported in Hz. Multiplicities are reported as (br) broad, (s) singlet, (d) doublet, (vt)
virtual triplet, and (m) multiplet. Elemental analyses were obtained from M-H-W

Laboratories, Phoenix, Arizona, and at the University of Newcastle, England.

GC/MS analyses were performed on a Hewlett-Packard 5890 Series II/5971A
MSD instrument equipped with an HP 7673A autosampler and a fused silica column (30
m x 0.25 mm x 0.25 mm, cross-linked 5% phenylmethyl silicone). The following

operating conditions were used: injector, 260°C; detector, 280°C; oven temperature was
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ramped from 70°C to 260°C at the rate of 20°C/min. UHP grade helium was used as the

carrier gas.

4.3.2. Experimental Precedures

Synthesis of [Co(PMej3)3(Bcat)2] (21) A scintillation vial was charged with
[Co(PMe3)4] (20) (100 mg, 0.275 mmol), Bacaty (65 mg, 0.277 mmol) and THF (4 mL)
resulting in a brown solution. After stirring at room temperature over night, the solution
lightened to a yellow-brown color, and the solvent was removed in vacuo yielding 150
mg of a brown solid. Recrystallization from hot hexane gave 92 mg of yellow crystals of
21 in 60% yield. Anal. Calcd. for C31H35B2Co04P3: C 48.00, H 6.67; Found: C 48.23,
H 6.55.

Reaction of [Co(PMes)3(Bcat)z] with [Rh(PMe3s)s ICl The compounds
[Co(PMe3)3(Bcat)2] (50 mg, 0.095 mmol) and [Rh(PMes3)4]Cl (101 mg, 0.23 mmol)
were mixed in the solid state, then 20 mL of hexane was added. The reaction mixture
was allowed to stir at 60°C for 6 h, then cooled to room temperature, resulting in some
yellow precipitate and a yellow solution. Upon filtration, 48 mg of the yellow solid
[Co(PMe3)3Cl;] was obtained. 31P{1H} NMR (81 MHz, 25°C in CgDg), &: -15.08 (br).
The yellow filtrate was collected and stripped to dryness in vacuo, yielding 103 mg
(103%) of a yellow solid with slightly brown tint. Selected NMR data: 3!P{!H} NMR
(81 MHz, 25°C in Cg¢Dg), &: -21.85 (d, Jrn-p = 138.7 Hz, Rh(PMe3)4(Bcat)), -18.82 (d,
JRh-p =146.0 Hz, Rh(PMe3)4H). !!B{!H} NMR (160 MHz, 25°C in C¢Dg), 6: 49.1 (br,
Rh(PMe3)4(Bcat)).

Synthesis of [Ir(PMe3)3Cl(Bcat)2] (26) A solution of Bacaty (84mg, 0.35 mmol) in 2
mL of THF was added to a solution of [Ir(PMe3)3CI(COE)] (200 mg, 0.35 mmol) in 10

mL of THF. The solution turned almost colorless immediately. After stirring for 1 h, the
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solvent was removed under reduced pressure and the colorless residue was washed with
hexane, dried in vacuo to yield 220 mg (90%) of complex 26. 3!P{!H} NMR (81 MHz,
25°C in CgDg), 8: -40.9 (d, 2Jp.p = 27.5 Hz, 2P, trans PMe3), -50.8 (br, PMe3). !IB{!H}
NMR (160 MHz, 25°C in CgDg), &: 41.7 (br, Bcat), 32.6 (br, Bcat). |H NMR (500 MHz,
25°C in CDCl3), 6: 1.15 (d, 2Jp.g = 7.5 Hz, 9H, PMe3), 1.48 (vt, 2Jp.y = 3.7 Hz, 18H,
PMe3s), 7.12, 6.83 (AA’BB’, 4H, Bcat), 7.07, 6.76 (AA’BB’, 4H, Bcat). 13C{!H} NMR
(50 MHz, 25°C in CgDg), 8: 17.73 (d, Jp.c = 26 Hz, PMe3), 19.52 (dvt, lJp.c = 19Hz,
3Jp.c = 4.5 Hz, PMe3), 110.86 (s), 121.24 (s), 150.65 (s, Bcat), 111.86(s), 121.45 (s,
Bcat). In CgDg, the two resonances due to the inequivalent C-O groups of the two Bcat
ligands are coincident. 13C{!H} NMR (50 MHz, 25°C in CDCl3), &: 18.06 (dm, Jp.c =
26 Hz, PMe3), 19.57(dvt, Jp.c = 19.5 Hz, Jp.c = 4.2 Hz, PMe3), 110.53(s), 120.71 (s)
149.84 (d, Jp.c = 2.6 Hz, Bcat), 111.58 (s), 120.76 (s), 150.03 (s, Bcat). Anal. calcd. for
C21H35B>ClIrO4P3: C 36.36, H 5.09; found C 37.07, H5.11.

Synthesis of [Rh(PMe3)4(Bcat)] (24) In a scintillation vial, compounds
[Rh(PMe3)4Me] (200 mg, 0.474 mmol) and Bjcaty (113 mg, 0.475 mmol) were added
with 10 mL of heptane. The reaction mixture was allowed to stir over night, resulting in
a nearly completely clear yellow solution. After filtration, the filtrate was collected and
was stripped to dryness in vacuo. A pale yellow solid (230 mg, yield 92%) was
collected as the product 24. 31P{lH} NMR (81 MHz, 25°C in CgDg), &:-21.88 (d,
Jrh-p = 137 Hz, PMe3), 3!P{!H} NMR (81 MHz, 193 K in CgDs), &: -22.03 (dd, Jrh-p
= 157, 2Jp.p = 48 Hz, 3P), -13.21 (dq, Jrh-p = 91, 2Jp_p = 48 Hz, 1P); !IB{!H} NMR
(150 MHz, 25°C in CgDg), 6: 49.0 (br); 'H NMR (200 MHZ, 25°C in C¢Dg), 8: 7.11 (m,
2H), 6.86 (m, 2H), 1.28 (s, 36H); 13C{!H}NMR (50 MHz, 25°C in CgDg), &: 150.6,
120.8, 110.7 (cat), 26.9 (br, PMe3). For MeBcat: !IB{!H} § 35.2 (s); !H & 6.99 (m, 2H),
6.79 (m. 2H), 0.46 (s, 3H); MS-EI m/z 134 (M+) with expected isotope pattern.
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Synthesis of [Rh(PMe3)3(Bcat)3] (36) A solution of [Rh(PMe3)4Me] (100 mg, 0.237
mmol) in 2 mL of hexane was added dropwise to a suspension of Bycaty (114 mg, 0.479
mmol) in 6 mL of hexane with stirring. The yellow color disappeared immediately upon
the first part of addition. With the last several drops, the color did not disappear as
quickly, but ca. 5 min after the completion of addition, the solution was colorless with a
large amount of white precipitate. Stirring was continued for 2 h. The solid was filtered
and washed with hexane, yielding 155 mg (95.1%) of white powder. NMR
spectroscopic data for (36) in C¢De: 3Ip{1H} 6 -26.2 (br); !!B{!H} & 46.8 (br); 'H: &
6.98 (m, 2H), 6.73 (m, 2H), 1.19 (dd, 4Jrn-H = 1.8, 3Jp.y = 3.6 Hz, 9H); 13C{!H}: §
150.4, 120.9, 111.2 (cat), 22.5 (dd, 3Jgrh.c = 8.5, 2Jp.c = 18.7 Hz, PMe3).

Reaction of [Rh(PMe3)3(Bcat)3] with [Rh(PMe3)4Me)] A solution of [Rh(PMe3)4Me]
(42 mg, 0.1 mmol) in 1 mL of hexane was added to a suspension of [Rh(PMe3)3(Bcat)3]
(69 mg, 0.1 mmol) in SmL of hexane, and a drop of PMe3 was also added. The reaction
mixture was allowed to stir at room temperature for 3 h, becoming almost clear brown-
yellow with a small amount of yellow precipitate. About 0.5 mL of solution was
removed and placed in an NMR tube to which 2 drops of CgDg was added. 31P{!H}
NMR spectrum showed very clean Rh(PMe3)4Bcat peaks at 6 -21.88 (d, Jrh.p = 137
Hz) along with a broad peak for PMe3 at § -62.24 ppm. !'B{lH}: 8§ 49.21 (br,
Rh(PMej3)4Bcat) and 35.00 (s, MeBcat) in a ratio of ca. 2:1. The solid was removed by
filtration, and the filtrate was stripped to dryness in vacuo, yielding 108 mg (theoretically,

105 mg) of yellow solid as crude 24.

Reaction of [Rh(PMe3)4Me] with B2(4-But-cat)s A solution of [Rh(PMe3)sMe] (100
mg, 0.237 mmol) in 2 mL of hexane was added dropwise to a solution of B3(4-But-cat);
(83 mg, 0.237 mmol) in 2 mL of hexane. Some white cloudy precipitate was generated
right upon mixing, which disappeared rapidly. After the addition was complete, the

solution was allowed to stir for 1 h at room temperature, resulting in a pale yellow
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solution with minimal yellow precipitate. After filtration, the solvent was removed in
vacuo, yielding 140 mg of yellow oily solid. NMR spectroscopic data for 39 in CgDg:
3Ip{IH} 8-21.9 (d, Jrnp = 138.7 Hz ); I1B{!H} 8 49.5 (br); ca. 18% [Rh(PMe3)4H]
was also present: 31P{1H} & -19.0 (d, Jrn-p = 146.1 Hz); MeB(4-But-cat): I!B{!H} &

35.3 (s).

Synthesis of [Rh(PMe3)3(B(3,5-Buty-cat))3] (41). A solution of [Rh(PMe3)sMe] (20
mg, 0.047 mmol) in 2 mL of hexane was added dropwise to a solution of B7(3,5-But!;-
cat)z (44 mg, 0.095 mmol) in 3 mL of hexane, and some white solid precipitated readily.
After stirring for | h, the solid was collected, yielding 37 mg (77%) of white product 41.
3IP{1H} NMR (CgDg) & 25.89 (br); !!B {IH} NMR (CgD¢) & 43.8 (br); 'H NMR
(CeDg) & 1.21 (s, 27H, But), 1.28 (s, 27H, PMe3), 1.37 (s, 27H, But), 7.03 (d, Jg.gy = 1.2
Hz, 3H), 7.31 (d, Jg-g = 1.2 Hz, 3H).

NMR reaction of [Rh(PMe3)4Me] with B,pinz. Compounds [Rh(PMe3)4Me] (25 mg,
0.06 mmol) and Bspiny (45 mg, 0.18 mmol) were mixed and dissolved in 1 mL of CgDg,
and a pale yellow solution was obtained. This was allowed to stir at room temperature
for I h, and then was transferred into an NMR tube. Selected NMR data: 3!P{!H)
NMR (CgDg) 6 -22.00 (d, Jrnp = 145.7 Hz, [Rh(PMes)4(Bpin)]; !!B{!H} NMR (CgDg)
d 44.3 (br, [Rh(PMe3)4(Bpin)]), 33.7 (s, MeBpin).

NMR reaction of [Rh(PMe3)4Me] with Baneopz. Compounds [Rh(PMe3)sMe] (25
mg, 0.06 mmol) and Bzneop; (27 mg, 0.12 mmol) were dissolved in 1 mL of C4Dg,
resulting in a pale yellow solution, which was allowed to stir at room temperature for | h,
and was then transferred into an NMR tube. Selected NMR data: 31P{1H} NMR (CgDsg)
& -20.90 (d, Jrnp = 146.5 Hz, [Rh(PMe3)4(Bneop)]), -18.86 (d, Jrnp = 146.5 Hz,
[Rh(PMe3)4H]); !B {!H} NMR (CgDg) & 43.1 (br, [Rh(PMe3)4(Bneop)]), 30.1 (s,
MeBneop).
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NMR reaction of [Rh(PMe3)sMe] / Bacaty / Baneopz (1:1:1). Compounds
[Rh(PMe3)sMe] (25 mg, 0.06 mmol) and Bjcats (14 mg, 0.06 mmol) were dissolved in 1
mL of CgDg, and an yellow solution was obtained, which was allowed to stir at room
temperature for 30 min. Then a solution of Baneop; (13 mg, 0.06 mmol) of in 0.5 mL of
CeDg was added. No obvious color change was observed. After stirring for 1 h, the
solution was transferred into an NMR tube. Selected NMR data: 31P{!H} NMR (CgD¢)
8 -21.92 (d, Jrh-p = 137.8 Hz, [Rh(PMe3)4(Bcat)]); !!B{!H} NMR (CgDg) & 49.5 (br,
[Rh(PMe3)4(Bcat)]), 34.9(s, MeBcat), 30.0 (s, MeBneop), 28.0 (br, Baneops).

NMR reaction of [Rh(PMe3)sMe] / Boneopz / Bjcaty (1:1:1). Compounds
[Rh(PMe3)4Me] (25 mg, 0.06 mmol) and Boneop; (13 mg, 0.06 mmol) were mixed and
dissolved in 1 mL of CgDg, yielding a pale yellow solution. After stirring for 30 min, a
solution of Bjcat; (14 mg, 0.06 mmol) in 1 mL of C¢Dg was added. The resulting
solution turned almost colorless, and was allowed to stir for 1 h, after which it was
transferred into an NMR tube. Selected NMR data: 3!P{!H} NMR (CgDg) & -26.48 (br
d, [Rh(PMe3)3(Bcat)3]), -61.32 (br, PMe3); !!B{!H} NMR (Cg¢Dg) & 46.4 (br,
[Rh(PMe3)3(Bcat)s] ), 29.9 (s, MeBneop).

Reaction of [Rh(PMe3)4Me] / Baneops / Bacat; (1:1:1). Compounds [Rh(PMe3)sMe]
(100 mg, 0.24 mmol) and Byneop; (53 mg, 0.24 mmol) were mixed and then dissolved
in 2 mL of hexane, yielding a pale yellow solution, which was allowed to stir over night.
Then the solution was added into a suspension of Bacat; (56 mg, 0.024 mmol) in 3 mL
of hexane. The solution turned almost colorless, and more white solid was precipitated.
The reaction was allowed to stir for S h, the solid was collected by filtration and washed
with hexane thoroughly, and dried in vacuo, yieling 85 mg of white powder. Selected
NMR data: 31P{IH} NMR (Cg¢D¢) 8 -26.48 (br d, [Rh(PMe3)3(Bcat)3]); I!B{!H} NMR
(CeDg) & 46.4 (br, [Rh(PMe3)3(Bcat)s]); 'H NMR (CgDg) 8 1.20 (dd, 4Jrh-4 = 1.8 Hz,
3Jp.x = 3.6 Hz, 9H), 6.73 (m, 2H), 6.93 (m, 2H).
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NMR reaction of [Rh(PMe3)sMe] / (Bzcatz + Baneopp) (1:1:1). Compound
[Rh(PMe3)s4Me] (25 mg, 0.06 mmol) in 1 mL of CgDg was added into a solution of
Bacat; (14 mg, 0.06 mmol) and Byneops (13 mg, 0.06 mmol) in | mL of CgDg, a yellow
solution was obtained, which was allowed to stir at room temperature for | h, during
which no obvious color change was observed. Then, the solution was transferred into an
NMR tube. Selected NMR data: 3!P{!H} NMR (C¢D¢) & -21.92 (d, Jrn-p= 137.6 Hz,
[Rh(PMe3)4(Bcat)]); IB{!H} NMR (C¢Dg) & 49.8 (br, [Rh(PMe3)4(Bcat)] ), 34.9s,

MeBcat), 29.9 (s, MeBneop), 28.0 (br, Baneops).

Reaction of [Rh(PMej3)4Me] with Bacatj (2:1). Compounds [Rh(PMe3)4Me] (50 mg,
0.12 mmol) and Bjcat; (14 mg, 0.06 mmol) along with I mL of CgDg were charged into
a scintillation vial, and the solution was allowed to stir at room temperature over night,
yielding a yellow solution with some yellow precipitate. The precipitate was collected
by filtration and washed thoroughly with hexane, then dried in vacuo, yielding 17 mg
(52%) of yellow solid. Selected NMR data for the filtrate: 3!P{!H} NMR (CgDg) &
-21.95 (d, Jrh-p = 139.0 Hz, [Rh(PMe3)4(Bcat)]); !1B{!H} NMR (Cg¢Dg) & 50.4 (br,
[Rh(PMe3)4(Bcat)]). The solid was dissolved in CD3CN. Selected NMR data: 31P{!H}
NMR (CD3CN) 8 -12.92 (br, [Rh(PMe3)4]*); !B {!H} NMR (CD3CN) & 14.7 (br,
(MejBcat)-, or Beaty'), 12.3, 8.3; 1H NMR (CD3CN) § -0.37 (s, CH3-B-), 1.42 (s, PMe3),

6.18(m, cat), 6.52 (s, Bcaty").

Reaction of [Rh(PMe3)4Me] with MeBcat. Compound [Rh(PMe3)4Me] (84 mg, 0.2
mmol) in 3 mL of hexane was added into a solution of MeBcat (32 mg, 0.24 mmol) in
10 mL of hexane. The solution rapidly turned cloudy upon additon, which was allowed
to stir at room temperature over night. The yellow precipitate was then collected,
yielding 98 mg (96%) of yellow solid. Selected NMR data: 31P{!H} NMR (CD3CN) &
-12.74 (br, [Rh(PMe3)s]+); !1B{!H} NMR (CD3CN) § 14.4 (br, (MeBcat), or Bcaty),
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12.3; 'H NMR (CD3CN) & -0.35 (s, CH3-B-), 1.42 (s, PMe3), 6.37(m, cat), 6.62 (s,

Bcaty-).

