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This thesis is divided into four different partsheT first three chapters discuss the

development of synthetic routes to new boron cairigi polymers for their potential use
as supported borane reagents (Ch. 1.) and photoéscent materials (Ch. 2. and Ch. 3.).
The last chapter (Ch. 4.) discusses the formatibrsupramolecular structures of
pentafluorophenylcopper upon complexation with giyi¢ nucleophiles and electron rich
aromatic n-systems. The individual research projects areflpri;summarized in the
following.
Ch. 1. The functionalization of synthetic polymers witlganoborane moieties has been
extensively studied for applications as supportathlgsts, sensors, stimuli responsive
polymers, flame retardants, preceramic materiald,as intermediates for the preparation
of other functional organic polymers. A polystyrederivative in which thepara-

positions of the phenyl rings are selectively fimalized with BH moieties (PS-Bh)



has been prepared from poly(4-trimethylsilyl st@genThe polymer was successfully
isolated in the form of its polymeric acid-base gtemes PS-BkD (D = 'BuPy,
PPhMe). The selective and nearly quantitative placenoénthe BH functionalities was
confirmed by multinuclear NMR spectroscopy and IRedroscopy. Their thermal
properties were studied by differential scannindormametry and thermogravimetric
analysis.

Ch. 2. Boron containing water soluble polymers could fendrariety of applications as
polyelectrolytes, for anion recognition in aqueoosdia and in various biological fields.
We have previously shown that polystyrene baseel acin functionalized triarylborane
polymers can be employed as sensors for the raomgrof cyanide and fluoride in
organic media. Here we have persued the synthepelystyrene that bears Lewis acidic
boron centers and dimethylamino-functionalized tyesgyroups in the side chain.
Attachment of these mesityl groups to the borontezehas been realized by the use of
boron-silicon exchange, followed by the replacentérthe bromine on boron by suitable
Grignard reagents. The polymers and model composhd® interesting photophysical
properties and have the potential to be applie@dmoon sensing in agueous media.

Ch. 3. Main chain organoboron conjugated polymers haven bestablished as an
important class of materials due to their unusyébelectronic properties. This behavior
arises as a result of overlap between the emptpipabon boron and the conjugated
system. The hydroboration polymerization and i gBrignard synthesis have been
employed for the preparation of such polymers. Hewe have synthesized boron-
functionalized distyryl monomers, which can be podyized via ADMET

polymerization. All monomers and ADMET products eieharacterized by multinuclear



NMR spectroscopy. Moderate to high molecular wesght the range of 5,000-10,000
have been obtained. Photophysical data show tiainpo emits in the blue-green region.
Ch. 4. Treatment of organocopper species with stronglydioating ligands is known to
lead to break-down of the aggregated structures. SDoh example is the 1:1 complex of
pentafluorophenylcopper with pyridine. The monomepyridine adduct shows an
intriguing supramolecular structure governed byropfilic interactions. This complex
was also found to display strong blue luminescaendke solid state at room temperature.
To further examine the structural and photophysimaperties of this new class of
complexes, the pentafluorophenylcopper tetramer tweged with different substituted
pyridine ligands. The coordination of these ligatmisopper was confirmed B, *°F,
13C NMR spectroscopy, x-ray crystallography and eleaeanalysis.

Treatment of pentafluorophenylcopper withases such as bithiophene, naphthalene
anthracene or pyrene lead to novel luminescentasuglecular structures that feature the
intact organocopper aggregate as the building blBokmation of bis-adducts with two
equivalents of arenes was realized and the formaifosandwich-like structures of the
intact tetramer and the corresponding arene wa®reéd via single crystal x-ray
analyses. Interestingly, the 1:1 complexes fornemckéd binary stacks in the solid state,

where the intact tetramer alternates with the arene
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Chapter 1. General Introduction

1.1 Organoboron Polymers

Inorganic and organometallic polymers have attchcteich attention in the field of
materials chemistry. Incorporation of the organattiet moieties into polymers can lead
to higher thermal stability and electrical conduityi’ For example, it has been shown
that polystannane polymers show unusual electipmipertie$ due to thes-delocalized
backbone, and incorporation of ferrocenes intopilgmeric backbone or side chain can
lead to interesting redox properties of the polyafiedf particular interest to us, is the
incorporation of organoboranes into polymers begdhsy can act as Lewis acids due to
the empty p-orbital on the boron centérhe functionalization of synthetic polymers with
organoborane moieties has been widely studied gpfiGations as supported reagents,
immobilized catalysts, sensor materials, stimuBpansive polymers, components of
lithium ion batteries, flame retardants, preceramaterials and as intermediates for the
preparation of other functional organic polym&$.Boron containing polymers also
allow for facile and reversible formation of dorexeeptor bonding for functionalization

of polymerst**3



1.2 Synthesis of Boron Containing Polymers

Organoboron polymers are generally prepared eitiaedirect polymerization of boron
containing monomers or via post-polymer modificati@actions. Synthesis of soluble
organoboron polymers with controlled architectimgh molecular weights, and varying
degree of functionalization can be achieved via-sildain functionalization. Free radical
polymerization, Ziegler-Natta polymerization andtatkesis polymerization have been
used to synthesize side-chain functionalized pofgme&he incorporation of boron into
the main chain of polymers has been mainly achievadhydroboration polymerization,

cross coupling reactions and electro-polymerizat&attions-*

1.2.1 Direct Polymerization of Boron Monomers

Side chain functionalized polymers can be prepémad organoboron monomers using
a variety of polymerization techniques includingrgtard and controlled free radical
polymerization due to their simple synthetic praged and reasonable compatibility with
the monomers. For example, heat induced, BPO, AlBNhotassium persulfate initiated
free radical polymerizatidi*® has been applied to the homo- and copolymerizaifon
olefins containing boronic acid ¢£)°and boronic ester groups (2). Monomers such as

vinylborazines (3* vinylphenylborazines (&) 2° have also been successfully



3

polymerized. The synthesis of homo and copolymers from monomersagong the

closo[B12H15)* cage (5 and 6) has been recently reported by $tmateoworkers!

AN X \ X
H\“/B§'il/H
H/B\N//B\H
|
B B H
HO” “OH o~ Mo

\N/ QN/
14
R'/ \'il// \R
R
(1) (2) (3) (4)
X
V)_,.,S/\/O
(o)
/Me
3 g
Me
S/Me
\
Me
(5) (6)

Chart 1.1 Examples of Boron-containing Monomers for Free RaldPolymerization.

Controlled free radical polymerization techniquasdrbeen utilized for the preparation

of organoboron polymers with controlled architeetand high molecular weights with



4

functional end groups. Jakle and coworkers havpgues the first example of a boron
functionalized block copolymer using atom trandfee radical polymerization (ATRP)

of the organoboron monomer ¢7)Sumerlin and coworkers have shown that it is not
only possible to synthesize homopolymers of styrbasonic acid, acrylamidophenyl
boronic acid (8) and ester via RAFT (Reversible ifidd-Fragmentation Chain
Transfer), but block copolymers of the above memboronic acid/ester functionalized
compounds with dimethylacrylamide can also be ole@i® Nitroxide-mediated Free
Radical Polymerization (NMP) is another technigoat thas been used by Adronov and
coworkers for the synthesis of carborane-containiiegdronized polymers from the
carborane-functionalized styrenic monomer*{9)Vell-defined polymers with high boron

content and narrow molecular weight distributioreye@vobtained.