Reaction of [Rh(PMej3)4Me] with [Rh(PMe3)3Clx(Bcat)]. Compound [Rh(PMe3)4Me]
(25mg, 0.059 mmol) in 1 mL of toluene was added to a solution of [Rh(PMe3)3Cly(Bcat)]
(30 mg, 0.058 mmol) in 1 mL of toluene. Some orange solid precipitated rapidly. The
mixture was allowed to stir at room temperature for 1 h, resulting in an orange solution
with some orange precipitate. A drop of PMe3 was then added and more precipitate was
produced. After stirring for another hour, The solid was collected by filtration, yielding
46 mg (90%) of [Rh(PMe3)4]Cl as a yellow powder. Selected NMR data: 3!P{!H} NMR
(CD3CN) 8 -12.41 (br, [Rh(PMe3)4]*); 'H NMR (CD3CN) & 1.41 (s, PMe3). NMR data
for filtrate: !B {{H} NMR (CgDg/toluene) & 35.2 (s, MeBcat); 3!P{!H} NMR
(CgDg/toluene) & —60.66 (s, PMe3).

4.3.3. Molecular Structure Determinations
4.3.3.1 Work at Waterloo

Structures of 21, 22 were determined at the University of Waterloo. The data sets
were collected at 295 K on a Siemens R3m/V diffractometer using graphite
monochromated Mo Ko radiation (0.71073 A) and ® scan methods with variable scan
rates. Background measurements were made at the beginning and end of each scan for a
total time equal to a quarter the scan time. Data were corrected for Lorentz and
polarization effects and absorption (face-indexed numerical). The structures were solved
by direct methods and refined by full-matrix least-squares methods using Siemens
SHELXTL PLUS (VMS) software, with anisotropic thermal parameters for all non-

hydrogen atoms and isotropic thermal parameters for hydrogen atoms. The function
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minimized was Yw (IF,l-IFc)2. The atomic scattering factors were taken from the

International Tables Vol. 4.

4.3.3.1 Work at Newcastle, England

Structures of 24, 26, 36, and 46 were determined at the University of Newcatle,
England. Crystallographic data were collected at low temperature on a Siemens SMART
CCD area-detector diffractometer using graphite-monochromated MoK radiation (A =
0.71073 A) and ® scan methods. The single crystal was mounted on a glass fiber with a
coating of perfluoropolyether oil, cell parameters were refined from the observed setting
angles and detector spot positions for selected reflections and intensities were measured
from a series of frames each covering a 0.3° oscillation in . Absorption correction was

carried out using a semi-empirical method from w-scans, based on sets of equivalent

reflections measured at different azimuthal angles.

The structure was solved by direct methods (SHELXS) (15), and refined by full-
matrix least-squares techniques. The refinement was on F2 of all independent reflections,
to minimize Yw( F? - F?*)2, with weighting &! = 6%( F?)+ (aP)2/bP, where P = (F+
2F : )/3; the refined isotropic extinction parameter ¥ is defined such that F is multiplied
by (1 + 0.001x F? A3/ sin26) /4. Anisotropic displacement parameters were refined for
all non-hydrogen atoms (16), and isotropic hydrogen atoms were constrained to ride on
their parent carbon atoms with fixed bond lengths and idealized bond angles. Programs
were standard Siemens control and integration software, versions 4 and 5 of SHELXTL,

and local programs.
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Chapter 5

Reactions between Bzcatz and Rh(I) Complexes:

New Homogeneous Catalysts for the Diboration of Alkenes

5.1 Introduction

It has been known for more than 40 years that the B-B bonds in B>X4 diboron
compounds (X = Cl, Br)!-2 can add readily to unsaturated hydrocarbons to afford
bis(dihaloboryl) organic compounds, which can then be converted easily to other
important derivatives. In 1954, Schlesinger and co-workers3 firstly reported that 1,2-
bis(dichloroboryl)ethane was obtained in quantitative yield via stereospecific syn addition
of B2Cly to ethylene at -80°C. Subsequent work has shown that B2Cl4can also add to
alkynes,* dienes,> aromatic compounds (benzene and naphthalene®), and a variety of
vinyl-containing inorganic (or organometailic) compounds.? Figure 5.1 illustrates the
generally accepted mechanism for this type of conventional diboration reactions.4c.6¢.8
The filled m-orbitals of the organic fragment are presumed to interact with the empty p-
orbitals on the diboron compound giving rise to a four-centered transition state, which is

followed by homolytic B-B bond cleavage to yield the corresponding diborated product.

N/ .
VN /13-——13\ \/\/

S N e i N
N_/
P

Figure 5.1 Mechanism for uncatalyzed diboration of alkenes.
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However, some theoretical calculations on the reaction of BoHy with ethylene92
and acetylene9b suggested that a three-center n-complex is preferred over the four-center
one as an intermediate (Figure 5.2). In the transition state, the 1 system donates some
electronic charge to one of the boron atoms instead of both atoms.

— / A

B..

.,"

Figure 5.2 Three-center m-complex intermediate.

Despite the high reactivity of B2X4 compounds, difficulties in the preparation and
handling of these hazardous reagents have precluded their widespread use in organic
synthesis. Other hetero-atom substituted diboron compounds such as B2(OR)4 (1) and
B2(NR3)4 (2) are much more stable. However, they fail to add to carbon-carbon multiple
bonds under normal conditions.!0 In the past 10 years or so, considerable progress has
been made toward transition-metal catalyzed hydroboration (H-B) reactions.!! as has
some understanding of transition metal boryl (M-B) chemistry,!2:13 and eventually,

transition metal catalyzed diboration (B-B) reactions.

In 1993, while working on Rh catalyzed alkene hydroboration reactions,!4
researchers in our group discovered!S that a novel Rh(III) bis(boryl) complex
[Rh(PPh3);Cl(Bcat)2] (3) was formed slowly (days) via reaction of [Rh(PPh3)7(1-CD1p
(4) with excess of HBcat (cat = 1,2-05CgHy). It was found that the rapid formation of
the H-B oxidative addition product [Rh(PPh3),(Cl)(H)(Bcat)] (5) was followed by a slow

second step reaction with loss of Hp, resulting in 3. (Reactions 5.1, 5.2)

[Rh(PPh3)(u-CD)]2 + 2HBcat — 2 [Rh(PPh3)2(Cl)(H)(Bcat)] 5.1)
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[Rh(PPh3);(Cl)(H)(Bcat)] + HBcat — [Rh(PPh3),(Cl)(Bcat);] + Hp (8.2)

It was observed that reaction of 3 with an alkene substrate such as 4-vinylanisole led to
the formation of several organoboron products, including the 1,2-diborated product 4-
MeOCgH4CH(Bcat)CH3(Bcat). Other species such as the dehydrogenative borylation
product vinylboronate ester (E)-4-MeOCgH4CH=CH(Bcat) and hydroboration product 4-
MeOCgH4CH(Bcat)CH3 were also present in the solution. This result clearly indicates
that the C=C bond is capable of insertion into the M-B bond in the Rh(III) bis(boryl)
complex 3, and it also implies the existence of the competing B-C reductive elimination
and B-hydride elimination pathways from the common alkene insertion intermediate. In
the meantime, we have also demonstrated!? that diboron compounds such as Bjcaty
(1a)!6 and its analogs B(4-But-cat); (1b) and B3(3,5-Buty-cat)z (1c) undergo facile
quantitative oxidative addition to complex 4. Based on these two observations, it is
highly plausible to believe that the addition of the more stable diboron compounds
B2(OR)4 to unsaturated hydrocarbons could be achieved by employing certain transition

metal complexes as catalysts.

5.1.1. Pt(0) Catalyzed Diboration of Alkynes

Shortly after our discovery of the alkene insertion into the metal boron bond,
Suzuki and Miyaura reported!8 that [Pt(PPh3)4] (6) could effectively catalyze the
addition of B;pin; (1d,!9 pin = OCMe3CMe;0) to alkynes. However, this catalyst was
ineffective for alkenes, and the authors also stated that Wilkinson's catalyst,
[Rh(PPh3)3ClI] (7), was incapable of catalyzing the addition of 1d to alkynes.
Subsequent reports in this area by several research groups including Suzuki & Miyaura,20
Smith,2! and our group22 demonstrated that Bacat, (1a) and Bo(OMe)s (1e) are also

suitable for Pt(0) catalyzed diboration of alkynes. The B-B oxidative addition product
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cis-[Pt(PPh3)2(B(OR)7)2] (8a.d) has been shown to play an important role in the catalytic
cycle, which can also be readily generated through the reactions of B(OR)4 with
[Pt(PPh3)2(n-C2H4)] (9).22- 23 Various alkynes or 1,3-butadiynes undergo diboration or
tetraboration reactions in high yield under mild conditions by employing a catalytic

amount of either 6, 9 or Pt(II) bis(boryl) complexes 8.

The Pt(0) catalyzed alkyne diboration reactions can also tolerate a broad range of
functionality such as carbon-carbon double bond, chloro, epoxy, ester, cyano, and
ketones, etc. It is not surprising to see their swift applications in organic synthesis. For
instance, Kraft and Tochtermann reported24 in 1994 the synthesis of a 12-membered ring
compound (Z)-(*)-5,6-dimethylcyclododec-5-en-1-ol (11), a cedarwood fragrance

substance, where the key reaction step is the diboration of the intermediate cycloalkynone

(10) (Figure 5.3).
o} QB
iq ,;C:é Pt(PPhys d
+ B—R —_—
o DMF Q o
= d
10

OH

11
Figure 5.3 Synthesis of (Z)-(+)-5,6-dimethylcyclododec-5-en-1-ol (11).

Likewise, Siebert and co-workers25 recently reported that diboration of catB-

C=C-Bcat (12) by 1a in the presence of 6.2 mol% 9 led to the formation of the novel
tetraborylethene compound (catB);C=C(Bcat); (13) in 50% yield. A compound of this
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type (C2(BF2)4) was only obtained previously through a gas-phase reaction of carbon and
B2F4.26 In addition, following Miyaura and Suzuki's procedure, Brown and Armstrong?27
diborated a variety of internal alkynes. The resulting cis-bis(boryl)alkenes 14 were then
coupled with 1.5 equiv of organohalide catalyzed by [Pd(PPh3);Cl;] to give
predominantly the monoaddition product 15, which then underwent another Suzuki
coupling reaction?8 with resin-bound aryl iodide to generate the final tetrasubstituted
ethylene compounds 16 captured on the solid support. This method provides a general
route to a number of antiestrogenic triphenylethylene derivatives29 such as tamoxifen, 30

which is used to treat breast cancer.

Lok

B—R 1 2

ol R R
Pu(PPh;), O-B
DMF. 80°C 0]

1.5 equiv R3-X
I p2 I 2
Pd(Ph;) Cl R" R R" R

O‘B‘ B‘ 3M KOH 0 R3 Ri Rj3
0] DME. 80°C ‘O
15

Z T
Z

16

Figure 5.4 Synthesis of tetrasubstituted ethylenes on solid support.
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The proposed catalytic cycle for Pt(0) catalyzed diboration of alkynes follows
fundamentally the common process with a group 10 transition metal. (Scheme 5.1) It is
initiated by oxidative addition of the B-B bond to the metal center Pt(0), followed by the
coordination of the alkyne to Pt(I) and migratory insertion into one of the Pt-B bonds.
Reductive elimination of a B-C bond then gives the diborated product and regenerates the
catalyst. Experimental?!22 and theoretical3! studies all suggested that the phosphine
dissociation step is critical to the reaction. It has been demonstrated2!-22 that catalysts
with only two phosphine ligands (8a, 8d, and 9) exhibited higher activity than
[Pt(PPh3)4], while Pt(II) bis(boryl) complexes with chelating phosphines showed
extremely low ([Pt(dppb)(Bcat)>], 17) or no catalytic activity at all ([Pt(dppe)(Bcat);],
18). The catalytic reactions were greatly hampered when additional PPh3 was added to

catalyst 9.
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Scheme 5.1 Proposed catalytic cycle for diboration of alkynes.
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5.1.2. Pt(0) Catalyzed Diboration of Alkenes

The complex [Pt(PPh3)4] was also able to catalyze the diboration reactions of
alka-1,3-dienes to yield selectively the 1,4-diborated products32 (Figure 5.4). For
instance, when isoprene (1.5 equiv.) was allowed to react with 1d at 80°C for 16 h in the
presence of 3 mol% of 6 in toluene, (Z)-1,4-bis(pinicolatoboryl)but-2-ene was obtained
as the sole product in 93% yield. However, diboration of alkenes with Pt complexes
was not successful until very recently when Miyaura 33 applied phosphine free Pt(0)

complexes toward this task.
R2
Q
+ JB—R
R! ©

Pt(PPhy,\ toluene, 80°C
Rl RZ
S
OI

Figure 5.5 [Pt(PPh3)4]-catalyzed diboration of 1,3-alkenes

It became clear from the mechanistic analysis on the Pt(0) catalyzed diboration of
alkynes that phosphine dissociation is a critical step in the catalytic pathway. Both
Smith2! and our group22 concluded that catalyst precursors with fewer and monodentate
phosphine ligands exhibit higher activity. Therefore, Miyaura 33 reported very recently
that the phosphine free Pt(0) complex, [Pt(dba);] (dba = dibenzylideneacetone, 19) was
able to catalyze the addition of 1d to various aliphatic and aromatic terminal alkenes at
50°C in toluene. Cyclic alkenes with internal strain were also diborated similarly with
good yields (Table 5.1). However, attempts in the diboration of other internal alkenes

such as stilbene and 2-methylpropene were unsuccessful. It is interesting to note that in
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Entry 6, the catalyst {Pt(dba);] gives formation of the 1,2-addition product only with
certain conjugated dienes such as penta-1,3-pentene, whereas, [Pt(PPh3)4] generates the
1,4-addition product at 80°C as shown earlier.  This allows one to apply different
catalysts to the diboration of dienes for various purposes. It is important to notice that
the reported isolated yields were based on the diboron reagent 1d, to which 1.5
equivalents of alkene (3.0 equiv of 4-vinylanisole in entry 3) were added for the
reactions. These results, nevertheless, have certainly indicated the right direction for the

search for more efficient diboration catalysts.

Table 5.1 Pt(dba)>-catalyzed diboration of alkenes

Entry Olefin Product Toyield
Bcat
ONNNNNS
L - Bcat 82
== Bcat Bcat
2 CeHs ~— CeHs 86

=\ Bcat Bcat
3 CeHy-p-OMe ‘CeHy-p-OMe /0

Bcat
aw .
Bcat
5 ;b ;b, Bcat 85
Bcat

Q

Bcat
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Almost simultaneously, Smith et al.34 independently came to the same conclusion
employing phosphine free Pt(0) catalysts for the diboration of alkenes. Instead, they
utilized the base-free Pt compounds [Pt(COD),] (COD = 1,5-cycloocta-di-ene, 20) and
[PYNBE)3] (NBE = norbornadiene, 21) which were reported by Stone and co-workers3>
20 years ago, and higher diboration reactivities were observed (Table 5.2). Again, even
these catalysts failed to diborate non-strained internal alkenes. These findings are, indeed,
big breakthroughs toward the metal catalyzed diboration of alkenes, however, further

work is apparently needed for internal alkene substrates.
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Table 5.2

Pt(COD); or Pt(NBE),-catalyzed diboration of alkenes

Entry Olefin Product %yield
1 = Bcat, Bcat 84
=\ Bcat Bcat

2 C4Ho ~ C.Ho 95

== Bcat Bcat
3 CeHa-p-OMe CgHy-p-OMe 90

== Bcat Bcat
4 CeHy-p-CF3 CeH-p-CF; 95
5 A~ B Bceat g5

Cl cat
Cl
0O Bcat

6 /\/\/\O/u\ BC&I[W\/\ O/& 88
7 ﬁb Bcat 93

Bcat
2 Bcat Beat 29

/ Bcat Beat
Bcat
P
2 NN Bcat\)\/\/ 82
Bcat Bcat
10 ANNF Bca[w 87
Bcat
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5.1.3. Pd(0) Catalyzed Cross-Coupling Reactions between Arylhalides and Diboron

Compounds

Recently, there has been a growing interest in both academic and industrial
laboratories in the tetra(alkoxy) diboron compounds, particularly, B;cat; (1a) and Boping
(1d). These diboron reagents exhibit good stability, and they can be prepared in large
quantities through the reaction of B(NMe3)4 (2a) with corresponding diols (Figure 5.6).
Very recently, Bopiny became commercially available36 from two chemical companies,
Frontier Scientific Inc., Utah (www.Frontiersci.com), and Callery Chemical Co.,
Pennsylvania (callery.info.MSAnet.com). It is clear that research on the application of

these diboron compounds in organic synthesis will be greatly enhanced in the near future.

BC13 + ZB(NM82)3 —_—— 3ClB(NMe2)2
Na/K
CIB(NMe,), » (Me,N),B-B(NMe,),
Heptane, reflux
(2a)

HCI
(Me,N),B-B(NMe,), + diols o »  (RO),B-B(RO),

)

O\ Bu' O\

O/ , O/

Bu' O\ /Oﬁ
(1c) ' (1d)

O/ ’ \O "

]
Bu'

Figure 5.6 Synthesis of diboron compounds 1a-d.

In addition to the Pt(0) catalyzed diboration reaction with alkynes, dienes, and

alkenes, Miyaura37 also reported that diboron compound such as 1d can undergo Pd(0)
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catalyzed cross-coupling reactions with haloarenes, which provides a novel direct route to
arylboronic esters without using Grignard or other metal-mediated reagents. Subsequent
application of this reaction includes : solid-phase Suzuki coupling reactions, 27- 38 one pot

biaryl synthesis via in situ boronate formation, 39 and so on (Figure 5.7).

Lok
PdCl.(dppf)
KOAc/DMSO, 80°C

Y
¢ S FEK r@— o
P>
‘/ s PACl5(dppf)
KOAC/DMSO. 80°C
Q .
X 'B‘Bci(k
o]

Ar-X Ar—EK | —  Ar—-Ar
PdCl,(dppt) [ PdCly(dpph)

2 0. 80°C
KOACc/DMF, 80°C 2M aq. Na,COs,

Figure 5.7 Pd(0)-catalyzed cross-coupling of 1d with arylhalides

5.1.4. Rh(I) Catalyzed Diboration of Alkenes

We have had a long-standing interest in the Rh-catalyzed diboration of alkenes.
Stoichiometric reaction between the Rh(III) bis(boryl) complex [Rh(PPh3);(Cl)(Bcat)s]
and 4-vinylanisole (MeO-CgH4-CH=CH,, 22) gave the corresponding 1,2-bis(boronate)
ester (23) along with other species. We reported40 for the first time in 1995, that catalytic
diboration of 22 by 1a was achieved by a number of rhodium complexes. However, the
biggest drawback of these Rh catalytic systems is that the selectivity of this reaction

suffers heavily from the competing 3-H elimination pathway as already observed at the
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previous stoichiometric reaction. With typical rhodium hydroboration catalysts such as
[Rh(PPh3)3Cl], only 10% of the desired product 23 was observed (see Table 5.3). We
assumed that the proposed mechanism resembiled that of Rh(I) catalyzed hydroboration or
Pt(0) catalyzed diboration reactions. It is initiated by oxidative addition of B-B bond to
Rh(I) center, followed by coordination of the alkene and migratory insertion into one of
the Rh-B bonds, and subsequent B-C reductive elimination affords the diborated product
23 (Scheme 5.2). However, the competing B-H elimination reaction from the Rh(IIl) B—
borylalkyl intermediate complicates the catalytic cycle (Scheme 5.3). As a result,
subsequent reactions such as hydroboration, hydrogenation, dehydrogenative borylation
as well as diboration give rise to an array of by-products. We have also successfully
terminated the B-H elimination by using Au(PEt3)Cl/dcpe as a catalyst, which gives
exclusively 1,2-diborated product. However, the higher selectivity is accompanied by
much lower reactivity and stability. The reaction is probably too sluggish to act as a

practical method for organic synthesis. Obviously, better catalysts are needed.

Bcat
Ar )\,Bcat

23 [(Rh] Bacat;

cat
i 1
Ar /=/ BC&[M [Rh]_
24 [th] Bcat [Rh] Bcat

H Bcat

(Rh] —Bcat

Bcat

Scheme 5.2 Proposed catalytic cycle for Rh(I) catalyzed diboration of alkenes
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Scheme 5.3 Possible products resulting from the -H elimination pathway.

5.1.5 Our Objectives

While progress has been made very recently toward phosphine free Pt(0) catalysts

for the diboration of alkenes, we turned our attention back to the Rh(I) system. We

reasoned that: (1) Pt(0) catalysts still had no success for non-strained internal alkenes, but

preliminary results in our group4! indicated that certain rhodium complexes are capable

of diborating 1,2-disubstituted alkenes. Moreover, with Rh phosphine catalysts, it should
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be possible to develop asymmetric catalytic diboration of alkenes and other substrates.
(2) Instead of trying to avoid the B-H elimination pathway in these systems, we may be
able to take advantage of this fact to develop a way of pursuing the dehydrogenative
borylation reactions. In fact, preliminary results in our lab demonstrated that when 1d
and l-octene (1:1) along with 2 mol% [Rh(PPh3)2(CO)Cl] (32) were heated at 80°C for
3 days in toluene/acetonitrile (3:1), 72% of the novel 1,1-bis(pinacolboryl)oct-1-ene was
observed.42 (3) Previous studies on Rh-catalyzed hydroboration reactions!4c. 14b
indicated that competing B-H elimination pathway could be avoided by use of a rhodium
complex with a chelating bis(phosphine) ligand. Among various Rh catalysts that we
had screened earlier, the best selectivity for diboration of 4-vinylanisole was obtained
with the zwitterionic complex [(1-Bcatz)Rh(dppb)] (dppb = 1,4-bis(diphenylphosphino)
butane, 33g). This complex has initially been demonstrated to be an extremely efficient
hydroboration catalyst.42 Even though its result on the diboration of 4-vinylanisole is
not yet satisfactory (44% diborated product), perhaps fine tuning of the bis(phosphine)

ligand could lead to much better catalyst.

Complex 33g belongs to a family of zwitterionic Rh(I) complexes [(n®-
Bcaty)RhL3] (33) where the RhL> fragment coordinates to one of the arene rings of the
[B(cat)z]- anion. The only previously isolated and well characterized complex in this
series is [(n%-Bcaty)Rh(Dippe)] (Dippe = 1,2-bis(diisopropylphosphino)ethane, 33n),
which was first obtained from the reaction of [(n 3-2-Me-allyl)Rh(Dippe)] (34n) with a
large excess of HBcat (35).43 Subsequent work in our lab demonstrated that complexes
[(m3-indenyl)Rh(P3)] (36) and [(acac)Rh(P3)] (acac = acetylacetonate, 37) were also able
to lead to the formation of 33 in a similar fashion.l40.:42,44 These (n%-Bcaty)RhL>
zwitterionic complexes are of great interest to us because they exhibit both extremely
high catalytic activities and regio selectivities in catalytic hydroborations of alkenes.42
Their formation was believed to involve the redistribution of catecholate groups from

HBcat, but the exact mechanism is not yet clear . The reactions depend largely on the
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properties of the ancillary ligands L;. In some cases, 33 was obtained as the sole Rh-
containing product, but on other occasions, the products were too complicated to identify.
Some special processes have to be applied to make a certain complex. For instance, in
order to make 33g, a stoichiometric hydroboration reaction has to be conducted in the
presence of certain alkenes to secure a clean conversion. It is apparent that a more
efficient and more general route to the preparation of these novel [(M®-Bcatz)RhL;]

zwitterionic complexes is vividly required.

Rh R \ R
R/\P/ \P<R R\P/ \P/R R/\l(_/\R
TR R UTR

In this chapter. we will start with a brief description of the reactions between
Bacat3 (tris(catecholato) diboron, 38) and several types of Rh(I) complexes. We have
found that the reaction of 38 and [(acac)RhL;] can afford the exclusive formation of [(1-
Bcatp)RhL;] complexes. Their synthesis and molecular structures with various ancillary
ligands have been studied, and finally, these complexes have been applied as catalysts for

the diboration of alkenes.
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5.2 Results and Discussion

In the preceding chapter, we have described reactions between the electron rich
Rh(I) complex [Rh(PMe3)4Me] (39) and the diboron compound Bjcat; (2a) and its
analogs 2b-2f. This complex has also shown reactivity toward the hydroboron reagent
HBcat (35), 43 the haloboron reagent ClBcat (40), and even the alkylboron compound

MeBcat (41) (see chapter 4). Can it react with the structural related compound Bjcat3?

38

5.2.1 Bacat3 and Its Reactions with Low Valent Rh(I) Complexes

Bacat3 (38) is a very closely related compound to the above Bcat containing
reagents. As a matter of fact, it has its presence in numerous transition metal catalyzed
hydroboration (HBcat) or diboration (Bscaty) experiments as an undesired side product.
This is not surprising, since even pure HBcat decomposes slightly at room temperature to
give Bacat3 as one product (Reaction 5.3), and the commercially available HBcat
product (solution in THF) decomposes more rapidly, forming Bjcats3 and H3BsTHF
adduct.45 Therefore, HBcat samples, either neat or as THF solutions, need to be stored at

low temperature, and special care should be taken when 35 is distilled in vacuo from its
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THF solution in order to avoid elevated operating temperatures which lead to
decomposition. We have also studied stoichiometric reactions between 35 and certain
nucleophiles which are often present in the metal-catalyzed hydroboration or diboration
processes.#>  For instance, PPh3 promotes HBcat degradation (f)2 = 4 h) to H3B*PPh3
and 38, other bulky phosphines afford analogous products (Reaction 5.4); Wilkinson's
catalyst, [Rh(PPh3)3Cl] also mediates the irreversible degradation of HBcat to mainly 38
and [RhH>Cl(PPh3)3] (Reaction 5.5) to some extent. This process is largely assumed to
be responsible for the hydrogenation side products in the Rh catalyzed hydroboration

(HBcat) reactions. 142

3HBcat == Bjcat; + BH; (5.3)
3 HBcat + PPh3 — B:CEI[3 + H3B'Pph3 (5°4)
n HBcat + RhCl(PPh3)3 — Bzca[3 + RthCl(PPh3)3 (5.5)

+ unidentified boron containing products

Like 35, ClBcat also exhibits similar thermal and chemical stabilities (though not
to the same extent), and Bjcat3 is often one of the main degradation products.4246 The
involvement of Bjcat3 in the catalytic Bocat; addition processes is not clear yet, and the
question of whether Bacats is an intermediate in the degradation of Bcatj is still under
investigation. Usually, a resonance at ca. 23 ppm in the !!B{!H} NMR spectrum is
observed, which is consistent with the signal of Bycat3. However, other species such as
catB-O-Bcat (42) may also resonate in this region. Nevertheless, Bocat3 has always been
related to the transition metal catalyzed H-Bcat and catB-Bcat addition reactions, and it

has always been regarded as an unwelcome degradation product.
Q /
B—O—R
d
42
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However, a triaryl borate compound like Bjcat3 obviously presents an
appreciable Lewis acidity on the boron atom which should find itself some positive
applications. Similar compounds have been widely utilized as selective Lewis acid
catalysts for Diels-Alder and aldo type reactions. For example, Yamamoto*7 has
demonstrated that chiral boron compound 43 is a very efficient promoter for the aza
Diels-Alder reaction of imines: Kaufmann*8 prepared the novel 38 analog By(BINOL)3
(44) which exhibits a unique cyclic structure with a C3-symmetry due to the large
chelating B-binaphtholate ligands. Compound 44 shows excellent stereo- and enantio-

selectivity toward the Diels-Alder reaction of methacrolein and cyclopentadiene.*®

In the structure of Bjcats (Figure 5.8),45 the two B-O bonds in the bridging
catecholate group are somewhat shorter than the chelate B-O bond distance, averaging
1.352(4) vs 1.382(4) A, respectively, the latter is essentially the same as that in Bocatp
(1.388 A).49 The two opposing chelate catecholate groups are nearly perpendicular to
one another, presumably due to steric constrains imposed by the oxygen lone pairs.

While the chelating catecholate groups are planar, the B-O vectors of the bridge from a

dihedral angle of 4.94°.
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Ci13

Ciq4

Figure 5.8
Crystal structure of Bscat3 (38), with 50% probability ellipsoids
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5.2.1.1 Reaction of Bacatz and [Rh(PMej3)4Me]

When equal molar amounts of Bacat3 and [Rh(PMe3)4Me] in CgDg were mixed at
room temperature, the orange ionic compound [Rh(PMe3)4]*[Bcat]- (45) precipitated
readily from the solution, MeBcat being the other product, which was characterized by
IB{!H}, 'H NMR spectroscopy and GC-MS. The reaction was rapid and quantitative,

no other products were detected (Reaction 5.6).
[Rh(PMe3)4Me] + Bjacat3 — [Rh(PMe3)s]*[Bcaty]- + MeBcat (5.6)

The 3!P{!H} NMR spectrum of [Rh(PMe3)s]{Bcat,] in CD3CN showed only one broad
peak at ca. -13.30 ppm, however, in THF, a well resolved doublet is apparent at -14.30
ppm (d, lJrp-p = 131.6 Hz), which is consistent with that of other [Rh(PMe3)4]* salts.0
The sharp singlet at 14.8 ppm in !!B{!H} NMR spectrum is very typical for a [Bcats]-
anion.45 This Bcaty- anion also gives rise to just a singlet resonance (6.54 ppm) in the
IH NMR spectrum in CD3CN due to coincidental overlap of the two types of aromatic

hydrogens.

Hydrogenation of [Rh(PMe3)4]{Bcaty] in THF led readily to the formation of the
colorless dihydride complex [Rh(PMe3)4(H)21{Bcat,] (46). The 3!P{IH} NMR spectrum
in CD3CN showed two doublets of triplets peaks at -22.35 (trans PMe3) and -11.01 ppm
(cis PMe3) respectively, which is consistent with the cis disposition of the hydrides. The
hydride resonance in CD3CN appeared as a pseudo doublet of quintets at -10.69 ppm.
Crystals suitable for X-ray diffraction were obtained by diffusion of a layer of heptane
into a THF solution of 46. The structure consists of well-separated anions and cations
(Figure 5.9). The cation displayed a pseudooctahedral configuration with the Rh-H
distance being 1.49(6) A, and the H-Rh-H angle being 88(4)°.
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There are two possible ways to rationalize the result of the reaction between
Bacat3 and [Rh(PMe3)4Me]. First, despite of the high stability of the B-O bond, there
may still exist the possibility that Bocatz undergoes B-O oxidative addition to the metal
center, followed by reductive elimination of MeBcat. However, it is more likely that
[Rh(PMe3)4Me] facilitates nucleophilic attack of Me on one of the boron atoms in
Bjcat3, followed by methyl transfer and Bcaty- acts as a leaving group to generate

MeBcat and [Rh(PMe3)4][Bcats].

§ O
[Rh(PMe3)4]
Rh(PMe3);Me  + O-B~ O\Et- — M
@_ O/ nucleophilic e\@ O
artack

idative
- PMe; | 9¥ida
P 3| addition

Me iO—Q [Rh(PMe3)4][Bcat)]

Me3P g~ 0 +PMe;
—_—
PMe; &? MeBcat
4

s

Reactions between Bjcat; and the simple organic lithium reagents MeLi and

CeHs-C=CLi were also performed. Accordingly, they both gave Li[Bcat;] and MeBcat
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or CgHs5-C=C-Bcat respectively (Reactions 5.7 & 5.8). In this respect, Bocat3 can be an
alternative source for the synthesis of organoboranes. In comparison with the haloboron
starting materials such as ClBcat or BrBcat, Bjcaty is less expensive and more stable
making it easier to use. In addition, the final acidifying workup step encountered in the
synthesis via other borates B(OR)3 can be simply eliminated because the facile leaving of

the [Bcatj]- group ensures the release of free organoboron compound (Reaction 5.9).

MeLi + Bycaty; —  Li[Bcab] + MeBcat (5.7)

C¢Hs-C=C-Li + Bjcaty —» Li[Bcap] + CgHs-C=C-Bcat (5.8)

OR
. -/ HCI
MeLi + B(OR)y — Me—B\, oR ——— MeBORr (59)
OR

5.2.1.2. Reaction of Bycatz and CpRh(PMe3);

In order to investigate the possibility of Bocat3 being a useful boron source for the
synthesis not only of organoboranes but also transition metal boryl complexes, the
reaction between Bcat3 and [CpRh(PMes3);] (47) was performed. When a red solution
of 47 in C¢Dg was added dropwise to an equal molar solution of Bocats in CgD, the red
color disappeared rapidly, and a white precipitate with a slightly pink tint precipitated
immediately from the solution. 31P{!H} and !!B{!H} NMR analysis on the colorless
filtrate gave no identification of any phosphorus or boron containing species at all. The
precipitate, on the other hand, was collected and dissolved in CD3CN. In the 3!P{!H}

spectrum (Figure §.10a), in addition to the main doublet signal at 8.29 ppm (JRn.p =
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138.8 Hz), there was also another similar but sharper doublet resonance (ca. 20% ) at
7.02 ppm (!Jrh.p = 136.8 Hz). The later doublet can be assigned to the signal arising
from [CpRh(PMe3),H](Bcaty) when referenced to that of [CpRh(PMe3);H]PFg (48) 51
which was obtained separately from the reaction of 47 with NH4PFg. In the !1B{IH}
spectrum (Figure 5.10b), two signals were observed with one sharp singlet at 15.13 ppm
which is characteristic of a [Bcat;]- anion and another broad peak at 43.35 ppm which
falls in the region that most Rh(III) Bcat complexes appear. Therefore, from these
observations, this precipitate can be tentatively identified as
[CpRh(PMe3)z(Bcat)j{Bceaty] (49) with some amount of [CpRh(PMe3)2(H)][Bcat3] (50).
This was also verified from the 'H NMR spectrum which exhibit two Cp signals at 5.62
and 5.46 ppm respectively, the latter is consistent with that of 50. In addition to the
singlet for [Bcata]- at 6.56 ppm, the Rh-Bcat multiplets at 7.06 and 7.22 ppm were

apparent.

The resulting precipitate from this reaction is soluble in polar solvents such as
CH3CN, THF, and CH>Cl», but it is not soluble in benzene, toluene, etc. The above
spectroscopic data were obtained from a freshly prepared NMR sample in CD3CN.
However, when the same NMR sample was run again 24 h later, only peaks belonging to
50 could be observed. Other attempts in THF-d8 or CD,Cl; were also examined, but
they gave even more complicated spectra. While the firm characterization of this
product has not been accomplished yet, the above preliminary results have nonetheless
indicated that electron rich Rh(I) complex can split Bocats to the [Bcat] and [Bcat;]
fragments to form a direct Rh-B bond. This reaction most likely follows a nucleophilic

attack pathway (Figure 5.11).
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Figure 5.10 'P{'H} and ''B{'H} NMR spectra of CpRh(PMe:)~/Bacat:
in CD:CN
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Figure 5.11 Reaction between [CpRh(PMe3)>] and Bcat;

5.2.2 Synthesis of Zwitterionic Complexes [(16-Bcaty)RhL;]

So far, we have discussed the possibility of utilizing Bjcat3 as a boron source for
the synthesis of organoboranes and metal boryl complexes, which makes use of its Bcat
fragment, with the other part Bcat; only acting as a counterion. Can we take advantage
of this Beat; fragment to make more meaningful compounds? The answer is obvious: we
reasoned that the reaction between Bjcatz and [(acac)RhL,] complexes could lead us to
the synthesis of a series of (m6-Bcaty) bearing Rh(I) zwitterionic complexes [(N 6.
Bcat)RhL;] which was one of our long term goals. The reaction is illustrated as below

(Reaction 5.11).
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38

37a,Ly=(M>*C;Hy)s  37b. Ly = (n*-COE),

37c.L, =n*-COD 37d. L, = (PPh,Me)»

37e. L1 =dppm 37f. Ly =dppe

37g. L2 =dppp 37h. L, =dppb

37i. L, =dppf 37§, Ly =dmpe

37k. L> =dcpe 371, L> =(R.R)-diop

37m. L =R-tol-BINAP

H,C L M (5.11)

5.2.2.1 Synthesis of [(n5-Bcat;)RhL;] Complexes

When one equiv. of Bjcat3 in C¢Dg was added to the solution of various
[(acac)RhL3] complexes 37a-m in CgDg, a yellow compound (acac)Bcat (51) and the
corresponding zwitterionic complexes [(n-Bcaty)RhL;] (33a-m) were generated readily.
Compounds 33a-c with n2-olefin ligands are barely soluble in CgDg so that they
precipitated rapidly and were isolated as yellow or orange solids nearly quantitatively;

others with phosphine ligands (33d-m) exhibited brown-reddish color. During the course
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of the reactions, the color change could be observed immediately when the two reactants
(Bacat3 and (acac)RhP;) were mixed together, and the clean conversion was verified by
3Ip{IH} and !!B{!H} NMR spectroscopies (Figure 5.12) as no other species were
present. Generally, these deeply colored zwitterionic compounds [(n6-Bcaty)RhP3]
exhibit considerable solubility in CgDg (except 33e and 33i), which makes the separation
of them from 51 difficult. Nevertheless, pure samples were obtained by repeated

recrystalization.