X ﬁ N
c=0
NH
O/B\O B _OH (C\\
Vany b oA
N/

(7) (8) 9)
Chart 1.2 Examples of Boron-Containing Monomers for Contrdlfree Radical

Polymerization.

Ziegler-Natta polymerization has also been widehpkyed for the synthesis of boron
containing polymers and is especially useful foe tholymerization of more highly
reactive and more strongly Lewis acidic organob@pecies. Chung and coworkers have
extensively studied the homo and random copolyragaa of boron-functionalized
monomers. For instance, boron functionalizedlefin (10) was homo-polymerized with
TiCI3/AI(E),Cl catalytic system to afford a 9-BBN functionatizepolyolefin®
Polymerization of the boron-functionalized styrenenomer (11) with the syndiospecific
titanium catalyst Cp*Ti(OMe) (Cp* = pentamethylcyclopentadienyl) in the present

methylaluminoxane (MAO) provided access to syndittagpolymers®



X X
CH
B/( 2)4

CH
B/( 2)4

N
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>

Chart 1.3 Examples of Boron-Containing Monomers for Ziegleatfd Polymerization.

Metathesis polymerization is another methodologgt thas been employed for the
synthesis of boron containing polymers from boramtaining monomers. Chung and
coworkers reported polymerizirgxa9-BBN functionalized norbornene (12) monomers
using ring-opening metathesis polymerization (ROM®Bh different tungsten carbene
catalytic systemd' Polymerization of a series of enantiomericallygorganoboronate
monomers irexc as well aendoeforms (13) via ROMP was studied by Wagete&GPC
analysis of the boron-functionalized polymers iatiel high molecular weights with
dispersities in the range of 1.5-3®ey have also studied ADMET of organoboranate
monomers (14); however, cyclic by-products throligand exchange reactions between
boronate moieties and the catalyst prevented isalaand characterization of the

polymers® The synthesis of decaborane functionalized polgntarough ROMP of
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decaborane functionalized norbornene (15) and ogtéme (16) was reported by
Sneddon and coworke?$.3” The synthesis of a boron-containing monomer basedn
oxonorbornene-functionalizeatcarborane (17) and its subsequent ROMP to obtain |
polydispersity and high-molecular weight carboréased polymers was described by
Coughlin and coworker®. The formation of amphiphilic block copolymers was
demonstrated via sequential monomer addition. ADMPBdlymerization will be

described in detail in Chapter 1C.

F l § R~p-0 /MO\?/OM;\
B \ R
i (0]

R = CHj, Ph
R = CH,, Ph 3

n=3,4

(12) (13) (14)

(15) (16) (17)

Chart 1.4 Examples of Boron-containing Monomers for MetathéXnlymerization.



1.2.2 Polymer Modification Reactions

Post-polymerization modification represents anraéve to the direct polymerization
of borylated monomers which allows us to avoid essulike compatibility of the
monomer with given polymerization techniques. Ire tpast, polymer analogous
procedures were mainly limited to polymer resind ganerally resulted in relatively low
degrees of functionalization and in the case afldel polymers side-reactions that led to
cross-linking were commonly observ&dRecent advances in this field have led to the
successful application of hydroboration chemfStrand transition-metal catalyzed
polymer modification reactions. Moreover, well-chefd fully functionalized borylated

polystyrene is readily accessible through faciieai-boron exchange reactiofis*

1.2.2.1 Modification of Polyolefins

Transition metal-catalyzed direct borylation of wmdtionalized polyolefins was
reported by Bae and coworkers. As shown in Schemg1), isotactic polybutene (PBP)
(18) was functionalized in the presence of Cp*RIME;) and Bpin,.*® Alternatively,
boron containing polymers can be prepared by hyatailon of unsaturated polyolefins.
Chung and coworkers have extensively used unsaturgiolyolefins such as

poly(ethylene-co-1,4-hexadiene), poly(propyleneteb-hexadiene) (29) and
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poly(isobutylene-co-isoprene) (butyl rubber) foe threparation of boron-functionalized

polymers via hydroboration with B#THF or 9-BBN-H (Scheme 1.1, (2§}.%°

5 % Cp*Rh(C¢Meg)
B,pin,, 200 °C
/0 \\\\\ ! (1)
Bpin = B
isotactic PB pin \0 W\ o ~o

(18) pe-Bpin 4= 4Z

W __HBR, w
R' s

CH TTHF,65°C

| (2
CH  R=HMe CH

CH  BR= 9-BBN, BH, RB—CH

CH, CH,

(19)

Scheme 1.Examples of Borane Modification of Polyolefins.

1.2.2.2 From Mercuriated Polystyrene

Studies by Paetzold showed that the direct boopatf polystyrene/divinylbenzene
resin with haloborane BBH occurs only under forcing conditions and is tedi by
relatively low selectively® Thorpe and coworkers treated linear and crosetink

polystyrene with mercuric(ll) trifluoroacetate amsdbsequently reacted with different
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boron hydrides including B#THF, BH;*SMe,, BBr,H*SMe,, BH,Cl*SMe,, and HBcat

(cat = catecholatd): *® Although high degrees of mercuriation were achievine
functional yield for the borane treatment was matie@nd cross-linking was apparent

after hydrolysis to the respective boronic-acidctionalized polymers.

1.2.2.3 Side-chain Functionalized Organoboron Polyers via Si-B Exchange
Reactions

Our group has developed a general strategy towaedsynthesis of well-defined
soluble organoboron polymers with controlled amttiire, molecular weight and degree
of functionalizatior* *? Using this strategy, the boryl groups can seletyibe attached
to the side-chain of homo- and block copolymerspeetively, or alternatively placed at
the polymer chain end€. ** *°This strategy involves the following steps (i) tieasi-
living polymerization of the silylated functionalanomer (20) via atom-transfer radical
polymerization (ATRP) to obtain the silyl functidized polymer, (21) (ii) exchange of
the trimethylsilyl functional group with Lewis adtdboron centers (22) and (iii) fine-
tuning of the Lewis acidity of the boron center siybstituent exchange reactions (23)

(Scheme 1.2 #



X
Controlled Fine-tuning
Polymerization Exchange Lewis acldlty
Step (i) Step (ii) Step (iii)
AN

/Sli\
ssi PSS PSBBr, PSBR,
(20) 21) (22) (23)

Scheme 1.2Si-B Exchange Route for the Synthesis of Organabo@pntaining

Polymers.

1.3 Applications of Boron Containing Polymers

The Lewis-acidic boron has an empty p-orbital amgh aeach desired octet
configuration either viar-overlap with suitable organic substituent or waniation of

Lewis acid-base complex&s.