The driving force for these reactions is obviously the formation of (acac)Bcat
(81), which is a very stable chelated four-coordinate borate compound. The 12e- [RhL;]
fragment, then is readily coordinated to one of the benzene rings in Bcaty- to form an 18e-
complex [(M%-Bcaty)RhL>] (33a-m). Compound 51, (acac)Bcat, in turn, can also be
obtained readily through the reaction of Bjcaty with Na(acac) in toluene. It shows

identical spectroscopic properties as those from reaction 5.11.

The reaction depicted above appeared to be a direct and facile route to various
{(M6-Bcaty)RhL>] zwitterionic complexes. The starting materials [(acac)RhL;] are very
easily obtained. For instance, 37a-c are commercially available, alternatively, they can
be very easily prepared from the reactions of Na(acac) with the corresponding
[RhCl;(alkene)]> dimers in toluene.52 Substitution reactions between [(acac)Rh(COE);]
(37b) and various phosphine ligands gave very clean [(acac)Rh(P)2] complexes as
evidenced by 3!P{!H} NMR spectra. Although it has been stated52.53 that the
substitution of COD in [(hfac)Rh(COD)] (hfac = hexafluoroacetylacetonate) by chelating
phosphine ligands is always accompanied by the generation of some [Rh(P~P);]*+(hfac)-,
the displacement of COE in 37b by the above phosphines is extremely clean, and no
special procedure such as dropwise addition of bis(phosphine) ligands at low temperature

as stated in ref. 53 is necessary to make the appropriate [(acac)Rh(P),] compounds.
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Figure 5.12 "'P{'H} and ''B{'H} NMR spectra for reaction of
[(acac)Rh(dppb)] and Bcat;
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5.2.2.2 Spectroscopic Properties of [(15-Bcatz)RhL3] Complexes

The !IB{!H} NMR spectrum of 51, (acac)Bcat, displayed a peak at 9.8 ppm
which is very typical for a four-coordinate boron atom. In the [(T]6-Bcat2)RhL2]
complexes, the !B {!{H} NMR resonances in CgDg all shifted down-field compared to
the isolated [Bcata]- anion (ca. 14.5 ppm) due to the coordination by the RhL> moiety.
They appeared in the range of 15-17 ppm, and broader peaks were apparent, but, when
some of these complexes were placed in polar solvents, such as THF or CH;Cl,, a
negligible shift was observed. For instance, the resonance for [(n%-Bcatz)Rh(dppb)]
(33h) in C¢Dg is at 15.5 ppm, but it appears at 14.7 ppm in C¢Dg/THF and at 14.1 ppm in
CeDe/CH7Cly, respectively, although all the peaks were broad and identical 3!P {!H}
NMR spectra were observed in the above three solvents. However, in CD3CN, it showed
a sharp !B {!H} NMR resonance at 14.2 ppm and entirely different 31P {{H} NMR
signals were exhibited, which suggests that the solvent molecules CD3CN probably
coordinate to the metal center, and that Bcat,- dissociates, at least to some extent, from
the coordination sphere and only acts only as a counterion, [Rh(dppb)
(CD3CN)g]*[Bcaty]. No attempts were made to identify this species, but in another
experiment, when 33b was dissolved in CD3CN, the resulting product [Rh(COE);
(CD3CN)y]*[Beatp]- were verified by !B {!H}, 'H, and !3C {!{H} NMR spectro-
scopies. The dissociation of the m~bound arene ligand by coordinating solvents has also
been observed in the structurally related analogs [(n6-BPhg)RhL;] (52).54 One of the
consequences of the easy displacement of (n%-Bcatp) by nucleophiles has been shown by

the fact that mixing of 33b or 33¢ with one equiv. of dppb in either C¢Dg or THF did not
lead to the formation of complex [(n6-Bcat;)Rh(dppb)] at all.
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Table 5.4 3!P {!H} and !!B {!H} NMR data2 for [(acac)RhP;] and [(1}6-Bcat»)RhP3]

No. Ligand (acac)RhP> (37) (M6-Bcat)RhP; (33)

31p, § lJRh-P 3lp. & lJRh-P lIB, &
d (PPhaMe); 37.8 192.5 28.8 208.8 15.8
e dppm -18.7 163.7 -23.0 184.6 15.8
f dppe 70.6 195.1 75.8 2133 15.8
g dmpe 52.0 190.1 49.7 209.7 154
h dcpe 92.2 193.8 98.9 208.9 15.3
i dppp 38.1 180.7 28.7 195.6 16.0
J dppb 494 187.9 43.2 206.5 15.5
k diop 39.1 189.0 31.2 208.3 15.7
I dppf 52.9 199.5 45.9b 220.5b 14.9b
m tol-BINAP 53.3 189.2 47.9 191.8 15.4
2in CgDg; b in THF-dg.
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The 3!P {!H} NMR resonances of 33 d-m are shifted down field compared to the
free ligands. They are also mostly deshielded compared with the starting materials
[(acac)Rh(P);] except when P> = dppe and dcpe (Table 5.4). The nonchelate complex
33d, [(m%-Bcatz)Rh(PPhyMe);] exhibits a resonance at § 28.8 ppm, while the analogous
bis(phosphine) complexes [(-Bcata)Rh{(PhaP)2(CH3)a}] (n =1-4) exhibit resonances
at -23.0, 75.8, 28.7 and 43.2 ppm, respectively. Such chemical shift differences between
the bidentate bis(phosphine) ligands and the monodentate phosphine containing
complexes are generally realized to be a function of the presence or absence of chelation
and the chelate ring size.55 The ring contribution AR can be calculated for the above
chelating phosphines Phy(CH>),PPh> on the basis of A § = 56.8 for PPhoMe (& = 28.0)
and [(n‘5-Bcat2)Rh(PPh2Mc)2] (0 =28.8). Sothe AR values are -57.2 for n =1, 32.3 for
n=2,-10.8 forn=3, and 1.4 for n = 4 (Table 5.5), which follow the typical pattern in
that the 4-membered ring (as in 33e) is very shielded and the 5-membered ring (i.e. 33f)
is deshielded. The same calculations can be carried out to the respective {(acac)Rh(P7)]

compounds, and the same pattern is followed.

Table 5.5 "Ring contributions”, AR to 3!P chemical shifts in [(n6-Bcatz)Rh(P3)].

Complex 3 ([(m6-Bcatp)RhL>]) & (free L) Ad2 AR b
(MmS-Bcatz)Rh(PPhyMe); 28.8 -28.0 56.8
(nS-Bcatz)Rh(dppm) -23.0 22,6 -0.4 572
(nS-Bcatz)Rh(dppe) 75.8 -13.3 89.1 32.3
(n8-Bcatz)Rh(dppp) 28.7 -173 46.0 -10.8
(mS-Bcatz)Rh(dppb) 43.2 -15.0 58.2 1.4
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2A8 =39 ([(n6-Bcat2)RhL2]) -8 (free L);

b AR =A8 (n6-Bcatg)Rh(PAP)) - AS ((116-Bcat2)Rh(PPhoMe)s).

In the above [(n%-Bcaty)Rh(P3)] complexes, the chemically equivalent 3P nuclei
give rise to doublets with !Jgp.p between 185 to 220 Hz, which are all larger by about 20

Hz than the corresponding !Jrp.p values in [(acac)Rh(P);] complexes (see Table 5.4).

This suggests that a stronger Rh-P interaction results when Rh is -coordinated to Bcaty.
The structurally related n-tetraphenylborate complexes of the general form of [(n5-
BPh4)RhL>] (§2) with L = P(OR)3 36 and L; = RyP(CH2),PR,54-57 R;P(CH3)4PR>,58
R2P(n3-CsHy)Fe(n3-CsH4)PR 59 as well as RpPCH,SbR; 60 have been reported, as
have ionic n6-arene complexes of [(n6-arene)RhL,]J+*X- (53) with various phosphine
ligands.6!  With the same phosphine ligand, the zwitterionic complexes [(n6-
Bcatz)Rh(dppb)] (33j) and [(n%-BPhy)Rh(dppb)] 38 both exhibit larger Rh-P coupling
constant values (206 and 200 Hz, respectively) than that of [(n°-
CeHsCH3)Rh(dppb)]*BF4- (198 Hz), 61¢ furthermore, the !Jgp.p value in [(6-
Bcat;)Rh(dppb)] is larger than that in [(n6-BPh4)Rh(dppb)]. For [(n6-Bcat2)Rh(dppf)]
(331) lJRh.p = 220 Hz, and for {(n6-BPhy)Rh(dppf)] UJrp.p = 212 Hz.58

| L L}{h \L

52 53

Both 'H and 13C{!H} NMR spectra of complexes [(16-Bcatz)RhL;] displayed

two sets of distinctive resonances for the n6-coordinated and non-bonded catecholate
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benzene rings (Table 5.6). The spectra were recorded in CgDg or, as otherwise stated, in
THF-dg. No reference spectra have been recorded on isolated (Bcaty)™ salts in CeDg due
to their poor solubilities in nonpolar solvents. Perhaps, a compound such as
(Bun4N)(Bcaty) would be soluble in CgDg, but this has not yet been proposed. Instead,
resonances for [Rh(PMe3)4](Bcaty) (45) in CD3CN are taken for comparison. The
isolated (Bcaty)- anion in 45 gives rise to only a singlet H signal at 6.54 ppm and three
I3C{!H} resonances at 108.79, 118.29 and 152.97 ppm, respectively. However, in the
zwitterionic complexes [(n%-Bcatz)RhL>], the coordinated catecholate protons clearly
display an AA'BB’ spin pattern at higher field, while the uncoordinated catecholate
protons give rise to overlapped multiplets at either roughly the same field or lower field.
Although rigorous comparison would not be appropriate here because different solvents
were applied to obtain the NMR spectra (i.e. CD3CN, THF-dg, or CgDg), the data in
Table 5.5 nonetheless indicate that two distinct chemical environments are experienced
by the two catecholate groups in the coordinated (Bcat;)- anion. Inspection of these data
also shows that the chemical shifts of each set of protons of both the coordinated and
uncoordinated benzene rings is strongly affected by the nature of the ancillary ligands in
the Rh coordination sphere. The smaller upfield shift of the coordinated catecholate
protons in [(n®-Bcaty)Rh(C2H4)3] (33a) and [(6-Bcaty)Rh(COD)] (33¢) with respect to
[(n6-Bcat2)Rh(phosphine)2] (33d-l) is consistent with their poorer G-donor and higher 1t-

acceptor ability of the alkene ancillary ligands.
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The assignment of the carbon resonances to each catecholate group in complexes
[(m6-Bcat)RhL;] was verified by 'H-13C coupled 2D HMQC NMR spectroscopy
(Figure 5.13). The coordination of the benzene ring in Bcaty- to Rh also causes an
upfield shift of the carbon atom resonances, again, smaller shifts being seen for the
complexes with alkenes as ancillary ligands (i.e. 33a, 33¢). Small !13C-103Rh coupling
with 1J c.rp between 3.1 to 4.1 Hz for the coordinated catecholate benzene ring has been
observed on some occasions, which may be further split by coupling with 31P, however,
negligible couplings were seen in other cases. There were reports on the C-Rh coupling
of [(n%-BPh4)RhL;] complexes (52) in the magnitude of 2.3-3.1 Hz,54-58 but no such data
on the [(n%-arene)RhL;]*X- complexes were reported.6!¢ This situation may largely
depend on how well the spectra were processed. The chemical shifts of the uncoordinated
catecholate carbons are only weakly affected by the coordination of the other benzene
ring to Rh (see, Table 5.5); however, essentially each carbon atom in this non-bound
catecholate group has its distinctive resonance, which is notably different from the [(1°-
BPh4)RhL 1] complexes. The coordination of the RhL) moiety to Bcat; breaks down its

symmetry.
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Figure 5.13 'H{!3C} 2D HMQC NMR spectrum of [(16-Bcat2)Rh(dppb)] in CgD.
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5.2.2.3 Crystal Structures of (n6-Bcat2)RhL; Complexes

Crystals of [(n%-Bcat;)RhL;] complexes suitable for X-ray crystal structure
analysis were obtained by several different means. Those of the complex [(1%-Bcaty)
Rh(dppm)] (33e) were grown directly from the reaction mixture of [(acac)Rh(dppm)] and
Bacats in CgDg, while single crystals of complexes [(n6-Bcatz)Rh(dppe)] (33f) and
[(n6-Bcat2)Rh(dppb)] (33j) were obtained from the corresponding [(acac)RhL;]/Bjcats
reaction mixture solutions in toluene. Meanwhile, crystals of [(116-Bcat2)Rh(COE)3]
(33b) and [(n5-Bcat)Rh(COD)] (33¢) were grown by recrystallizing the pure samples
from toluene, and finally, [(n%-Bcaty)Rh(dppf)] from THF-dg. It is very interesting to
note that, in the case of [(n%-Bcaty)Rh(dppe)] (33f). the single crystal obtained from the
reaction mixture of [(acac)Rh(dppe)] and Bjcat3 in toluene actually contains both the

product molecules 33f and (acac)Bcat, 51 in the lattice!

(acac)Rh(dppe) + Bpcat3 -,  (n%-Bcat)Rh(dppe) + (acac)Bcat

This gives a unique example of how crystallography can not only characterize the
compounds but also elucidate the reaction itself! Single crystals of 51, (acac)Bcat 62
were also obtained both directly from its pure samples by recrystallization from toluene,
and from the filtrate solution of [(acac)Rh(COE);] (or [(acac)Rh(COD)]) and Bscats in
CeDs. The crystallographic data for 51 and the above six [(6-Bcatz)RhL3] complexes
are depicted in Table 5.7.
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The accompanying product 51, (acac)Bcat crystallizes in the monoclinic space
group, P2;/n (Figure 5.14). The boron atom adopts a tetrahedral arrangement. The
chelating O-B-O angle in the Bcat moiety (107.27°) is wider than that of the isolated
Bcaty- anion in the structure of [Rh(PMe3)q](Bcaty) (45, 104.8°). As a result of forming
the six-membered chelating ring with the acetylacetonate moiety, the other intra-ring O-
B-O angle in (acac)B is even larger, being 109.68°, a value close to the ideal sp3
tetrahedral coordination angle. Accordingly, the mean B-O bond distance in the Bcat
fragment of 51 (1.467 A) is slightly shorter than that in Bcaty- (1.485 A in 45), while

those in the (acac)B fragment of 51 are slightly longer, averaging 1.493 A.

In the crystal structures of the zwitterionic complexes [(m®-Bcaty)RhL;] (33b. c,
e, f, j, 1), the Rh atom is directly bonded, via m-interaction, to one of the catecholate
benzene rings of the Bcaty™ anion. Selected structural features are listed in Table 5.8.
Again, complex [Rh(PMe3)s](Bcats) (45) is taken as a reference for the structure of the
isolated Beaty- group in the solid state. The only previously reported structure of an 16-

Bcats complex is [(n6-Bcaty)Rh(Dippe)] which was reported by our group in 1993.43
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Figure 5.14 Molecular structure of (acac)Bcat (51), with 50% probability ellipsoids.
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The complex [(n6-Bcaty)Rh(COE);] (33b) crystallizes as yellow needles. and has
the usual half-sandwich geometry (Figure 5.15). Besides the n%-Bcaty group, the Rh
atom is bonded to two ancillary 12-COE ligands. The C-C double bond length in both
COE groups is 1.406 (4) A. The distances from Rh to the carbon atoms in these double
bonds range from 2.138 (2) to 2.193 (2) A, its distance to the mid-points of the double
bonds being 2.041(2) and 2.069 (2) A, respectively. The double bond mid-points are
also used for the calculation of the L-M-L coordination angle to the Rh center by the two
COE ligands, which is 97.7°. The distance of Rh to the mean plane of the benzene ring
is 1.878 A, while the separation between Rh and the ring centroid X is 1.882(2) A. The
Rh--X direction and the perpendicular to the ring are not coincident, forming an angle of
4.1°. This value can be used as a convenient measurement of the ring slippage from the
ring center (see Table 5.7). Examination of the six Rh-C distances also indicates that the
catecholate berzene ring is not symmetrically coordinated, as they vary from 2.264 (2) to
2.411 (2) A. The Rh atom slips slightly away from the ring center toward the C(4) and
C(5) edge (see Figure 5.15). A mean plane calculation through the carbon atoms shows
that they are not coplanar, the average deviation from planarity being 0.0063 A. The
coordination of the Rh(COE), moiety to the ring also results in profound changes in other
parts of the Bcaty group. The coordinated catecholate shows longer C-O bonds as well as
O-B bonds than the other one because of the electron-donation from the benzene ring to
the metal. The two intra-ring chelating O-B-O angles are no longer identical for the
coordinated and free catecholates (102.8 and 106.7°, respectively). In contrast, a value of
104.8° is observed for isolated Bcaty- in 45). Accordingly, slightly wider B-O-C angles
are found for the n6-coordinated catecholate (108.18 and 108.41° vs. 106.02 and
106.42°%), but the dihedral angle between the two OBO planes remains close to 90° (89.9°
in 33b). The uncoordinated catecholate benzene ring also deviates slightly from

planarity, but to a lesser extent, the mean deviation for the six carbon atoms being 0.0030