Figure 1.1Schematic Representationffoperties of Organoboron Compoungs.
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These interactions have been utilized in many apptins of organoboron compounds.
Interesting linear and non-linear optical propertiesult from the overlap of the empty p-
orbital on boron with organia-systems. Upon coordination of nucleophiles (Dg th
photophysical properties of organoboranes showifgignt changes which has been
widely used in sensor applicatiotsDonor-acceptor bonding between organoboranes and
Lewis bases can be exploited for the reversiblerabl of macrocycles and coordination
polymers®? Finally, the function of these organoboranes dalysts and cocatalysts in
organic synthesis is based on donor-acceptor gtiers that lead to activation of organic

substrates? 13 53

1.3.1 Applications in Organic Synthesis and Catalys

Potential applications in synthetic chemistry imigduheir use as supported catalysts and
cocatalysts. Applications of organoboron polymearsrnganic synthesis and catalysis will

be discussed in Chapter 1A.

1.3.2Applications as Sensor Materials

Tricoordinate boron, with its vacant p-orbital,asusefulr-acceptor which can lead to
significant delocalization when conjugated withaajacent organig-system. Both main

chain and side chain organoboron polymers have beploited as effective probes for
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detection of anions. For example, Chujo and cowsrkave studied the effect of fluoride
binding to the main chain conjugated polymers (2#hich were obtained through
hydroboration ofp-diethynylbenzene with MesBHand TripBH, respectively* > A
strong decrease in intensity and related blue shithe absorption band at 377 nm was
apparent upon addition of a fluoride source. A draendecrease in the fluorescence
intensity was evident upon addition of 0.5 molanieglents of fluoride at a concentration
of 10°M in CHCls. The latter indicates significant signal amplifioa. Moreover, high

selectivity for fluoride over other halides was fioned.

R R
R R Hex Hex R/©\R
) o
n
X n
R = Me, iPr PF-BM R =Me
PF-BT R=iPr
(24) (25)

Chart 1.5 Examples of Main Chain Organoboron Polymer Senfgoranions.

Jakle and coworkers have investigated the bindingntons to the boron-modified

polyfluorenes (25). Binding studies of fluorenylboe polymer PF-BT indicated that both
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fluoride and cyanide effectively bind to the polymkeading to distinct changes in the
absorption and emission spectra. However, largemansuch as chloride and bromide
did not bind effectively. Based on the spectratation plots for fluoride and cyanide
binding in THF, a two-step binding process was regab which was attributed to a
charge-transfer structure with alternating electioh borate and electron-deficient
borane moieties in the polymeric main ch&in.

Jakleet al. have also reported polystyrene based side-chaitiinalized organoboron
polymers which employ substituted bithiophene uagsthe chromophores and mesityl
groups as sterically protecting groups for borod) £2 These polymers have been shown
to effectively detect fluoride and cyanide ions roweher halide ions at millimolar
concentrations. The strong binding to fluoride doeasily be monitored by UV-vis and

fluorescence spectroscopy.

B—OR

n
’(/Y i,
n c

HN

2 %o
©\e OH [ )
B J B,,/ n
I o)

N
4
/ / Hex @
(26) (27) (28)

Chart 1.6 Examples of Side Chain Functionalized Organob&olymer Sensors.
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Sumerlin and coworkers employed boronic acid fumalized poly(acryl amides) (27)
as efficient sugar sensors and pH responsive rait&tiThe electrochemical synthesis of
conjugated polymers that feature boronic acid apbate moieties has been studied by

|.58

Freundet al, Fabreetal., and Heet al.”® Boronic acid and boronate ester functionalized

polypyrrole (28) and its use as a fluoride sensas studied by cyclic voltammet?y.®°

1.3.3 Other Applications

Borates and boronic acids are well known to fumctas flame retardants. Flame-
retardant properties of boron containing bisphehaksins have been reported by Gao
and Liu®! Thermal analysis of the resin revealed higher hrdtoxidative resistance than
for most common phenol-formaldehyde resins. Carderived polymers have been
used in the production of boron carbide ceramierBband matrices. Sneddon and
coworkers reported blends of poly(norbornenyldecate) (PND) with commercially
available silicon carbide preceramic polymers, sastpoly(methylcarbosilane) (PMCS)
or allylhydridopolycarbosilane (AHPCS) as excellgmbcessable precursors to boron-
carbide/silicon-carbide ceramic composite mateffals

Conducting nanoparticles of poly(aniline boroniadqaevith average diameter of 12-15
nm were synthesized via controlled electrochemimalymerization by Freund and

coworkers. These nanoparticles were found to beemdly resistant to degradation at
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extreme electrochemical potentials and hence nmalydpplications as coatings or may be

used for fabrication of nanoscale deviées.
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Chapter 1A. Boron Polymers as Supported Reagents

1A.1 Polymer Supported Reagents

In recent years there has been great intereseifutictionalization of polymers, which
allows for their use as catalysts or reagents gamic reactions. The interest in the field
of solid phase catalysis with polymer supportedgeass is being enhanced by the
possibility of creating systems that combine unigueperties of active moieties and
those of high molecular weight polyntemsoluble polymers have been used frequently
since they can easily be isolated by filtration avashed by passing solvent over them.
Regeneration and reusability are some other impbré@vantages of the polymeric
reagents. The polymeric reagents often differ actieity from the low molecular weight
counterparts due to the effects of the polymeritrima

The use of functional polymeric reagents dependhem physical properties (linear or
cross-linked polymer) as well as chemical consttutin the case of soluble polymeric
reagents, such as polyethylene glycol (PEG) arehtipolystyrene, the separation of the
soluble polymer from its low molecular weight camiaants is difficult and hence the
recovery of the polymer is not quantitative. Theaiubility of crosslinked polymers
provides for separation and hence simplified waokpuocedures. Cross-linked styrene

based polymers remain by far the most commonly usguports and the required
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functional groups are introduced by the chemicatification of appropriate preformed

polymers. This approach is the one used most extEndy organic chemists as one can
start with commercially available polymer beadssoitable physical size and form, as
well as with a known percentage of cross-linkingwever, reaction conditions must be
carefully chosen in order to avoid side-reactioasduse it is not possible to remove the

polymer-bound impurities resulting from such reas.

1A.2 Synthesis of Supported Borane Reagents

Many of the reactions which have been used to atedipimodify polystyrenes involve
electrophilic aromatic substitution, such as hatagen, sulphonation and Friedel-Crafts
alkylations and acylation. Discussed in the follogviare boron-containing polymeric
reagents.

Devaky and Rajasree have reported a polymer botlnydeaediamine borane reagent
(29) for use as a reducing agent for the reduatioaldehydes. This polymeric reagent
was synthesized from a Merrifield resin and 1,6dmediol diacrylate-cross-linked
polystyrene resin (HDODA-P3)The borane reagent was incorporated in the polyayer
complexation with sodium borohydride. When the mdg agent was used in the
competitive reduction of a 1.1 mixture of aldehyded ketone, the aldehyde was

selectively reduced to an alcohol. Polymer-suppbrsellfonamides (30) have been
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prepared by treating polymeric sulfonyl chloridehw(S)-diphenylprolinol® They were
investigated as catalyst supports for the reduabioketones in the presence of borane-
dimethyl sulfide complex. Itsuno and coworkers hagported the design of a highly
enantioselective polymer-supported catalysts (34t tare derived from chiral
oxazaborolidinone and feature different cross-higkstructures for use in Diels-Alder

reaction of methacrolein with cyclopentadiéne.

Hz(f' HO | /BH;; ?
HN-BH; Ph N N

I I, BH
(H2C). Ph /

| o
H2N'BH3

(29) (30) (31)

Chart 1A.1 SomeExamples of Polymer-Supported Reagents.

To attach boron directly to the aromatic ring in Bigect lithiation using excess n-BulLi
can be applied, but only 25% functionality is real and both theneta and para
positions react. Upto 100% of the phenyl groups banfunctionalized via Fréchet's

three-step reaction sequence, which involves bratioin and lithiation followed by
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quenching with appropriate borarfel this process, bromination was conducted with
different catalysts including Fe£ITICIl; and TI(OAc) and was characterized Vi&C
NMR spectroscopy. The lithiation step was done gigixcess n-Buli in the presence of
TMEDA and was quantitative in aromatic solvents tswas benzene. Treatment of
lithiated polystyrene resins with an alkoxyboraakoived by hydrolysis with HCI led to

boronic acid functionalized resins (Scheme 1A.1).

o

1. n-BulLi 1. n-BulLi
2. B(OMe); 2. Trip,BF
3.H"

O—<j>—|3(om2 O—QBTripz

(31) (32)

Scheme 1A.TJPreparation of Polymer-Supported Organoboranes.

A high degree of functionalization with boronic é@adr other functional groups can
typically be achieved via this methodology. Theul#sg polystyrene boronic acid
intermediate (31) can be further converted to dahplexes or transformed into chiral

oxazaborolidines that serve as catalysts in orgaaictions.*°



26

A triarylborane functionalized resin (32) was pnegghby Smith and coworkers through
lithiation of brominated polystyrene resin with B followed by addition of the bulky
fluoroborane TripBF (Trip = 2,4,6-triisopropylphenyl) in THF to gitee resin with 66%
functionality* The resin was further converted to a lithium hymnate resin with t-BuLi
and used as highly diastereoselective and recoeenaagent in the reduction of
methylated cyclohexanone derivatives. However, wki@s method was applied to
soluble organoboron polymers, significant croskiig was observed.

The polymer-boundSj-diphenylprolinol based reducing agent (33) wdatdished by
Waldvogel and coworkers from boronic acid precu(8d) and used for enantioselective
borane reduction of ketones in the presence ofranieosource. The active species is
formed upon complexation of BHo the amine functionality of the oxazaborolidine
moiety!? Caze and coworkers reported yet another oxazatimm®lcatalyst (34), derived
from cross linked polystyrene containing boroniddagroups (R, 29-(-)-norephedrine
for reduction of ketones. Cazet al. also synthesized poly(2-vinylthiophene) based
oxazaborolidine containing supported reagent (3Bhich was used for the

enantioselective reduction of prochiral ketofes.
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PN 0~ “NH

HII:.>_<.\\\H
Ph CH4

0] N

—
S
=
BH, !
/ LR
(0) NH
Ph Me

Ph
Ph

(33) (34) (35)

Chart 1A.2 Examples of Oxazaborolidine based Supported Reagent

Some unusual boron functionalities, such as dianicarborane cages were attached to
polystyrene through a polymer modification routengscrown ether as the catalystThe
resulting resins served as scaffold of supportadlysis by addition of different metal

complexes to the carborane cages (Scheme 1A.2).
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&

L
v

crown ether

CH,CI H,C o
Scheme 1A.ZPreparation of Carborane Containing Polymer-SuppldrReagents.

The preparation of polymer-supported 9-BBN fromighHoading Merrifield resin has
been reported by Ganesat al Immobilized cyclooctadiene (PS-COD) (36), was
synthesized via reaction of Merrifield resin witlepilotonated 1,5-cyclooctadietie.
Hydroboration of this PS-COD with BHTHF led to the supported organoborane resin
(37) with a loading of 3.24 mmol/g which was used smpported regent for alkene

hydroboration-oxidation reactions.

BH;* THF o BH

2

(36) (37)

Scheme 1A.FPreparation of Polymer-Supported 9-BBN.
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1A.3 Hydroboration Chemistry

The hydroboration reaction introduced by H. C. Bnos one of the most widely
applied methods in the synthesis of organoboronpoemds:>*” Much of the early work
in hydroboration was carried out using diboraneilévhydroboration with BE»THF and
BH3*SMe, is sufficient for simple substrates, the reagenows poor regio- and
diastereoselectivity for many other substrates. M/lB#H; has proven most useful is as a
precursor to other, more selective reagents, figrtabstituted borane reagents, such as
thexylboran&® (38), disiamylborand (39), dicyclohexylborane (40), and 9-
borabicyclo[3.3.1]Jnonane (41) are finding an inereg role in these applications. For
example, thexylborane (38) is a highly versatilagent, valuable for the synthesis of
unsymmetrical ketones. Disiamylborane (39) and aatyexylboran® (40) are highly
hindered dialkylboranes and provide better regexgelity than BHeTHF or BHz;*»SMe,
and are used for monohydroboration of less crowddenes. 9-BBN (41) is an
exceptionally regioselective hydroborating reageaind also stable toward
disproportionation and used widely for the selextreduction of organic functional
groups?™ ?* Recently Snieckus and coworkers reported a nevanofgprane reagent,
di(isopropylprenyl)borane iRR.BH)?® (42), for hydroboration of both alkenes and

alkynes.
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A ofe

(38) (39) (40)
H
B
\BY )\IJ%F
X B
H
(41) (42)

Chart 1A.3 Examples of Alkyl Borane Reagents.

Chiral organoboranes derived from optically actospinene (~92% ee), have been
successfully used for asymmetric transformationshsas the hydroboration of prochiral
olefins, reduction of prochiral ketones, asymmedtigl- and crotylboration, asymmetric
opening of meseepoxides and asymmetric homologation. For instative versatile
hydroborating reagent diisopinocampheylboraneBpt* (43), is readily available from
the reaction ofi-pinene with BH*SMe,. It reacts with less sterically hindereid-alkenes
with 80-90% ee, in many cases. However hydrobamabb trans and trisubstituted
alkenes proceeds slowly and hence the degree @&l ehduction is lowered to 14-22%.
However, sterically less hindered monoisopinocanjioeane IpcBH (44), reacts with

aliphatic or phenyl substituted anttans and trisubstituted alkenes providing
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enantiomeric purities in the range of 50 to 99%.sbaune’sC,-symmetric borolane

(45), is selective for all these substrates nanmfy, trans, and trisubstituted alkefi@s.
Soderquist and coworkers recently reported 10-gubsd-9-borabicyclo[3.3.2]decanes
(10-R-9-BBD-H, (46)) and their unique behavior e tasymmetric hydroboration of 1,1-

disubstituted alkenes.

2 \ E

R = Ph, SiMe,

(43) (44) (45) (46)

Chart 1A.4 Examples of Chiral Borane Reagents.