A
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Figure 5.15 Molecular structure of [(n6-Bcaty)Rh(COE)>] (33b), with 50%

probability ellipsoids.
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In the structure of [(n6-Bcaty)Rh(COD)] (33c, Figure 5.16), the C-C double
bonds length is 1.400 (3) A in the ancillary n4-COD ligand. It shows similar distances
from Rh to the coordinated double bonds as in 33b, being 2.012 and 2.022 A to their mid-
points. In comparison to the bis(COE) complex 33b, the (C=C)-Rh-(C=C) angle (86.7°)
in 33c is apparently smaller due to the chelating coordination of COD to Rh.
Furthermore, the distance from Rh to the n6-coordinated benzene ring is notably shorter,
with the distances from Rh to the ring centroid and to the mean plane being 1.841 and
1.838 A, respectively (1.882 and 1.878 A for 33b). The corresponding ring slippage
criterion for 33c is calculated as 3.4° which is less severe compared to 33b (4.1°). While
both 33b and 33c have basically the same coordination sphere at the metal center, the Rh
atom interacts more strongly with the n6-catecholate unit in 33c. Obviously, these
differences are mainly due to the chelate effect of the COD ligand, but. probably more
importantly, there is less steric repulsion between the smaller COD ligand and the Bcat,
group in 33c. In line with these differences, the coordinated catecholate benzene ring in
33c displays more non-planar character, the mean deviation of the six carbon atoms from
planarity is calculated to be 0.0239 A (0.0063 for 33b), no such difference is observed for

the other uncoordinated ring.
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Figure 5.16 Molecular structure of [(%-Bcatz)Rh(COD)] (33c), with 50% probability
ellipsoids.
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The complex [(n%-Bcaty)Rh(dppm)] (33e, Figure 5.17) crystallizes as orange
blocks from CgDg with incorporation of one solvent molecule in the lattice. The
coordination of the Rh atom by the chelating phosphine dppm results in a notably small
P-Rh-P angle (72.9°). The Rh-P bonds are 2.213 and 2.233 A, respectively. The Rh
atom is slightly further away from the n%-catecholate benzene ring than in 33c as
evidenced by the fact that the Rh-C distances range from 2.2445 to 2.4243 A, and that the
distances of Rh to the ring centroid and to the mean plane are 1.879 and 1.973 A,
respectively (1.841 and 1.838 A for 33c). From an electronic point of view, the
displacement of the alkene ligand such as COD by phosphines will likely result in a slight
weakening of the Rh--ring interaction because of the stronger m-accepting properties of
the alkene ligands. However, these distances may be also dominated by steric factors,
as they are essentially the same as those in 33b. Similar deviations of the n6-Beatp
group from the ideal D¢ symmetry of the free Bcaty™ anion are observed in complex 33e
as described above for 33b and 33c (see Table 5.8), and noteworthy differences in this
structure can be seen from at least two aspects. First, while the coordinated catecholate
benzene ring in 33e deviates from planarity (mean deviation 0.0066 A), it is the
uncoordinated catecholate group that is less planar (mean deviation 0.0105 A). Second,
the dihedral angle between the two OBO planes deviates the most from being
perpendicular (88.2°), whereas in the other compounds, the angles are all close to 90°.
Of course, the most striking feature in this compound is the very small P-Rh-P angle so

that the metal center is most "popped-up” from the chelating bucket.
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Figure 5.17 Molecular structure of [(16-Bcaty)Rh(dppm)] (33e), with 50% probability

ellipsoids.
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The crystal of complex [(n®-Bcatz)Rh(dppe)] (33f, Figure 5.18) actually
incorporates one molecule of (acac)Bcat per molecule of the Rh complex. No significant
differences were observed between the structures of 51 in this crystal and on its own.
They are not identical, obviously, but the differences appear to be minimal. In the
structures of [(6-Bcaty)Rh(dppe)], [(16-Bcatz)Rh(dppb)] (33], Figure 5.19), and [(m5-
Bcaty)Rh(dppf)] (331, Figure 5.20), the P-Rh-P angles are opened to 83.8, 93.2, and 96.0°,
respectively with increasing length on the bidentate phosphine backbones. Lengthening
Rh-P bond distances are expected with the increasing P-Rh-P angles in these complexes,
except that in 33f, the five-membered chelate ring configuration may be more favorable
for the Rh-P interaction than the strained four-membered ring in 33e. The distances of
Rh to the coordinated catecholate benzene mean plane, on the other hand, follow an
increasing order as the ancillary ligands go from dppm to dppb (1.873 to 1.918,
accordingly), and more significant ring slippages are also observed (4.5 to 9.0°). The
ferrocenyl bridge in 33l, naturally provides a wider spacer, but it gives less flexibility to
the backbone compared with the -(CHj),- chains in the other three structures. A shorter
Rh to ring distance and less ring slippage are observed for 331 when compared with 33j
(Ly = dppb). Other selected structural data for these complexes are illustrated in Table

5.7.

In summary, the crystal structure study of the zwitterionic complexes [(M6-
Bcatz)RhL;] reveals that these compounds adapt a half-sandwich geometry in the solid
state. The properties of the ancillary ligand(s) L; can effect prominently not only the
properties of the metal center but also the geometry of the Bcaty- unit in the molecules.
We can foresee that the reactivity of the metal center can be easily fine-tuned by the

selection of different L, ligands.
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Figure 5.18 Molecular structure of [(n®-Bcaty)Rh(dppe)] (33e), with 50% probability

ellipsoids.
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C(38} Ci3N

Figure 5.19 Molecular structure of [(n6-Bcaty)Rh(dppb)] (33j), with 50% probability
ellipsoids.
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Figure 5.20 Molecular structure of [(m-Bcaty)Rh(dppf)] (331), with 50% probability

ellipsoids.
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5.2.3 Catalytic Diborations of Alkenes

About five years ago, the Rh(I) zwitterionic complex [(n6-Bcatz)Rh(dppb)] (33j)
was first generated and identified in our research group, and it has been demonstrated to
be an excellent hydroboration catalyst.!14b The clean synthesis of 33j and many of its
analogs, however, has not previously been entirely straightforward, although several
[(acac)RhL;] (37) complexes have been shown to react with excess of HBcat to provide
the zwitterions under catalytic conditions. Our new results on the facile reactions
between 37 and Bjcats as described above, clearly indicate that various complexes 33
can be generated readily by mixing 37 with 1 equiv. of Bjcat3 in solution. Not only
phosphine containing complexes (33 d-m), but alkene coordinated compounds (33 a-c)
were easily obtained, which could not be prepared from previous reactions involving
HBcat. As stated earlier, pure complexes 33 can be isolated by precipitation or
recrystallization from the other product (acac)Bcat. However, since the above conversion
is rapid and quantitative, and (acac)Bcat is likely inert in most of the catalytic processes
investigated, it would be even more convenient to utilize just the [(acac)RhL;}/Bscat3

mixture as in situ catalyst precursors.

5.2.3.1 Effectiveness of the [(acac)RhL3])/B;cat; Catalyst Systems

To this end, three parallel experiments were performed to test the effectiveness of
this [(acac)RhL.;])/Bocat3 system. Thus, the addition of HBcat to 4-vinylanisole in THF-
dg at room temperature was catalyzed separately by (i) [(acac)Rh(dppb)]; (ii) [(me-
Bcatz)Rh(dppb)]; and (iii) [(acac)Rh(dppb)] /Bscat; with the same loading of Rh (VA /
HBcat / catalyst = 1.0/ 1.05/ 0.02). Essentially identical results were obtained in all the
trials, i.e. within 30 min, the hydroboration gave over 99% of the internal H-B addition

product, which is consistent with our original report.14° Then, {(acac)Rh(dppb)]/Bscat3
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(4 mol%) was also applied to the catalytic hydroboration (HBcat, 150 %) of the hindered
alkene 2,3-dimethylbut-2-ene in THF-dg. The reaction was successful, but it took 80 h
to complete instead of 24 h as in the initial report.!4¢ Recently, there has been some
argument on prolonged hydroboration reactions such as this current case, as the
decomposition of HBcat to BH3 might play a major role in the process, that is, BH3
readily adds to alkene to afford R-BH;, followed by HBcat and R-BH; exchange
resulting in the R-Bcat product. Since, in the above reaction, there are no regio isomers
present, it is difficult to tell whether the outcome of the reaction is due to conventional
H-BH, addition or metal-catalyzed H-Bcat addition. In fact, by adding 4 mol% of
BH3THF instead of the Rh catalyst to the reaction solution, clean hydroboration was also
observed within 7 days. During the course of 2 days, the 1H NMR spectrum indicated
that ca. 50% of the alkene was converted, and ca. 21% of the alkene formed R-BHj.
However, when the reaction was catalyzed by [(acac)Rh(dppb)] /Bycats, it reached ca.
92% conversion in 2 days, and the R-BH3 product was negligible. Therefore, from this
comparison, we might conclude that the metal catalysis is the dominant factor in this

reaction.

5.2.3.2 Bjcat; Addition to 4-Vinylanisole

With a series of catalyst precursors in hand, we were ready to apply the
[(acac)RhL;}/Bjcat3 system to the catalytic addition of Bocaty to 4-vinylanisole which
we have been studying in the group for several years. We foresaw that fine tuning of the
properties of the ancillary ligand(s) L, might have a profound impact on the catalytic

reactivity of these [(6-Bcatp)RhL7)] catalysts.

The reactions of 4-vinylanisole with Bocat, were performed in THF-dg at room

temperature for 20 h, and 4 mol % of the [(acac)RhL;}/Bjcatz catalyst precursors were
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employed. The results are shown in Table 5.9. As we have experienced earlier, a host
of products are observed to different extents with each catalyst. Their structures are

illustrated in Figure 5.21.

Bcat Bcat
S Bcat
Ar"\/ Bcat Ar Ar/\(
Bcat
23 24 25
1,2-BBE VBE 2,2-BBE
Beat Bcat
Bcat Bcat
26 27 28
VBBE 2,2,2-TBE 1,2,2-TBE
Bcat Bcat
Ar AI" Ar -
29 30 31
Figure 5.21  Products obtained from the addition of B, cat, to 4-vinylanisole.
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The above results indicate that: (1) in contrast to the successful conduct of
phosphine free Pt catalysts on the diboration of alkenes, the phosphine-free Rh catalysts
[(m6-Bcaty)Rh(COE);] and [(M6-Bcat;)Rh(COD)] are unsuitable (Entries 1 and 2).
Complexes with phosphine ligands (Entries 3 to 8), in turn, give essentially only four
products. In comparison to other Rh catalysts we have tested earlier as seen in table 5.3,
the [(m®-Bcatz)RhP,] catalyst systems, in general, exhibit the highest selectivity. (2)
Chelating phosphines give much better results than monodentate ones. The catalyst [(n°-
Bcaty)Rh(PPhoMe);] was chosen as the model compound to compare with the
bis(phosphine) analogs. The product mixture from this catalyst consists of only ca. 14%
of the desired product 1.2-bis(boronate) ester (1,2-BBE, 23). The remaining products
include 2,2-bis(boronate) ester (2.2-BBE, 25, 13%), and significant amounts of 2,2,2-
tris(boronate) ester (2,2,2-TBE, 27, 36%) and internal alkylboronate ester (29, 36%), all
of which presumably arise from the competing B-H elimination process (vide infra).
However, the chelating bis(phosphine)s in other catalysts have largely depressed this side
reaction process, and higher 1,2-BBE yields were observed (over 40%). This chelating
effect is also apparent between ligands COE and COD in Entries 1 and 2 (10% vs 29% of
1, 2-BBE, respectively). (3) Among the series of bis(phosphine) ligands with different
backbones, i.e., PhoP-(CH2),-PPhs (n = 1-4) and PhyP-(m3-CsH4)Fe(n>-CsHy)-PPhy, the
least "bucketed” ligand dppm shows an outstanding selectivity toward the diboration of
4-vinylanisole (89% of 1,2-BBE). There appears to be a general trend of decreasing
selectivity with increasing P-Rh-P angle in the structures of [(n6-Bcat2)Rh(P7)] catalysts.
One interesting question is what the coordination modes of the Bcatz- anion to the metal
will be in all stages of the catalysis. A complete dissociation from the metal seems very
unlikely as catalysts [(n%-Bcaty)Rh(dppb)] (33j) and [Rh(COD)(dppb)]BF4 exhibit very
different reactivity (Table 5.3, entries h and i). While detailed mechanistic studies have
not yet been performed, the differences in results using ligands from dppm to dppf

suggest at least the following two points. First, the results of the crystal structure
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analysis have already revealed that the coordination geometry at the Rh center in [(1)5-
Bcaty)Rh(P>)] is largely determined by the steric factors of the chelating phosphines.
When L; = dppm, the Rh atom is least shielded, in other words, it is mostly accessible by
the reactants. Recently, Leitner and co-workers33 have proposed a so-called AMS (the
accessible molecular surface) model which they used to correlate the ligand steric effects
to the observed catalytic activities of [(hfac)Rh(P2)] (hfac = hexafluoroacetylacetonate)
complexes on the hydrogenation of CO3 to formic acid.53 In the sense of this AMS
concept, the catalyst [(n®-Bcata)Rh(dppm)] (33e) surely contains the highest accessible
surface, which might account for its best selectivity. Second, the single CH> linkage
between the two PPhj groups in dppm builds up the highest rigidity to the coordination
chelate ring. It does not allow any variation in the P-Rh-P angle. However, with other
rather "spring-like" or "rotator-like” (CHj), or ferrocenyl bridges, the geometry of the
chelate rings in [(N%-Bcats)Rh(P,)] catalysts are naturally more flexible, and thus may

have some effect on the selectivities these catalysts preserit in the reactions.

In conclusion, by applying a series of [(116-Bcat)Rh(P;)] catalysts for the

diboration of 4-vinylanisole by Bacaty, much improved results have been observed with

chelating phosphine (n%-Bcat;)Rh complexes compared to other structural types of Rh

catalysts we have screened before. To our delight, we finally found that at least one Rh

phosphine catalyst, [(n%-Bcaty)Rh(dppm)] (33e) can diborate 4-vinylanisole very cleanly.

5.2.3.3 Catalyzed Diboration of Other Alkenes Using [(acac)Rh(dppm)]/B2cat3

To test the generality of this [(n6-Bcaty)Rh(dppm)] catalyst, various alkene
substrates have been reacted with Bocaty in the presence of 4 mol% of a mixture of

[(acac)Rh(dppm)] and Bjcats, which act as the precursors to the zwitterionic catalyst

[(M%-Bcaty)Rh(dppm)]. The reactions were performed in THF-dg at room temperature
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and were monitored by !H NMR for completion, and the yields were verified by high

field !H and !3C{!H} NMR. Selected results are illustrated in Table 5.10.

Table 5.10 [(acac)Rh(dppm)}/Bcat3-catalyzed diboration of alkenes®

Entry Olefin Product Time (h) Poyield
L T ceHs caLE\—(Bg:;S 1° 69
2 TNCeHup-OMe caLEK—QB:;rp_ ome | 89
3 T NCeHypCl ca[ﬁ\—('a:;_p_ - 1° 79

&~

ﬁb :lb _Bcat 1 100
Bcat

H3C __ ca Bcat
5 = :55——/ 30 >95

CeHs H; “CgHs

CeH ca Bcat
6 = 3-—/ 56 >95

CeHs CesHs ."C6H5

2 All reactions were carried out in THF-dg at room temperature in the presence of 4

mol% catalyst [(acac)Rh(dppm)]/Bacag product yields determined by 'H and 13C
NMR spectroscopy;

b Reaction completed within 1 h, the exact reaction time was not recorded.
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The diboration of 4-vinylanisole was complete within 1 h giving 89% of the
desired 1,2-diborated product as determined by in situ NMR. In comparison to the
phosphine-free Pt(0) catalysts (Tables 5.1 & 5.2), [(M%-Bcap)Rh(dppm)] is very similar
to [Pt(COD);] or [Pt(NBE);]34 but superior to [Pt(dba);]33 in terms of reactivity for the
4-vinylanisole. Likewise, both styrene and 4-chlorostyrene were effectively diborated,
giving 69% and 79% 1,2-BBE respectively (Entries | and 3). The lower yield with
styrene is due to the large amount of 1,1-vinylbis(boronate) ester (VBBE, 26, 22%) in the
products. The reactions were found to be complete within 1 h. However, as the reactions
were not monitored before | h, it is possible that some or all were complete in a shorter
time and that there may be different reactivities as a function of para substituents:

Miyaura33 indicated that 4-vinylanisole reacted more slowly than styrene.

As with the above mentioned Pt(0) catalysts, [(n6-Bcatz)Rh(dppm)] also afforded
rapid and extremely clean diboration of the cyclic alkene norbornene (Entry 4). While
both Miyaura33 and Smith34 failed to diborate any unstrained internal alkenes, [(T5-
Bcatz)Rh(dppm)], however, was able to catalyze the addition of Bacaty to trans-B-
methylstyrene (Entry 5) and rrans-stilbene (Entry 6). The reactions are notably slower
(30 and 56 h); however. only minimal amounts of side products were detected by NMR.
Noting that these reactions were conducted at room temperature, they would not be
regarded as being particularly sluggish reactions. The diborated product from rrans-
stilbene was readily crystallized from the reaction medium (THF-dg) as colorless plates,
and its structure has been determined by X-ray crystallography (Figure 5.22). Consistent
with cis-addition, the product has the expected D, L rather than meso form. It is also
interesting that there is a THF-dg molecule wedged between the two boron atoms with an
O-B distance of 2.664 A but this distance is rather long for coordination and thus it is best
regarded as being a solvent of crystallization. The catecholate groups in the compound

stack parallel to another with a ca. 3.5 A interplanar distance.
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Figure 5.22 Molecular structure of the product of diboration of trans-stilbene, with 50%

probability ellipsoids.
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5.3 Conclusions

In this chapter, we have shown that, instead of being regarded as an undesired
waste substance, Bacat3 can be utilized as a convenient source for the synthesis of
organoboron compounds and possibly even metal boryl complexes. More importantly,
the facile reactions between Bcat3 and low valent Rh(I) [(acac)RhL;] complexes provide

a direct and general route to the novel zwitterionic complexes [(m-Bcatz)RhL;] with a

variety of ancillary ligands.

Crystallographic studies on the [(n6-Bcat)RhL3] complexes indicate that the
coordination environment at the metal center as well as the conformation of the
coordinated Bcaty- anion are dominated by the steric effects of the ancillary ligands.
These complexes exhibit very different catalytic activities toward the diborations of
alkenes with the variation of phosphine ligands. The catalyst [(m6-Bcat)Rh(dppm)] has
demonstrated outstanding reactivities as well as selectivities in the diboration reactions.
The catalyzed diboration of unstrained internal alkenes has been realized for the first

time.

Further variation in the structure of the bis(phosphine) ligands can be investigated
with the [(n6-Bcatz)RhL;] complexes. The small bite angle with dppm seems critical to
the reactivity. Other analogs, even chiral bis(phosphine)s based on dppm can be applied
to the reaction in order to achieve even better results or asymmetric synthesis. On the
other hand, the n%-Bcat; fragment can be easily derivatized from the corresponding
Bjcat3 analogs shown below. Moreover, the reaction between B,catz and [(acac)RhL;]

may be more general in that ligands other than acac may prove applicable.
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R|-R4 = aryl, alkyl. Ry, Ry =H, alkyl.

Finally, experimental results have demonstrated that zwitterionic complexes [(16-

Bcats)RhL ;] represent a series of efficient hydroboration and diboration catalysts. With a
wealth of catalytic chemistry on the related [(n%-BPh4)RhL;] complexes for comparison,

we believe that [(19-Bcaty)RhL3] can also find broader applications in homogeneous

catalysis.
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5.4 Experimental
5.4.1 General Procedures

Reactions were performed under a dry nitrogen atmosphere using glove box
techniques. THF was freshly distilled from sodium benzophenone ketyl, and heptane
from sodium metal under an N3 atmosphere. NMR solvents were distilled from CaH>
(CD3CN) or Na metal (CgDg) following three freeze/pump/thaw cycles.
[Rh(PMe3)4Me]was prepared by established methods. ¢ NMR spectra were recorded on
a Bruker AC 200 ('H at 200 MHz, !3C at 50 MHz, 3!P at 81 MHz) spectrometer. The !H
and !3C chemical shifts were referenced to the solvent resonances as an internal standard.
The 3P and !B chemical shifts were referenced to the external standards 85% H3PO4
and F3B-OEt; respectively. The !B NMR spectrum was obtained using a background
subtraction routine to remove resonances due to borosilicate glass in the NMR probe and
NMR tube. This was accomplished by recording the spectrum of an NMR tube
containing the same volume of pure solvent and with identical acquisition parameters to
those of the sample and by subtracting this background FID from that of the sample.
Coupling constants are reported in Hz. Multiplicities are reported as (br) broad, (s)

singlet, (d) doublet, (vt) virtual triplet, and (m) multiplet.

5.4.2 Synthesis

[Rh(PMe3)4][Bcatz] The compound Bjcats (164 mg, 0.474 mmol) was dissolved in
100 mL of heptane at 40°C, and then a solution of [Rh(PMes3)sMe] (200 mg, 0.474
mmol) in 3 mL of heptane was added dropwise with stirring. A voluminous orange
precipitate formed immediately. The reaction was stirred for for 1 h at 40°C and another

hour at room temperature. The orange solid was filtered and washed thoroughly with
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toluene and heptane, respectively, and dried in vacuo, yielding 293 mg (98%) orange
solid. Recrystallization from THF gave 246 mg of flaky orange crystals. 3IP{!H} NMR
(CD3CN) & -12.74 (br. s); 3!P{!H} NMR (C¢Dg/THF (1:10)), & -14.30 (d, Ugrph.p =
131.6 Hz); !B{!H} NMR (CgD¢/THF (1:10)), &: 14.7 (s, Bcatz); 'H NMR (CD3CN), §
6.54 (s, 8H, Bcaty), 1.41 (s, 36H, PMe3). !3C{!H} NMR (CD3CN), § 20.65 (s, PMe3),
108.79 (s), 118.29(s), 152.97 (s ).

[Rh(PMej3)4H3][Bcatz] H; gas was bubbled into a solution of [Rh(PMe3)4][Bcat;] (100
mg, 0.158 mmol) in 10 mL of THF for about 10 minutes. The solution turned colorless
very quickly. By layering this solution with 15 mL of heptane, 95 mg (95%) of colorless
crystals were obtained. 3!P{!H} NMR (81 MHz, 25°C in CD3CN), &: -11.01 (dt, 2P,
lIRh.p= 96.4, 2Jp.p =27 Hz, 2 PMej3), -22.35 (dt, 2P, Jgh.p = 85.7, 2Jp.p = 27 Hz, 2
PMe3), !!IB{!H} NMR (64 MHz, 25°C in CD3CN), &: 14.7 (s, Bcatz). 'H NMR (200
MHz, 25°C in CD3CN), &: 6.53 (s, 8H, Bcaty), 1.46 (pseudo dt, 36H, 3Jrp.g = 11.5 Hz,
PMe3), -10.69 (pseudo dq, 2H, 2Jp.y (trans)= 136.6, 2Jp.y (cis) = Jrn.q = 14.8 Hz, Rh-
H). 13C{!H} NMR (50 MHz. 25°C in CD3CN), &: 22.04 (t, PMe3), 25.46 (t, PMe3),
108.77 (s, Beaty), 118.49 (s, Beats), 152.97 (s, Beaty).

(acac)Bcat A solution of Bacat3 (284 mg, 0.82 mmol) in 2 mL of THF was added to a
solution of Na(acac) (100 mg, 0.82 mmol) in 10 mL of THF, resulting in a yellow
solution. After stirring at room temperature for 1 h, the solvent was removed in vacuo,
and the yellow residue was extracted with toluene, leaving 200 mg of a white solid of
Na[Bcaty] (98%). The yellow toluene solution was stripped to dryness in vacuo, yielding
154 mg of yellow crystals (87%). !!B{!H} NMR spectrum (C¢Dg): 8 9.82;: 'H NMR
spectrum (CgDg): & 1.28 (s, 6H, CH3), 4.69 (s, 1H, CH), 6.83 (m, 2H, CgH34), 7.07 (m,
2H, CeHa4); 13C{!H} NMR spectrum (CgDg): & 23.14 (s, CH3), 101.43 (s, CH), 109.99
(s, cat), 120.17(S, cat), 151.60 (s, cat), 190.89 (s, C=0).
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(acac)Rh(COD) The compounds {RhCI(COD)]; (800 mg, 1.62 mmol) and Na(acac)
(400 mg, 3.28 mmol) were mixed in the solid state, then 20 mL of heptane and 30 mL of
toluene were added, and the mixture was allowed to stir for 4 h at 50°C, then the solid
was removed by filtration. The filtrate was concentrated to dryness in vacuo, "and the
crude product was extracted by heptane, yielding 1.01 g of yellow solid (99%). 'H NMR
(CeDg) &: 1.77 (s, 6H, CH3), 1.60 (m, 4H, CH>), 2.26 (m, 4H, CH>), 4.27 (br. s, 4H,
=CH), 5.13 (s, lH, CH). 13C{!H} NMR (CgD¢) 8: 27.3 (s, CH»), 30.55 (s, CH3), 76.20
(d, CH), 99.70 (s, CH), 186.58 (s, C=0).

(n6-Bcatz)Rh(12-C2Hy)2 A solution of (acac)Rh(n2-CaHy)z (50 mg, 0.19 mmol) in 0.5
mL of CgDg was added dropwise to a solution of Bacat3 (67 mg, 0.19 mmol) in | mL of
Ce¢Dg, and a clear yellow solution was obtained at first, but ca. 2 min. later, a large
amount of yellow precipitate formed. The mixture was allowed to stir for 2 h. The solid
was filtered and washed thoroughly with benzene and hexane, and dried in vacuo,
yielding 71 mg (95%) of pale yellow solid. !''B{!H} NMR (THF-dg) &: 14.87 (s, n6-
Bcaty); 'H NMR (THF-dg) 3: 2.71 (br. s, 8H, =CH>), 5.70 (m, 2H, 116-C¢H403), 6.51
(m, 4H, C¢H407), 7.02 (m. 2H, n%-CgH407); '3C{!H} NMR (THF-d8) &: 53.27 (d,
JRh-c = 12.30 Hz, C2Hy4), 90.21 (s, n6-CeH402), 94.37 (d, Urn.c = 4.2 Hz, n6-
CeH40>), 109.32 (s, CeH402), 118.88 (s, C6H402), 119.01 (s, C¢H407), 141.48 (s, nd-
CeH403), 152.23 (s, CH407), 152.51 (s, CeH4037).

(n6-Bcat2)Rh(COE)2 33b was obtained in a similar fashion from (acac)Rh(COE);
yield 96%. This compound is very insoluble in CgDg, its existence in the filtrate solution
could not be detected by either !!B{!H} or |H NMR spectrum. !!B{!H} NMR in
toluene, &: 16.0, !'!B{!H} (in THF-dg) 15.4 (s, n6-Bcaty); no good !H or 13C{!H}
NMR spectra were obtained in C7Hg due to its poor solubility. In THF-dg- it also gave a
complicated !H NMR spectrum. A sample in CD3CN, however, gave rather the

presumably displaced compound [Rh(COE)3(CD3CN);][Beaty]. 1B {!{H} NMR
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spectrum in CD3CN, &: 14.8 (s); !H NMR spectrum (CD3CN), &: 1.48 (br s, 16H,
CH>), 2.07 (br m, 8H, CH>), 4.83 (m, 4H, CH), 6.54 (s, 8H, Bcatp-); !13C{!H} spectrum
(CD3CN), &: 26.9 (CH3), 27.7 (CH3), 30.7 (CH3), 103.9 (br, CH), 108.8 (s, CH), 118.3
(s, CH)), 152.9 (s, CO). Nevertheless, a good analysis for (n%-Bcaty)Rh(COE); was
obtained from the solid, calcd. for C28H36BO4Rh: C, 61.11; H, 6.59. Found: C, 60.92;
H, 6.38.

(n%-Bcatz)Rh(COD) 33c was obtained in a similar fashion from (acac)Rh(COD); yield
87%. !IB{!H} NMR spectrum (THF-dg) 8: 14.78 (s, n6-Bcatz); !H NMR spectrum
(THF-dg) &: 2.10 (m, 4H, CH>), 2.31 (m, 4H, CH>), 4.35 (br. s, 4H, CH), 5.63 (m, 2H,
N6-CeH403), 6.49 (m, 4H, CeH407), 6.94 (m, 2H, n6-C¢H407); '3C{!H} NMR (THF-
dg) &: 32.47 (s, CH3), 78.33 (d. Jrh.c = 3.3 Hz, CH), 90.19 (s, n%-CcH403), 93.66 (d,
IJRh-c = 4.2 Hz, n6-C¢H407), 109.23 (s, C¢H401), 118.73 (s, CeH402), 118.86 (s,
CeH403), 141.10 (s, n6-C¢H405, 152.33 (s, C¢H401), 152.58 (s, CeH402).

(nS-Bcatz)Rh(PPhoMe); 31P{!H} NMR spectrum (CgDg): & 28.82 (d, Jrn-p = 208.8
Hz) ; IB{!H} NMR spectrum (CgDg) 8: 15.84 (s, n6-Bcaty); 'H NMR spectrum (CgDg)
&: 1.47 (m, 6H, PMe3), 4.60 (m, 2H, n6-CgH403), 5.25 (m, 2H, n6-CsH403), 6.93-7.01
(ov m, 12 H, CgHs), 7.16 (m, 4H, CgH407), 7.32-7.40 (m, 8H, C¢Hs); !3C{!H} NMR
spectrum (CgDg) 8: 17.2 (t, J = 17.2 Hz, P-CH3), 86.51 (s, n6-CgH403), 90.89 (s, n-
CeH403), 109.03 (s, C¢H403), 109.96 (s, CcH407), 118.74 (s, CeH402), 119.16 (s,
CeH402), 128.18 (t, Jp.c = 5.5, CgHs), 129.81 (brs, CgHs), 132.58 (t, Jp-c = 5.1, CgHs),
137.74 (vt, Jp.c = 24.0, C¢Hs), 143.37 (s, n6-CgH40,), 152.74 (s, C¢H403).

(acac)Rh(dppm) 31P{!H} NMR spectrum (Cg¢Dg): 8 -18.66 (d, !Jrn.p = 163.7 Hz) ; H
NMR spectrum (CgDg): & 1.95 (s, 6H, CH3), 3.58 (td, 3Jrh-H = 2.29 Hz, 2Jp.g = 10.29
Hz, 2H, CH3), 5.41 (s, IH, CH), 7.02 (m, 12H, C¢Hs), 8.01 (m, 8H, C¢Hs); 13C{!H}
NMR (CgDg) 8: 28.08 (s, CH3), 47.40 (t, Jp.c = 12.66 Hz, CHj) 99.54 (s, CH), 128.29
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(d, Jp.c =4.55 Hz, C¢Hs), 129.53 (s, CgHs), 132.86 (t, Jp.c = 6.02 Hz, CgHs), 136.49 (t,
Jp.c = 18.26 Hz, CgHs), 186.58 (s, C=0).

(n%-Bcat)Rh(dppm) 3!P{!H} NMR spectrum (CgDe): & -22.97 (d. Jrn.p = 184.6 Hz);
HIB{IH} NMR spectrum (CgDg): 8 15.76; 'H NMR spectrum (CgDg): 3.62 (td, 3Jrn-H =
2.00 Hz, 2Jp.y = 10.83 Hz, 2H, CH>), 4.74 (m, 2H, n6-CeH40,), 6.28 (m, 2H, nb-
CeH4032); 6.60 (m, IH, C¢H403), 6.76 (m, 2H, C¢H403), 6.87-7.13 (ov m, 13H,
CeH407 and CgHs), 7.65 (m, 8H, CgHs). 13C{!H} NMR spectrum (THF-dg) &: 45.69 (t,
Jp-c = 25.9 Hz), 87.02 (d, Jrh-c = 3.2 Hz, n6-C¢H403), 87.87 (br s, n6-CeH40>7), 109.58
(s, CeH407), 112.09 (s, CgH407), 118.31 (s, CsH402), 122.31 (s, C¢H402), 129.20 (¢, J
p-c = 6.1 Hz, C¢Hs), 130.89 (br s, CgHs), 133.07 (t,J p.c = 6.1 Hz, CgHs), 136.86 (t, ]
p-c = 21.4 Hz, CgHs), 140.96 (s. n6-CgH403), 151.90 (s, C¢H405).

(n%-Bcatz)Rh(dppe) 3!P{!H} NMR spectrum (CgDg): & 75.80 (d, !Jrnh-p = 213.3 Hz);
IIB{!H} NMR spectrum (C¢Dg): 8 15.75: 'H NMR spectrum (CgDe): 1.65 (br, 4H,
CH»,), 4.50 (m, 2H, 1n6-CeH403), 5.70 (m, 2H, n6-C¢H407); 6.85 (m, 4H, C¢H107),
7.10 (m, 12H, C¢Hs), 7.52 (m, 8H, CgHs). !3C{!H} NMR spectrum (C¢Ds) & 29.46 (t,
CH3), 86.81 (s, n6-CsH102), 89.08 (s, n6-CsH402), 108.89 (s, CH402), 109.72 (s,
CeH402), 118.66 (s, CeH403), 118.96 (s, CgH402), 128.66 (vt, CgHs), 130.40 (s, CgHs),
132.76 (vt, C¢Hs), 136.67 (vt, CgHs), 142.76 (s, 119-C¢H403), 152.66 (s, CsH403).

(nS-Bcatz)Rh(dppp) 3!'P{!H} NMR spectrum (CgDg): & 28.67 (d, JRrn.p = 195.6 Hz);
LIB{!H} NMR spectrum (Cg¢Dg): 8 15.96; 'H NMR spectrum (CgDsg): 1.38 (br, 2H,
CH3), 1.95 (br, 4H, CH3), 4.79 (m, 2H, 16-C¢H40,), 4.97 (m, 2H, n6-CeH405); 6.84
(m, 4H, CcH403), 7.08 (m, 12H, CgHs), 7.48 (m, 8H, C¢Hs); '3C{!H} NMR spectrum
(CeDe) 6 27.84 (t, ] = 19.4 Hz, P-CHy), 30.15 (s, CH3), 86.42 (d, Jrn-c = 3.1 Hz, nb-
CeH402), 91.79 (d, Jrh.c = 3.1 Hz, 116-CgH407), 108.99 (s, C¢H402), 109.65 (s,
CeH402), 118.94 (s, C¢H403), 128.37 (vt, J = Hz, CgHs), 130.15 (br s, CgHs), 132.97
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(vt, ] = 6.2 Hz, CgHs), 136.40 (vt , J = 22.9 Hz, C¢Hs), 143.83 (s, n6-CgH40,), 152.49

(s, CeH403), 152.89 (s, CeH409).

(n%-Bcatz)Rh(dppb) 3!P{!H} NMR spectrum (CgDg): 8 43.22 (d, Jgrn.p = 206.5 Hz):
IIB{IH} NMR spectrum (CgDg): & 15.48; 'H NMR spectrum (CgDg): 8 1.28 (br, 4H,
CH3), 1.90 (br, 4H, CH,), 4.59 (m, 2H, n6-C¢H407), 4.96 (m, 2H, n6-C¢H405); 6.84
(m, 2H, C¢H407), 7.03 (m, 2H, C¢H403), 7.14 (m, 12H, CeH’s), 7.47 (m, 8H, CgHs):
IH NMR spectrum (CDCl3): 8 1.65 (br, 2H, CH>), 2.31 (br, 4H, CHb), 5.01 (m, 2H, n6-
CeH403), 5.21 (m, 2H, n6-C¢H403); 6.65 (m, 4H, C¢H402), 7.53 (m, 12H, CgHss), 7.60
(m, 8H, CgHs); 13C{!H} NMR spectrum (CgHg): 8 23.97 (s, CH3), 31.76 (t, J = 15.9
Hz, P-CH3), 87.90 (s, n8-C¢H402), 91.13 (s, n6-CgH407), 108.62 (s, CgHsO2),
109.70 (s, CeH403), 118.62 (s, CeH402), 118.93 (s, CgH402), 128.13 (vt, ] = 5.0 Hz,
CeHs), 130.04 (br s, CeHs), 133.03 (vt, J = 5.8 Hz, CgHs), 138.59 (vt, J = 21.6 Hz,
CeHs), 144.05 (s, N%-CeH403), 152.77 (s, Ce¢H4a03), 152.90 (s, CsH4O2).