Arylboranes (ArBH and ApBH) have been used as alternatives to alkylboraoes
counter retrohydroboration reactions.  Diphenylberan mesitylboran®  (47),
dimesitylborane (48) and triisopropylphenylbordnd47) are examples of stable
hydroboration reagents available. These arylboraagents not only show better stability
in solution but also exhibit very high regio andenioselectivity in hydroboration

reactions. Dimesitylborane (48) has proved to bexeptionally selective reagent for
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the hydroboration of alkynes. Perfluorinated diaoyhne (GFs).BH (49) synthesized by

Piers and co-workers using the commercially avéslatispentafluorophenylborane
(B(CsFs)3) shows remarkable regio- and chemoselectivity lagdaoborating agent due to

the electron-deficient nature of the boron and fibrenation of monomeric borane in

solution?® 2°
R F F
B F B F
R BH,
F F
R FF
F F
R =H, Me, i-Pr
(47 (48) (49)

Chart 1A.5 Examples of Arylborane Reagents.

Hydroboration has also been successfully employe@hujo and co-workers in their
pioneering work on the incorporation of boron itb@ main chain of polymers through
hydroboration polymerization reactioffs>* The latter are among the most versatile and
general methods for the preparation of organobpaymers and, for example, provide
facile access to electronically interesting confagaorganoboron polymers. Recently,
Chujo et al reported the synthesis of chiral luminescent mogaron polymers by

hydroboration polymerization of a the chiral boramaonoisopinocampheylborane
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(IpcBHy), in the presence ofN,N,N’,N'-tetramethylethylenediamine with aromatic
dicyanobenzene compounds (Scheme 1A.4). The podynexhibited interesting
photophysical properties and studies on speciftatian and circular dichroism (CD)

confirmed the chirality of the resulting polymérs.

- TMED N
+ — -éAr-C:N/O N=C%—
diglyme | 8" | /n
> H H™ H
N CH, CH n,,
| Hp Hy | ° -
BH,"N—C’~C -N*HBln
CH; CHs

S-IpcBH,-TMED

OCq2Hys

C12H250

Scheme 1A.4Synthesis of Main Chain Chiral Organoboron Polygner

We hypothesized that the versatility and exceptisegectivity of hydroboration could
add significantly to the synthetic toolbox availblo date for the preparation of

functional materials derived from borylated polystye and therefore became interested
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in the preparation of BHfunctionalized polystyrene. We describe here tieparation of
well-defined polymers containing BHas pendant groups to polystyrene, which are

complexed with pyridine, t-butylpyridiné3uPy), and PPiMe, respectively.

1A.4 Results and Discussion
1A.4.1 Synthesis

Poly(4-trimethylsilyl styrene) (50) of controlledatecular weight(M,, = 35,000 and
PDI = 1.11) was prepared by polymerization of 4-trinygilyl styrene via atom transfer
radical polymerization (ATRP) as described previgd$ 3" Treatment with a slight
excess of BByin CH,Cl, gave poly(4-dibromoboryl styrene) (PS-BB(51), which was
reacted in situ with excess of M@OMe to give poly(4-dimethoxyboryl styrene) (PS-
B(OMe),) (53). MgSiOMe was used rather than MeOH in order to prefa@mtation of
the strong acid HBr, which possibly could lead ittegeactions that even at a very small
extent would be detrimental in the case polymer ifreadion reactions. Conversion of
PS-B(OMe) to the boron hydride was performed in analogy tmethod reported by
Hawthorne et al®® for the preparation of EsBH»*Py (Scheme 1A.5)Due to the
different solubility characteristics of the polym@HF was used instead of diethyl ether
as the reaction medium. Slow addition of PS-B(OMe)a suspension of LiAliHn THF

at 0 °C led to formation of a white precipitate.diebn of pyridine 4-tert-butylpyridine
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(‘BuPy), and PPiMe, respectively, followed by addition of MRCl yielded the boron

polymers PS-BpPy (54), PS-BR'BuPy (56), and PS-BlPPhMe (58). For
comparison, the corresponding molecular model camgs '‘BuCsH,BH2*D (D=Py,
'BuPy (55), PPiMe (57)) were prepared using similar procedures iinportant to note
that addition of the base is instrumental for thecgssful isolation of these arylborane
polymers. In the absence of added base, completurascwere obtained for the model
compounds and insoluble materials for the polymieresumably redistribution reactions
of ArBH, to give ALbBH and AgB take place, which ultimately leads to cross-lngkof

the polymers through boron bridges. The occurresfceedistribution reactions of this
type was previously postulated to be responsible dmss-linking in reactions of
mercuriated polymers with Bff' *° and has recently been exploited for the selective

preparation of ferrocenylborane polymers [-FcB(RBrjrom in-situ generated Fc(BBril)

(Fc = 1,1'-ferrocenediylf*
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R R R
Me;SiOMe 1) LiAlH,
CH,Cl, 2) D, Me;SiCl
B B B
Br” “Br MeO”  “OMe H™ Il3 ~H

(51)R = PS (52) R="Bu D=Py (54)R=PS
(53) R=PS D='BuPy (55)R=tBu
(56) R=PS

D = Ph,PMe (57) R = tBu

(58) R=PS

Scheme 1A.5ynthesis of Organoborane Complexes RBH.

The pyridine-complexed polymer (54) showed very kmubility in common organic
solvents such as GBl,, THF, and toluene and was not further studied. Tdve
solubility is likely related to strong interpolymenteractions between the relatively
exposed pyridine-systems. Indeed, complexation wiBuPy and PPMMe, respectively,
led to highly soluble polymer complexes PS-BBi((56); D ='BuPy, (58); D = PPiMe).
The observed solubility characteristics are in gaggeement with our previous results on
donor complexes of triarylboranes, where we fourad tomplexation of pyridine to PS-
BAr, (Ar = thienyl, GFs) resulted in poorly soluble polymers, whereas o&8BuPy

produced soluble colorless polymeric Lewis acidebasmplexe§?
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1A.4.2 Structural Characterization
1A.4.2.1 Multinuclear NMR Spectroscopy

The polymers (56) and (58) and the correspondinggecotar model compounds (55)
and (57) were analyzed by multinuclear NMR and pecsroscopy. Thé'B NMR shifts
of —=5.5 and —25.6 ppm for (56) and (58), respebtj\are consistent with the formation of
tetracoordinate boron polymers. Relative to the éh@dmpounds, no significant change
of the chemical shift is observed, but a distinghal broadening is evident especially for
the 'BuPy complex (Figure 1A.1). Coordination of the gpbine to boron was further
confirmed by**P NMR, which showed two signals at 5.2 and 3.9 pphich are strongly
downfield shifted in comparison to the free phosph$ = —26.7 ppm). The observation
of two separate resonances in comparison to ongy dwublet at 2.9 ppm for (57) is
attributed to the effects of the atactic natur¢hef polymer backbone. In tfiel NMR for
(56) a broad signal for the BHnoiety is evident at ca. 3.4 ppm, while for (58)¢
polymer backbone resonances are overlapping wehBtH, signal at ca. 2.4 ppm. The
corresponding model compounds give rise to mulispde¢ similar chemical shifts of 3.45
and 2.36 ppm, respectively. THE NMR spectra for the polymers also match very well
with those of the model compounds and a represeatabmparison is provided in
Figure 1A.2. Only the phenyl protons artho-position to boron significantly shift as

expected upon incorporation into the polystyreaengwork.
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PS-BH,-'BuPy JK\MV

tBUCGH4BH2-tBU Py

PS-BH,-Ph,PMe

A M

tBI.IC(;,H4BH2-F’th,Me

—
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Figure 1A.1 Comparison of'B NMR Spectra.
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PS-BH,-'BuP Ph Ph J\
| l tBuC6H4BH2-tBuPy ‘ J ‘
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Figure 1A.2 Comparison of*C NMR spectra; only the region from 120 to 150 pism

shown and the quaternary carbon signals are ndtadar
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1A.4.2.2 IR Spectroscopy

The infrared spectra of polymers (52) and (53) slstnwng absorptions at 2332 ©m
and 2340 cr, respectively, which are in a region typical ofméal B-H stretching
modes” The IR bands are similar to those for the molacutendel compounds
'BuCsH4BH»*'BuPy (2327 crit) and 'BuCsH4BH-*PPhMe (2326 and 2360 ctf), thus

further corroborating successful functionalizatajrthe polymers with BEimoieties.

1A.4.2.3 Molecular Weight Determination

Molecular weight measurements for the polymers vegtempted by gel permeation
chromatography in THF. However, significant peakirng was observed leading to
unexpectedly low calculated molecular weight and polydispersities that are
considerably higher than the one of the startindgymer, PS-SiMe The latter is
attributed to partial decomplexation in THF ancemaction of the BklIfunctional groups

with the column material.

1A.4.2.4 Thermal Properties

The thermal characteristics of the polymers weramared by differential scanning

calorimetry (DSC) and thermogravimetric analysisSA). PS-BH*PPhMe shows a
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glass transition temperaturdg) of 100 °C, which is in a similar range as that of
unfunctionalized polystyrene. However, we werealude to observe a cledy in the case
of PS-BH*'BuPy, most likely due to gradual thermal degradatid the polymer as
further indicated by thermogravimetric analysis @)G Multi-step decomposition
processes were observed in the TGA plots of botlynpers (Figure 1A.3) The
phosphine complexed polymer4F = 200 °C) shows slightly higher thermal stability
than the polymer complex wittert-butylpyridine (Tgec = 145 °C). In comparison to
silylated polystyrene (PS-SiMe the onset of degradation is considerably lowered,
indicating that initial decomplexation of the Lewlsase plays a key role in the
degradation processes. The air stability of theymels was studied by NMR
spectroscopy. No substantial degradation was obdenvthe solid state upon exposure to
air over a period of three to four weeks for PS;84PhMe, but additional sharp NMR
signals corresponding to small molecule degradairoducts started to develop after ca.
two weeks in solution. Polymer PS-BIRPhMe shows comparatively higher stability
than PS-BhHe'BuPy, possibly as a result of steric protectiortraf B-H functionalities

with the bulkier phosphine.
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Figure 1A.3 Thermogravimetric analysis (TGA) plots of poly(diethylsilyl styrene)

(PS-SiMe), PS-BH+'BuPy and PS-BkPPhMe (20 °C/min, N).

1A.5 Conclusions

We have prepared a new organoborane polymer thétinistionalized with BH
moieties, which are attached selectively to theajpasition of the phenyl rings of a
soluble polystyrene framework. For the successhiation of the polymer, it is critical to
prevent redistribution reactions of the ArBkhoieties through strong complexation with

Lewis bases such as amines or phosphines.
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1A.6 Experimental Section
1A.6.1 Materials and Instrumentation

LIAIH 4, pyridine, 4tert-butylpyridine, PPfMe, MeSiOMe, and MeSICl were
purchased from Acros Organics and BEP9+%) from Aldrich. BBs was further
purified by vacuum distillation and pyridine,  tdrt-butylpyridine,
methoxytrimethylsilane, and chlorotrimethylsilanere distilled from Cakland degassed
via several freeze-pump-thaw cycl€saution! BBr3 is toxic and highly corrosive and
should be handled appropriately with great careofihated grease was used for ground
glass joints in all reactions involving boron tobmide. Poly(4-trimethylsilyl styrene) (PS-
SiMe3) of My, = 35,000 andPDI = 1.11 (GPC-RI) anBuCsH4B(OMe), were prepared as
previously reported® 3" All reactions were carried out under inert atm@sphusing
Schlenk techniques or a glove box (Innovative Tetbgies). Ether solvents were
distilled from Na/benzophenone and hydrocarbon @ndrinated solvents were purified
using a solvent purification system (Innovative Amalogies; alumina/copper columns
for hydrocarbon solvents). The chlorinated solvemntse subsequently distilled from
CaH, and degassed via several freeze-pump-thaw cycles.

All 499.893 MHz'H, 125.7 MHz'*C, 160.4 MHz"'B NMR and 499.895 MHZ'P
NMR spectra were recorded at ambient temperatura ®arian INOVA spectrometer

equipped with a boron-free 5 mm dual broadbandignagrobe (Nalorac, Varian Inc.,
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Martinez, CA). Solution'H and**C NMR spectra were referenced internally to solvent
signals.*'B NMR spectra were referenced externally tg BE:O (3 = 0) and®'P NMR
spectra were referenced tafBD, in D,O (3 = —0.26).2'B NMR spectra were acquired
with boron-free quartz NMR tubes. IR spectra wereorded as KBr pellets using a
Thermo Nicolet IR 200 Spectrophotometer. Mass spedata were obtained in FAB
mode with 2-nitrophenyloctyl ether (NPOE) as thetrimaat Michigan State University
Mass Spectrometry Facility which is supported, antpby a grant (DRR-00480) from the
Biotechnology Research Technology Program, Nati@elter for Research Resources,
National Institutes of Health. GPC analyses wemrdop@ed in THF (1 mL/min) using a
Waters Breeze system equipped with a 717plus aufasa a 1525 binary HPLC pump,
a 2487 duall absorbance detector, and a 2414 refractive indg&ctbr. A series of
styragel columns (Polymer Laboratoriegud Mix-D, 5 um Mix-C, and 10um Mix-B),
which were kept in a column heater at 35 °C, waeduor separation. The columns were
calibrated with PS standards (Polymer LaboratarieSIC measurements were performed
on a Perkin Elmer Differential Scanning Calorimeggrris 1 system with ca. 10 mg of
polymer using the specified scan rate. Thermogratrimanalyses were performed under
N, atmosphere using a Perkin EImer Pyris 1 systefm @@t 5 mg of polymer at a heating

rate of 20 °C/min from 50 °C to 800 °C.
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1A.6.2 Preparation of Polymers and Model Compounds