(acac)Rh(dppf) A solution of (acac)Rh(COE); (100 mg, 0.24 mmol) in 10 mL of
hexane was added dropwise to a solution of dppf (132 mg, 0.24 mmol) in 5 mL of
toluene, resulting in a yellow solution. This was allowed to stir at room temperature for 2
h, during which time some yellow solid precipitated. The precipitate was collected by
filtration and washed thoroughly with hexane, and then dried in vacuo, yielding 155 mg
(87%) of yellow solid. 3!P{!H} NMR spectrum (C¢Dg): & 52.89 (d, UUrn.p = 199.5 Hz):
I'H NMR spectrum (C¢Dg): & 1.50 (s, 6H, CH3), 3.85 (m, 4H, CsHy), 4.32 (m, 4H,
CsHy), 5.27 (s, 1H, CH), 7.09 (m, 12H, Cg¢Hs), 8.15 (m, 8H, CgHs), 13C {IH} NMR
spectrum (CgDg): & 27.1 (s, CH3), 72.01 (s, CsHy), 72.81 (s, CsHy), 75.80 (vt, ] = 4.6
Hz, CsHy), 99.7 (s, CH), 127.3 (vt, ] = 4.5 Hz, CgHs), 129.04 (br s, C¢Hs), 135.33 (vt, J
=5.9 Hz, CgHs), 138.3 (vt, J = 20.3 Hz, C¢Hs), 184.34 (s, C=0).
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(n%-Bcatz)Rh(dppf) A solution of B;cats (14 mg, 0.04 mmol) in 0.5 mL of CgDg was
added dropwise to a solution of (acac)Rh(dppf) (30 mg, 0.04 mmol) in 0.5 mL of CgDsg,
and the solution turned reddish brown immediately. After ca. 10 min, a large amount of
orange-brownish solid precipitated. The precipitate was collected by filtration and
washed thoroughly with benzene and hexane, and then dried in vacuo, yielding 33 mg
(95%) of brown solid. 3!1P{!H} NMR spectrum (THF-dg): § 45.88 (d, !Jrn.p = 220.5
Hz); 11B{!H} NMR spectrum (THF-dg): & 14.78; 'H NMR spectrum (THF-dg): §5.16
(br. s, 8H, CsHy), 5.89 (m. 2H. n6-CgH407), 6.01 (m, 2H, n6-C¢H407); 7.29 (s, 4H,
CeH403), 8.20 (m, 12H, CeHs). 8.60 (m, 8H, CgHs). 13C {!H} NMR spectrum (THF-
dg): 8 73.43 (s, CsHy), 73.50 (s, CsHy), 76.88 (vt, J = 4.9 Hz, CsH4), 88.59 (s, n6-
CeH4032), 92.00 (s, n6-CeH401), 108.65 (s, C¢H402), 108.85 (s, CgH403), 118.01 (s,
CeH4037), 118.23 (s, CeH402), 128.62 (vt, J = 5.4 Hz, C¢Hs), 130.76 (br s, CgHs),
134.85 (vt, J = 6.5 Hz. CgHs). 139.05 (vt, J = 23.2 Hz, CgHs), 144.62 (s, n6-CgH409),
152.79 (s, CeH402), 153.02 (s. C6H407) .

(nS-Bcatz)Rh(diop) 3!P{!H} NMR spectrum (CgDg): § 31.20 (d, 1Jgp.p = 208.3 Hz);
IIB{IH} NMR spectrum (CgDg): § 15.68 (br); 'H NMR spectrum (CgDg): 8 1.22 (s, 6H,
CH3), 2.40 (br. m, 2H, CH3), 2.89 (br. m, 2H, CH3), 3.93 (br. t, 2H, CH), 4.75 (m, 4H,
n8-CgH407), 6.85 (m, 4H, CeH407), 7.06 (m, 12H, CgHs), 7.32 (m, 4H, CgHs), 7.63
(m, 4H, CeHs);

(n6-Bcatz)Rh(R-tol-BINAP) 31P{!H} NMR spectrum (C¢Dg): & 45.00 (d, Urp.p =
208.4 Hz); l1B{!H} NMR spectrum (CgDs): & 16.15 (br).

(n6-Bcat)Rh(dmpe) 3!P{!H} NMR spectrum (CgDg): & 49.66 (d, LJgp.p = 209.7 Hz);
LIB{1H} NMR spectrum (CgDs): & 15.39 (br).

(n%-Bcatz)Rh(dcpe) 3'P{!H} NMR spectrum (CgDg): & 96.85 (d, !Jrh-p = 208.9 Hz);
HIB{1H} NMR spectrum (CgDg): & 15.32 (br); !H NMR spectrum (CgDg): 8 0.95-2.03
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(ov m, 44H, CgH 1), 4.99 (m, 2H, n6-CgH407), 6.31 (m, 2H, n6-C¢H40>), 6.75 (m, 2H,
CeH4037), 6.86 (m, 2H, CcH403).

(m8-Bcat)Rh(PCy3)(COE) 3!P{!H} NMR spectrum (CgDg): & 47.95 (d, Jrp-p =
191.8 Hz); '1B{!H} NMR spectrum (C¢Dg): 8 15.37 (br); 'H NMR spectrum (CgDg): &
1.10-1.73 (ov m, 42H, CH>), 2.20 (br. d, 3H, CH), 2.68 (br, 2H, CH), 5.06 (m, 2H, n®-
CeH403), 6.12 (m, 2H, n6-CgH40>), 6.84 (m, 2H, CgH4037), 7.04 (m, 2H, CeH402).

5.4.3 Catalysis

(acac)Rh(dppb)/B;cat3 Catalyzed Hydroboration of 4-Vinylanisole The compounds
Bacat3 (7.0 mg, 0.02 mmol) and (acac)Rh(dppb) (13 mg, 0.02 mmol) were charged into a
scintillation vial, then a solution of 4-vinylanisole (142 mg, 1.0 mmol) in 0.5 mL of THF-
dg was added. The solution was stirred for 2 min to ensure that the solids were dissolved
completely. To this solution, HBcat (125 mg, 0.25 mmol) in 0.5 mL of THF-dg was
added. The reaction mixture was stirred at room temperature for 30 min, and then

analyzed by high-field 'H, !3C{!H} and !!B{!H} NMR spectroscopy.

MeO-C¢H4-CH(Bcat)CH3 (29) !'!B {!H} NMR spectrum (THF-dg): 8 34.6 (br); 'H
NMR spectrum (500 MHz, THF-dg) & 1.52 (d, Jy-y = 7.6 Hz, 3H, CH3), 2.86 (q, Jy.4 =
7.6 Hz, 3H, CH), 6.80 (m, 2H, phenyl H), 6.98 (m, 2H, catecholate H), 7.10-7.22 (ov m,
4H, phenyl H + catecholate H); I13C{1H} NMR (THF-dg): § 17.6 (CH3), 55.4 (CH30),
123.0 (CH), 114.7 (CH), 123.3 (CH), 129.5 (CH), 136.3(C), 149.4(C), 158.9 (C). B-CH
signal was not distinguishable due to overlapping with the signals of THF-dg, however, it

could be observed as a broad peak at 17.3 ppm in CgDs.

(acac)Rh(dppb)/B2cat3 catalyzed hydroboration of 2,3-dimethylbut-2-ene. This

reaction was performed in a similar fashion, as above. Alkene/HBcat/catalyst =
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1.0/1.5/0.02. Reaction was complete in 80 h. Selected spectroscopic data for (CH3)2CH-
C(CH3)2(Bcat) in THF-dg. !!B{!H} NMR spectrum: 3 36.6 (br); !H NMR spectrum: §
0.93 (d, Jy.Hg = 6.9 Hz, 6H, CH3), 1.14 (s, 6H, CH3), 1.78 (m, Jy_.g = 6.9 Hz, 1H, CH),
7.01 (m, 2H, catecholate H), 7.18 (m, 2H, catecholate H); !3C{1H} NMR spectrum: &
19.1 (CH3), 22.3 (CH3), 27.9 (v br, B-C), 36.3 (CH), 112.6 (CH), 123.1(CH), 149.1(C).

General Procedure for the Catalyzed Diboration of 4-Vinylanisole The compounds
Bacat3 (3.5 mg, 0.01 mmol) and various (acac)RhL; (0.01 mmol) were charged into a
scintillation vial, followed by addition of 0.5 mL of THF-dg to dissolve them, and the
solution was stirred to ensure that the solids dissolved completely. After stirring for 5
min, a solution of 4-vinylanisole (34 mg, 0.25 mmol) in 0.5 mL of THF-dg was added by
pipette in. Then, Bjcaty (60 mg, 0.25 mmol) was added portionwise with a spatula.
The reaction mixture was stirred at room temperature for 20 h and then analyzed by high-
field 'H, 13C{!H} and !!'B{!H} NMR spectroscopy. Product distributions were verified

by comparison of various typical resonances in the !H and !13C{!H} NMR spectra.

MeO-CgH4-CH(Bcat)-CH;(Bcat) (23) !!B{!H} NMR spectrum (THF-dg): § 35.0 (br);
'H NMR spectrum (500 MHz, THF-dg) & 1.81-1.86 (2nd order dd., 1H, CH,Bcat), 2.10-
2.16 (2nd order dd, 1H, CH7Bcat), 3.25-3.29 (2nd order dd, 1H, CHBcat), 3.67 (s, 3H,
OCH3), 6.80 (m, 2H, phenyl H), 6.97-7.01 (ov m, 4H, catecholate H), 7.11-7.16 (ov m,
4H, catecholate H), 7.33 (m, 2H, phenyl H); 13C{!H} NMR spectrum (THF-dg): § 14.0
(br. s, CH;Bcat), 24.8 (br. s, CHBcat), 55.1 (CH30), 112.2 (cat), 112.4 (cat),
114.1(phenyl), 122.2 (cat), 122.5 (cat), 128.7 (phenyl), 134.7 (phenyl), 148.1 (cat), 148.2
(cat), 157.8 (phenyl).

MeO-CsH4-CH=CH(Bcat) (24) 'H NMR spectrum (THF-dg): & 3.76 (s, 3H, OCH3),
6.30 (d, J4-g = 8.43 Hz, 1H, CH), 6.94 (m, 2H, phenyl H), 7.05 (m, 2H, catecholate H),
7.25 (m, 2h, catecholate H), 7.54 (d, Jy.yq = 8.43 Hz, 1H, CH).
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MeO-CgH4-CH2CH(Bcat); (25) Selected 'H NMR spectrum (THF-dg ): & 2.12 (t, Jy.
g = 8.0 Hz, 1H, CH(Bcat)3), 3.29 (d, Jy.g = 8.0 Hz, 2H, CH»), 3.64 (s, 3H, OCH3).

MeO-CgH4-CH=C(Bcat); (26) Selected !H NMR spectrum (THF-dg ): & 8.37 (s, lH,
CH=C(Bcat);).

MeO-CgH4-CH2C(Bcat)3 (27) Selected 1H NMR spectrum (THF-dg ): 8 3.69 (s, 3H,
OCH3), 3.81 (s, 2H, CH>C(Bcat)3).

MeO-C¢H4-CH(Bcat)CH(Bcat); (28) Selected !H NMR spectrum (THF-dg ): § 2.71
(d, Ju-y= 12.3 Hz, 1H, CH(Bcaty), 3.61 (s, 3H, OCH3), 3.73 (d, Jy.g = 12.3 Hz, 1H,
CH(Bcat)CH(Bcat)>).

General Procedure for (acac)Rh(dppm)/B;cat3 Catalyzed Diboration of Olefins.
The compounds (acac)Rh(dppm) (6.0 mg, 0.01 mmol) and Bjcat3 (3.5 mg, 0.01 mmol)
were charged into a scintillation vial, followed by addition of 0.5 mL of THF-dg, and the
solution was stirred to ensure that the solids were dissolved completely. Five min later, a
solution of olefin substrate (0.25 mmol) in 0.5 mL of THF-dg was added by pipette.
Then, Bacaty (60 mg, 0.25 mmol) was added portionwise with a spatula. The reaction
mixture was stirred at room temperature, and its completion was monitored by 'H NMR
spectroscopy. Product distributions were verified by comparison of various typical

resonances in the 'H and !3C{!H} spectra.

CeHs-CH(Bcat)-CHz(Bcat) !!B{!H} NMR spectrum (THF-dg): § 34.2 (br); |H NMR
spectrum (500 MHz, THF-dg) & 1.82-1.87 (2nd order dd, 1H, CHBcat), 2.14-2.20 (2nd
order dd, 1H, CHBcat), 3.32-3.37 (2nd order dd, 1H, CHBcat), 6.97 (m, 4H, catecholate
H), 7.14 (ov m, 5H, catecholate H + phenyl H), 7.23 (m, 2H, pheny!l H), 7.38 (m, 2H,
phenyl H); 13C{!H} spectrum (THF-dg): 8 112.79 (CH), 112.98 (CH), 123.13 (CH),
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123.27 (CH), 126.46 (CH), 128.78 (CH), 129.28 (CH), 144.47 (C), 149.41 (C), 149.43
©.

CHs-CH(Bcat)-CH(CH3)(Bcat) !!B{!H} NMR spectrum (THF-dg): & 34.2 (br); !H
NMR (500 MHz, THF-dg) 6 1.11 (d, Jy-q = 7.5 Hz, 3H, CH3), 2.31-2.38 (2nd order dq,
1H, CH(CH3)(Bcat)), 3.04 (d, Jy.g = 11.6 Hz, 1H, CHBcat), 6.98( m, 4H, catecholate
H), 7.07-7.14 (ov m, 5H, catecholate H + phenyl H), 7.25 (m, 2H, phenyl H), 7.35 (m,
2H, phenyl H); 13C{!H} NMR spectrum (THF-dg) § 15.0 (CH3), 112.9 (CH), 113.0
(CH), 123.2 (CH), 126.7 (CH), 129.3 (CH), 130.0 (CH), 141.7 (C), 149.2 (C), 149.3 (C).

4-Cl-C¢H4-CH(Bcat)-CH3(Bcat) !!B{!H} NMR spectrum (THF-dg): 6 34.2 (br); IH
NMR spectrum (500 MHz, THF-dg) & 1.80-1.87 (2nd order dd, 1H, CH3Bcat), 2.13-2.19
(2nd order dd, 1H, CH;Bcat), 3.32-3.36 (2nd order dd, |H, CHBcat), 7.00 (m, 4H,
catecholate H), 7.14 ( m, 4H, catecholate H), 7.25 (m, 2H, phenyl H), 7.37 (m, 2H,
phenyl H); 13C{!H} spectrum (THF-dg): § 112.4 (CH), 112.9 (CH), 122.6 (CH), 122.7
(CH), 128.7 (CH), 129.8 (CH), 131.5 (C), 142.7 (C), 148.7 (C), 148.9 (C).

CeHs-CH(Bcat)-CH(Bcat)-CgHs !'!B{!H} NMR spectrum (Cg¢Dg): & 34.5 (br); 'H
NMR (200 MHz, CgDg) d 3.81 (s, 2H, CH), 6.30 (m, 4H, catecholate H), 6.85-7.03 (ov
m, 10H, catecholate H + phenyl H), 7.20 (m, 4H, phenyl H); !3C{!H} NMR spectrum
(CeDsg) & 35.1 (br), 112.5 (CH), 122.9 (CH), 126.1 (CH), 128.7(CH), 129.3 (CH), 140.2
(C), 148.6 (O).

Diboration of Norbornene !!B{!H} NMR spectrum (THF-dg): § 34.9 (br); !H NMR
spectrum (500 MHz, THF-dg) 8 1.37 (d, Jy-g = 10.0 Hz, 2H, CH>), 1.47 (d, Jy-g = 1 1.5
Hz, 2H, CH>), 1.69 (d, Jy.4 = 7.0 Hz, 2H, CHy>), 1.82 (s, 2H, CH), 2.62 (s, 2H, CH), 6.91
(s, 8H, catecholate); !3C{!H} NMR (THF-dg) § 32.6 (CH,), 39.1 (CH>), 40.0 (CH),
112.6 (CH), 123.0 (CH), 149.2 (C). C-Bcat signal was not observed.
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5.4.4 Molecular Structure Determinations

Data were collected at low temperature on a Siemens SMART CCD area-detector
diffractometor using graphite-monochromated MoKa radiation (A = 0.71073 A) and ®
scan methods. The single crystal was mounted on a glass fiber with a coating of
perfluropolyether oil, cell parameters were refined from the observed setting angles and
detector spot positions for selected reflections and intensities were measured from a series
of frames each covering a 0.3° oscillation in w. Absorption correction was semi-
empirical from ®-scans. based on sets of equivalent reflections measured at different

azimuthal angles.

The structures were solved by direct methods (SHELXS),!5 and refined by full-
matrix least-squares techniques. The refinements were on F2 of all independent
reflections, to minimize Yw(F - F!)2, with weighting 0! = 62(F? ) + (aP)%/ bP,
where P = (F} + 2F} )/3; the refined isotropic extinction parameter ¥ is defined such
that Fc is multiplied by (I + 0.001xF’ A3/ sin20)1/4. Anisotropic displacement
parameters were refined for all non-hydrogen atoms,!6 and isotropic hydrogen atoms
were constrained to ride on their parent carbon atoms with fixed bond lengths and

idealized bond angles.
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Chapter 6

Conclusions and Future Work

In the work presented in this thesis, we have demonstrated applications of
transition metal complexes in two very different fields: the synthesis of rigid-rod
conjugated phenylacetylene derivatives as liquid crystal materials, and the catalytic
diboration reactions of alkenes. The diborated products are of great potential importance
as intermediates in organic synthesis and potentially as bidentate Lewis acid catalysts.
Although just a dewdrop in the vast ocean of organometallic chemistry, our current work
reflects well the applications of homogeneous catalysis in organic synthesis and material

science studies,! and further investigations are merited.

6.1 Pd/Cu Catalyzed Cross-Coupling Reactions of Arylhalides with Terminal

Alkynes as a Route to Multifunctional Materials.

We have demonstrated the exceptional utility of the Pd/Cu catalyzed cross-
coupling methodology to synthesize a series of symmetrically substituted 1,4-bis(p-R-
phenylethynyl)acetylenes (BPEB's) and their partially and fully fluorinated derivatives.
These compounds are highly fluorescent due to their n-conjugated molecular structure,
but more importantly, they serve as an ideal system to explore the effect of soft
interactions (i.e., charge distribution) and intermolecular interactions on calamitic liquid
crystals. Extensive single crystal X-ray diffraction and liquid crystalline phase behavior
studies on these molecules have demonstrated that intermolecular interactions,
particularly the interactions between phenyl and perfluorophenyl units, have a profound
influence on their molecular packing modes in the crystal structures and thus on their

thermal properties.

244



In addition to the above BPEB compounds, we have also prepared several 1,4-
bis(pyridylethynyl)benzene analogs (1a-c). We reasoned that the introduction of the
nitrogen atoms into the core structure might alter the charge distribution along the
molecules and affect their crystal structures as well as their liquid crystalline phase
behavior. We also wanted to investigate possible co-crystal formation among these
molecules as well as in combination with the four parent BPEB's. However, no single
crystal structure study on them has been conducted so far, and it remains a challenge to
obtain suitable crystals for X-ray diffraction. Of special interest is the application of
these molecules as bridging ligands in the construction of coordination molecular
squares or boxes? and infinite coordination networks.3 The complexes with fluorinated
ligands. 1b and 1c, as well as the perfluorinated analog are expected to exhibit specific

molecular recognition properties toward electron rich guest molecules.

ND—EC—@—CEC—CN la

E F
N H—c=c c=c— N 1b
F F
R
c=c— N Ic
F F

We have also initiated an effort to add other functional end groups to the BPEB
system to access versatile hydrogen bonding architectures. In compounds 2a-b and 3a-
b, the -COOH and -CONHMe units are expected to facilitate the hydrogen bonding

between molecules in crystals, as do OH groups in 4a-b. Alternatively, molecules 5a-b
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should form co-crystals with 4a-b due to the complementary hydrogen bonding, or, in the
asymmetric compounds 6a-b, the molecules bear both hydrogen bonding donors and
acceptors at the ends. Hydrogen bonding, being recognized as a master key in the
contexts of molecular recognition, crystal engineering, or supramolecular chemistry,4
should bring additional packing forces to these molecules in the crystal structures. It
would be interesting to examine the respective hydrogen bonding and arene-arene (arene-
perfluoroarene) interactions in the crystalline phased and also their liquid crystalline

phase behavior.

X X
HQ 5
Q — Q — O 2aX=H 2bX=F
o OH
X X

H;CHN >—<
7 3 / \ O——( 3aX=H3bX=F
NHCHj

4aX=H 4bX=F

5aX=H,5bX=F

6aX=H,6bX=F
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Due to their m-conjugated molecular structures, the unsymmetrically donor-
acceptor substituted BPEB's are expected to exhibit large second order optical

nonlinearities. Preliminary work in our laboratory by P. Nguyen6 has demonstrated that

this system can give very large first order molecular hyperpolarizabilities (8). Moreover,

in comparison with the widely utilized chromophores such as disperse red 1 (7, DRI,

1B(0) = 500 x 10-48 esu), the BPEB compound such as 8 (uB(0) = 510 x 10-48 esu)

exhibit both higher thermal stability (K 2717 S 290.1 N) and better transparency in the

visible region (Amax = 384 nm in CHCI3), both of which are important factors with
respect to practical applications. In continuation with this work, I have prepared the
fluorinated analog 9 and compound 10 with an even stronger electron-withdrawing group
-CH=C(CN)3, and their nonlinear optical (NLO) properties as well as thermal properties

are to be studied.

H
s N

UB(0) = 500 x 107*8; A, =455 nm

N\
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Over more than twenty years, there has been tremendous interest in the study of
organic and polymeric nonlinear optical materials.” The subject of nonlinear optics is the
study of interaction of laser with matter. For example, when an infrared laser with a
wavelength of 1064 nm is passed into a second order nonlinear optical material, it
emerges with a wavelength of 532 nm (this is the result of a feature called frequency
doubling). Compared to inorganic NLO materials such as KTP (KTiOPQy) and LiNbO3
where optical nonlinearities are essentially derived from the polyhedron anion groups,$
organic molecules with extended m-electron systems have shown exceptionally large
molecular nonlinearities and ultra-fast response times because the electron polarization is
nearly instantaneous. Therefore. new organic and polymeric NLO materials are expected
to speed up the current information superhighway with photonic ("all-optical”) or
electro-optic technologies.? In the early stage of the study, considerable effort was
focused on the discovery of organic crystals or films which exhibit larger second order
harmonic generation (SHG) efficiencies than conventional inorganic crystals, in order to
frequency double infrared lasers to obtain blue and green lasers which are of significant
technological importance. However, most polar organic molecules do not crystallize in
non-centrosymmetrical lattice, which is essential to macroscopic second order
nonlinearity, and even those with very high SHG values could barely be obtained as high
quality single crystals suitable for device fabrication.!0 On the other hand, in recent
years, there has been continuous improvement in the development of practical blue and
green GaN laser diodes.!! Thus, new organic frequency-doubling materials are no longer
the primary goal for NLO material research. Instead, polymers with other NLO
properties such as electro-optic, photorefractive (second order) and third order NLO
effects, etc., are attracting interest for applications in integrated optics in this information

era.l2
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In the past five years, considerable progress has been made toward the rational
design of high molecular nonlinearity chromophores; molecules with uf§ over 15,000 esu
(at 1.9 um) were obtained.!3 However, turning these molecules into practical NLO
devices still presents numerous obstacles. As stated before, a bulk second order NLO
material must lack a center of symmetry. There are a number of ways to achieve that, but
so far the most successful approach has been the poled-polymer approach.!4 In order to
obtain practical polymeric second-order NLO materials, it is necessary to (i) incorporate
a high density of chromophores with large uf values into a polymer, (ii) achieve a high
degree of alignment of these chromophores, and (iii) lock in this alignment for long
periods (years) even at elevated temperatures (at least 80°C). Usually, the chromophore
alignment is locked either by using host polymers with high glass transition temperatures,
which are roughly 150 to 200°C above the ultimate operating temperature, or by cross-
linking the chromophore-polymer composite. In either cases, the thermal stability of the
chromophores is obviously an important factor. In addition, the material must be
transparent to the incident and frequency doubled lasers. Therefore, in the process of
designing NLO chromophores, the optimization of efficiency (B), thermal stability (Tq)
and transparency (Amax) all must be taken into account. Furthermore, their compatibilities
with the host polymers, and the respective functionality and cross-linking strategies etc.

are all important criteria for molecular design.

The above unsymmetrically substituted BPEB molecules 8-10 exhibit linear
(fluorescent) and nonlinear optical properties as well as liquid crystalline phase behavior.
In a sense, they can be recognized as multifunctional materials. However, their up
values are only modest compared to other high uf chromophores, although very good
transparency and considerable thermal stabilities are exhibited. Recently, Jen et al. and
others!5 reported that the replacement of benzene rings with heteroaromatic rings could
lead to a large increase in uff as well as in decomposition temperatures. Herein, we wish

to propose a general Pd catalyzed route to the thiophene or pyrole containing donor-
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acceptor m-conjugated compounds (Scheme 6.1). The basic synthon trans-2,5-1-CsHX-
CH=CH-SiMe3 (15) can be obtained by the Heck cross-coupling reaction between 2,5-
EtaN3-CsH3-I (13) and Me3Si-CH=CH, which will generally gives only the trans
product.16 The subsequent transformation to aryl iodide can be accomplished by

treatment with Me3Sil or Mel.!7 The Me3Si group can be easily removed by electrophilic

(i) HCL, NaNO»

HgO. I, (i1) K‘CO I{NE[-)
o Y Foly Nﬂ— R Etsz—ﬂ—I
X X
11

T Ng SiMe; Me-sSil SiMe
SiMes Ethr—@—/— 3 Mesit I_O—/— 3

"Pd", EtN
14 15
A—ﬂ—l SIMCIV _[)_/_SIM% HI _H /' \ 7
X "Pd". EtN X
16 18
SiMe;
74
"Pd", EtN X
19
Y
DY atad .
A X "Pd", EtN
20
X =S, NH B
/A 4
A 7 \ J
X
21

Scheme 6.1 A general route to NLO chromophores with heteroaromatic rings.
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substitution in acid.!® The triazene group is not stable in acid. so a route resembling the
interactive divergent/convergent approach by Tour!9 (see. figure 2.1) is not suitable for
the current situation. However. by applying 15 and the Heck reactions. stepwise growth
can be easily achieved. and the D-n-A molecules such as 21 can be fabricated by the
respective coupling with the donor and acceptor components. An alternative to the Heck
reaction methodology could be the transformation of the Me3Si group to bromide and
then to the SnBus3 group. and subsequently, the Stille coupling method can be applied.20
The first transformation is reported to be one in which the conformation is retained.!82
Therefore, not only compounds such as 21 can be made, but also all trans polyenes can

be prepared through the stepwise coupling of Me3Si-CH=CHa.

6.2 Pd Catalyzed Cross-Coupling Reactions to Arylborons.

In the second part of the thesis, we have described our studies on the B-B bond
activation of diboron compounds B2(RO)4 by late transition metal Co(0), Rh(I), and Ir(I)
complexes. The reactions between complexes [(acac)RhL>] and Bscatj to the discovery
of the facile synthesis of novel Rh(I) zwitterionic complexes [(1}6-Bcaty)RhL5], and their
catalytic properties for the addition of Bjcat; to various alkenes have been investigated.
It is always our desire to utilize both knowledge on Pd catalyzed cross-coupling reactions
and boron chemistry to develop new methods for organoborane synthesis. However, it
was Miyaura2! who first developed the cross-coupling of diboron compounds with aryl
halides and triflates. As a matter of fact, the development of metal catalyzed borylation
chemistry (i.e. hydroboration, diboration, silylboration, and stanylboration, etc.) has
always been related to the previously developed Si and Sn chemistries. In the cross-
coupling of diboron compounds with arylhalides however, 3 equiv. of KOAc have to be

added, and half of the diboron reagent is lost to form AcOB(OR);.
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In the various versions of Pd(0) catalyzed cross-coupling reactions between
arylmetal (ArM, M = Li, MgX, ZnX, HgX, B(OH);, AIR;, SnR3, etc.) and electrophile
(Ar-X) (see, Scheme 2.1 in Chapter 2), the electrophile component has largely been
limited to halides and triflates. However, other functional groups are gradually being
investigated, such as Ar-COCI. Ar-SO>Cl, Ar-OSO>Me, Ar-OTs (Ts = 4-CH3CgH4SO3),
Ar-OCOR, Ar-N2X, Ar-I*Ar, and so on, among which the aryldiazonium salts or
aryliriazenes show some unique properties. The usual basic conditions are not required in
their reactions.22  We anticipate that the reaction between aryldiazonium salts (22) or
arylazo sulfones (23) with diboron compounds may bring some more features to this type
of reaction (Scheme 6.2). Furthermore, we were impressed by the ease of reactions
between Bjcatj and {(acac)RhL;] to form the chelating four-coordinated boron
compound (acac)Bcat. Therefore, if we start with Ar-OSO,CH,COCH3 (24) or Ar-
OCOCH,COCH3 (26), the side coupling reaction products with Bapiny may have the
structure of chelating compounds 25 and 27, and the catalytic reactions may proceed

more smoothly.
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Scheme 6.2 Pd(0) catalyzed cross-coupling reactions involving diboron compounds.
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6.3 The Implications of Arene-perfluoroarene Interactions in Homogeneous

Catalysis.

Homogeneous catalysis is the success story of organometallic chemistry. Over

the years, numerous novel reactions have been discovered and, as D. Seebach?3 once

said, "the discovery of truly new reactions is likely to be limited to the realm of

transition-metal organic chemistry, which will almost certainly provide us with additional

'miracle reagents’ in the years to come". Homogeneous catalysis also provides reactions

with higher efficiency, higher selectivity (chemo-, regio-, diastereo-, and

enantioselectivity) and better atom economy.24 The key feature of transition metal
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complexes is that they can be tunable both electronically and sterically by varying the

metal and/or ligands.

Perfluorocarbon compounds have long been applied to organometallic chemistry,
but mainly for electronic reasons. In the early days, many transition metal perfluoroalkyl
complexes were synthesized and characterized; because of the lack of § hydrogen atoms,
they exhibit much higher stabilities than the hydrocarbon analogues. Recently, there has
been a major renaissance in the development of catalysts with perfluorocarbon chains
because of the application of perfluorinated hydrocarbons as solvent for organic
synthesis.25 In the meantime, perfluorinated aromatics, being realized as electron
deficient systems, have gained increasing attention in the last few years. One notable
example is the application of tris(pentafluorophenyl)borane, B(CgFs)3, as the co-catalyst
in metallocene-based polymerization of olefins.26 The systematic research on the
respective phosphines which are the ubiquitous ligands in homogeneous catalysis, on the
other hand, has just begun.2’ There were also a few recent reports on the organometallic
complexes containing pentafluorocyclopentadienyi282.b and pentakis(trifluoromethyl)
cyclopentadienyl?28¢ as well as pentafluorophenyl-substituted cyclopentadienyl28¢

ligands. However, in all cases, emphasis has focussed only on their electronic properties.

In the past several years, our understanding of the nature of non-covalent
intermolecular arene-arene interactions has been greatly enhanced through intense
theoretical and experimental studies (see ref. 19 in Chapter 3). Interactions between
aromatic units have been extensively applied to the design of molecular recognition
systems or to crystal engineering, and, to some extent, to chiral recognition in organic
synthesis (see refs. 25 and 26 in Chapter 3). From the results of our single crystal
structural studies on the parent diphenylacetylene (tolan) and 1,4-
bis(phenylethynyl)benzene and their partially and fully fluorinated analogs, we can at

least conclude that there is always a strong tendency for the offset parallel (or "stacking")
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non-covalent arene-perfluoroarene interactions when they are oriented properly.
However, despite a few increasing number of recent applications in molecular recognition
and crystal engineering (see refs. 39 and 40 in Chapter 3), this unique feature has barely
been employed in homogeneous catalytic synthesis. One related example was reported
by Ojima and Kwon29 on the stereoselective reactions of chiral iron acyl complex (29)
bearing a PPh(CgFs) ligand. They observed remarkably higher stereoselectivity with the
fluorinated PFCHIRC by a factor of between 4 and 5 than the parent CHIRC (28), and
they attributed this "fluorine” effect to the attractive interaction between the acetyl moiety
and the pentafluorophenyl moiety in 29. We believe that the arene-perfluoroarene
interaction must have a much wider application in homogeneous catalysis. Perhaps,
complimentary to the conventional catalyst design which is mostly based on repulsive
steric interactions in the coordination sphere of the metal, the unique attractive arene-
perfluoroarene and related interactions would regulate the direction of the substrate

approach and achieve better selectivity.

oC F
F
28 CHIRAC 29 PFCHIRAC

Herein, we wish to propose the large application of ligands with perfluoroaryl
units in organic synthesis. We speculate that both the unique electronic and steric
properties of perfluoroaryl groups will make them a valuable system to investigate in

homogeneous catalysis. A few examples are depicted in the following.
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Essentially, one can start with making new fluorinated ligands by partially or
fully replacing the aryl groups with perfluoroaryl units wherever applicable. For
example, with the versatile bisphosphine ligand dppe (30), it would be interesting to
examine the reactivities of its three variants 31-33. However, in reality, it would rely on
rational design in each specific situation. Alternatively, combinatorial chemistry

methods can be applied to accelerate the process of catalysts screening. In complexes 34

~0 GO
35 O

P
o P
X0 XK
F.F gF K
S0 e
F F F F F F
32 33

O~

and 35, the pentafluorophenyl groups may help bring aromatic substrates such as styrene
and its derivatives into the metal coordination sphere. However, on some occasions, the
partially fluorinated complexes may be more advantageous to use. For example,

Jacobsen et al.30 recently reported the crystal structure of a Cu(l) diimine complex with a
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n-bound styrene (36). They observed that the C>-symmetric diimine ligand is arranged
such that its two aromatic groups are almost perfectly orthogonal to each other, with the
aromatic group of the styrene lying squarely in the resulting cleft. They suggested that
there exist simultaneous face-face and face-edge aromatic interactions between the
styrene molecule and the two aryl groups of the ligand, and a low temperature NMR
study indicated that these interactions were also present in solution. Inspecting the
different interaction motifs of phenyl and perfluorophenyl! units, we know that phenyl-
phenyl systems are prone to adopt the edge-to-face interactions while phenyl-
perfluorophenyls prefer face-to-face stackings. So, we may just replace one aryl group
in the ligand with CgFs to optimize both types of interactions with the substrates (36),
and perhaps, even better enantioselectivities would be achieved, and more related

catalysts can be developed.
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6.4 Topochemical Synthesis of Organoboranes?

The molecules of the diboron compound Bacaty (38) in the crystalline phase are
essentially planar,3! so, it may be possible for them to form co-crystals with
perfluorinated tolan, CgFs-C=C-C¢Fs (39) driven by the intermolecular arene-
perfluoroarene interactions. If this is the case, it would be interesting to investigate the
possibility of topochemical synthesis of diborated tolan (40) by heating or irradiating the
co-crystalline samples. In addition, if the packing configuration of CgF5-C=C-C=C-Bcat
(41) in its crystal structure allows appropriate contact between the butyldiynyl unit with
those of adjacent parallel molecules, or in the molecule of 42, the 1,4-butadiyne
topochemical polymerization may occur in either trans or cis fashions. The resulting
boron-containing conjugated compounds or polymers would have intersting features in

organic syntheis and/or as functional materials.

topochemical
synthesxs

Gyl
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