Synthesis of'BuCgH4BH2*'BuPy (55): A solution of 'BuCsH4B(OMe), (0.50 g, 2.5
mmol) in THF (10 mL) was transferred via cannulaatslurry of LiAIH, (0.15 g, 4.0
mmol) in 20 mL of THF at 0 °C. The resulting grayxtare was stirred at 0 °C for 1 h
and then at room temperature for 2 hte#t-Butylpyridine (0.45 mL, 3.0 mmol) was
added and the resulting solution was stirred for The reaction mixture was quenched
with MesSiCl (5 mL) and stirred overnight. A solid precgig (LiCl) formed which was
removed by filtration using a fritted glass diskielsolvent was removed, the residue
taken up in toluene and filtered once more. Thigafé was concentrated under high
vacuum and the residue recrystallized from,CH to give the product as colorless
crystals (0.45 g, 64%])or 'BuCsH,BH»»'BuPy: *'B NMR (160.386 MHz, CDG): & = —
4.3 (W2 = 260 Hz);'H NMR (499.893 MHz, CDG): & = 8.55 (d, 2H, J = 7.0 HByYy),
7.50, 7.25 (d, 2H, J = 7.0 Hz, m, 4H,,Pyh), 3.45 (m, 2H, B}, 1.36, 1.30 (X s, 2x
9H, Py-QVle;, Ph-QVie;). **C NMR (125.69 MHz, CDG): & = 164.9 (P)), 147.8 (P}),
147.3 (Py), 133.6 (Ph), 124.5 (Ph), 122.7 (Py), 35.7, 34.5 (PY¥eMes, Ph-CMe3), 31.7,
30.5 (Py-Qles, Ph-QVies), not observed (Ph IR: v (cm ™) 2327, BH. FAB-MS (NPOE):
m/z 280 [M'—H] (100 %).

Synthesis of PS-B'BuPy (56): A solution of BBg (1.7 g, 6.8 mmol) in 10 mL of

CH.CI, was added dropwise under stirring to PS-SINIEO g; ca. 5.7 mmol SiMe
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groups;PDI = 1.11) in 10 mL of ChkLCl,. After completion of the addition the mixture
was stirred for 24 h. Complete replacement of tihg substituents for dibromoboryl
groups was confirmed byH NMR spectroscopy. The resulting solution of PS-BBas
then treated with M&SiOMe (2.4 mL, 17 mmol) and stirred for 10 h. Atllatile material
was removed under high vacuum and the oily resiageredissolved in 20 mL THF. The
solution of PS-B(OMe)was transferred via cannula to a slurry of LiA9.32 g, 8.4
mmol) in 20 mL of THF at 0 °C. The resulting grayspension was stirred at 0 °C for 1 h
and then at room temperature for 20 hed-Butylpyridine (1.25 mL, 8.5 mmol) was
added; the resulting mixture was stirred for 24ahd subsequently quenched with
MesSiCl (10 mL). After stirring for 24 h, a solid pipgate (LiCl) formed, which was
removed by filtration using a fritted glass diskeTfiltrate was concentrated under high
vacuum to ca. 5 mL and precipitated into a largeime of hexanes (ca. 250 mL). The
precipitate was repeatedly taken up in a minimunowarhof CHCl,, filtered once more,
and precipitated into hexanes. The product wasdidate50 °C under vacuum to give a
white powder (0.77 g, 54 %). For PSBIBuPy: *'B NMR (160.386 MHz, CDG): 8 = —
5.5 (Wy2 = 750 Hz);*H NMR (499.893 MHz, CDG): & = 8.3 (br, 2H'BuPy,), 7.3, 6.9,
6.4 (3% br, 3x 2H, Py, Phn), 3.4 (br, 2H, BH), 2.4-1.4 (br, 3H, polymer backbone),
1.2 (br, 9H, CMg). *C NMR (125.69 MHz, CDG): & = 164.5 (br, Py, 147.0 (br, Py),

143.2 (br, PP, 133.8 (br, Py, 127.2 (br, PR), 122.7 (br, Py), 40 (very br, polymer



46
backbone), 35.5 (biCMes), 30.4 (br, ®les); IR: v (cmi™) 2332, BH. GPC-RIM,, =

19517, PDI = 1.30. TGA (20 °C/min; undep)N23 % weight loss between 145 °C and
303 °C; 27% weight loss between 459 °C and 543 °C.

Synthesis of BuCgH4BH»*PPh,Me (57): A solution of'BuCsH4B(OMe), (0.50 g, 2.5
mmol) in THF (10 mL) was transferred via cannulaatslurry of LiAIH, (0.15 g, 4.0
mmol) in 20 mL of THF at 0 °C. The resulting grayxtnre was stirred at 0 °C for 1 h
and then at room temperature for 3 h. MRh (0.57 mL, 3.1 mmol) was added and the
resulting green solution was stirred for 6 h. Tkaction mixture was quenched with
MesSiCl (5 mL) and stirred overnight. A solid precgig (LiCl) formed, which was
removed by filtration using a fritted glass diskelsolvent was removed, the residue
taken up in toluene and filtered once more. Thigafé was concentrated under high
vacuum to ca. 1 mL and then precipitated into hegajca. 20 mL). The solution was
decanted and the product was isolated as a whitel 6.35 g, 40%). For
'‘BuCsH4BH2*PPhMe: B NMR (160.386 MHz, CDG): & = —24.8 (W), = 270 Hz):*H
NMR (499.893 MHz, CDG): & = 7.57 (m, 4H, PP, 7.49 (t, 334 = 7.5 Hz, 2H, PP},
7.42 (m, 4H, PP, 7.17 (m, 2H, PY), 7.17 (d,%Jun = 8.0 Hz, 2H, Pk), 2.36 (m, 2H,
BH,), 1.77 (d,°Jon = 9.5 Hz, 3H, PMe), 1.26 (s, 9H, CiJe*'P NMR (499.895 MHz,
CDCl): 8= 2.9 (d, J = 44 Hz)}*C NMR (125.698 MHz, CDG): 5 = 147.5 (d°Jpc = 4.5

Hz, Ph), 141 (br, PP, 136.2 (d,*Jpc = 7.5 Hz, Ph), 132.5 (d,Jc = 8.4 Hz,0-PPh),
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131.3 (d,Jpc = 2.2 Hz,p-PPh), 129.9 (d}Jpc = 53 Hz,i-PPh), 129.0 (d3Jpc = 9.9 Hz,

m-PPh), 124.2 (d,*Joc = 3.0 Hz, PR), 34.4 CMes), 31.7 (Me3), 9.6 (d,"Joc = 39 Hz,
PMe). IR:» (cmi?) 2360, 2325, BH. FAB-MSm/z 345 [M'—H] (100 %).

Synthesis of PS-BHPPh,Me (58): A solution of BBg (3.40 g, 13.6 mmol) in 10 mL
of CH,Cl, was added dropwise under stirring to PS-SiK20 g; ca. 11.3 mmol SiMe
groups;PDI = 1.11) in 10 mL of ChkLCl,. After completion of the addition the mixture
was stirred for 24 h. Complete replacement of tihg substituents for dibromoboryl
groups was confirmed byH NMR spectroscopy. The resulting solution of PS-BBas
then treated with M&SiOMe (4.9 mL, 36 mmol) and stirred for 9 h. Alllable material
was removed under high vacuum and the oily resiageredissolved in 20 mL THF. The
solution of PS-B(OMe)was transferred via cannula at 0 °C to a slurryiafH 4 (0.64 g,

17 mmol) in 20 mL THF. The resulting gray suspensias stirred at 0 °C for 1 h and
then at room temperature for 20 h. RRé (3.2 mL, 17 mmol) was added, the resulting
green mixture was stirred for 24 h, and subsequentenched with MgSiCl (20 mL).
Upon stirring for 24 h, a solid precipitate (LiGrmed, which was removed by filtration
using a fritted glass disk. The filtrate was coraed under high vacuum to ca. 5 mL
and precipitated into a large volume of hexanesZb8 mL). The white precipitate was
redissolved in toluene and filtered. After remogaloluene the residue was taken up in

benzene (30 mL), the solution was filtered, and pineduct was freeze-dried. PS-
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BHx*PPhMe was isolated as a white solid (1.61 g, 45%).F8BH+PPhMe: 'B NMR

(160.386 MHz, CDQ): & = —25.6 (W, = 420 Hz);"H NMR (499.893 MHz, CDG): 5 =
7.9-7.0 (br m, 10H, PB)) 6.9-6.5 (br m, 2H, P 6.4-5.9 (br m, 2H, RY), 2.4 (br, 2H,
BH,), 2.2-1.2 (nr, polymer backbone), 1.26 (br m, BHe). **P{*H} NMR (499.895
MHz, CDCL): & = 5.2, 3.9.3°C NMR (125.69 MHz, CDG): & = 143.3, 141.1 (br, Rh
and Ph) 136.0 (br, P}, 132.7/132.3 (bro-PPh), 131.2 (br,p-PPh), 131-130 (br,-
PPh), 128.8 (br,m-PPh), 126.5 (br, Ph), 50-38 (br, polymer backbone), 8.2/7.4 (br,
PMe). IR:v (cm™) 2340, BH. GPC-UVM,, = 26280, PDI = 1.54. DSC (second heating
curve; onset, 10 °C/min)fy = 101 °C. TGA (20 °C/min; under N 43 % weight loss

between 201 °C and 277 °C; 26 % weight loss betwgg&a °C and 436 °C.
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Chapter 1B. Amine-Functionalized Organoboron

Polymers

1B.1 Introduction

Luminescent tri-coordinate organoboron compounde lacently attracted increasing
attention as a new class mfelectron materials for optoelectonics. One of the most
important characteristics of tri-coordinated boommpounds is the presence of an empty
p-orbital on boron making it electron poor whictads to strongt-electron acceptor
interaction with a suitable dondrThe electronic structure of these organoboron
compounds can lead to significant delocalizatioremvitonjugated with an organic
system. This pe interaction can lead to interesting linear and-hoear optical (NLO)
properties, such as single-photon excited fluomsegSPEF) ° two-photon excited
fluorescence (TPEE) /, molecular second harmonic generation (SHG) and
electroluminescence (EP)' However, the empty p-orbital is also readily asigs to
nucleophiles, which can lead to either cleavagehef B-C bond or formation of a
tetracoordinated boron species in which the exténcenjugation is broken. Bulky
substituents like mesityl (2,4,6-trimethylphenyl) wip (2,4,6-triisopropylphenyl) are

often used to improve the stability by steric petittn of the boron centefhus, both the
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electronic and optical properties of borane-basedonjugated molecules can be

controlled by external stimuli, leading to the apaiion to chemical sensats.

1B.2 Donorst-Acceptor Type Organoboron Systems and Their Appliations

8

Figure 1B.1Schematic Presentation of a DomeAcceptor System.

These compounds often consists of damacceptor (Dr-A) dyads, in which the
acceptor usually is a dimesitylboryl group whiclséparated from a donor group such as
an amine, a phosphine, a ferrocene moiety, or atheatron-rich groups through ma
conjugated bridge (Figure 1B.1). Insertion of el@atdonor (D) and electron-acceptor
(A) groups into ther-conjugated system allows an intense intramoleaharge transfer
from the electron-rich moiety to the boron cenfEnese push-pull systems have been
shown to display interesting linear and nonlingatical properties, including large hyper-
polarizabilities and two-photon excited fluoreseer{@PEF). These conjugated donor-

acceptor triarylooron compounds typically involvenrcoordinating aromatic linkers
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such as phenyl, biphenyl, or thied§lin early work in this field, Marder and coworkers
have synthesized various molecules (1-6) with agetied alkene, alkyne, aryl linkers or
related mixed systems and investigated their ojpicd NLO propertie$.® They reported
large solvatochromic shifts with solvents of ingieg polarity, which is indicative of
highly polarized excited states relative to theugu states. Related compounds (7) and
(8) were prepared by Lequaet al. and their second-order NLO properties were
determined?® Derivatives of (8) were subsequently incorporatesl side chains in
polyurethane matrices and their second harmonporese was determined after poling by

the corona technique.
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Chart 1B.1 Examples of Organoboron Donor-Acceptor Compounds.

Lequanet al. have investigated the NLO properties of donor-ptmre substituted
oligothiophenes (9) using B(Mes@roups as the acceptor moiety, where an increasing
delocalization of electrons from donor to accepweas attributed to the reduced
aromaticity and the greater planarity of oligotiepes-* On the other hand, Jékle and
coworkers have synthesized a doneeceptor dyad that features a

bis(pentafluorophenyl)boryl group as the acceptorety and a diphenylamino group as
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the donor that is separated by a bithiophene bri@i@e The distinct bathochromic shift

in both and absorption and emission maxima comptrede non-fluorinated dyad was
attributed to the smaller HOMO-LUMO gap due to firesence of strongly electron-

withdrawing pentafluorophenyl groups.

R F

ﬁF O
S I\ s \
— {0 AL

(9) (10)

Chart 1B.2 Examples of Thiophene Containing Donor-Acceptor Goonds.

Huang and coworkers synthesized thienyl-vinylenpetycompounds (11-12) and
studied their use as both single and two photoitexkdluorescence sensors for fluoride
ions. No change in emission intensity or shifteimission maxima were observed in the

presence of other halides or even acetate, peath|aritrite and nitrate iorts.
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Chart 1B.3 Examples of Thienyl-vinylene Containing Donor-ActmpCompounds.

Wang et al. synthesized a series of linear domeseceptor compounds (13-20) with
different shape and conjugation type and investjathe absorption and emission
properties. The study revealed that the most efiictharge transfer was present in the
linear system due to the conjugative interactfothey also demonstrated that donor-
acceptor triarylboranes are promising materialanion sensing. For instance, compound
(13) selectively binds fluoride iort.The intensity of the charge-transfer bahgh& 475
nm) in the absorption spectra decreases with aegponding quenching of the
fluorescence peak as fluoride ions binds to thetaenter. Because of the quenching

response, it can be described as a “switch-offsgefor fluoride.
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(13) (14)

(15) (16)

Chart 1B.4 Examples of Donor-Acceptor Systems from Wang anevGikers.

Wanget al. have also reported the synthesis of a 2,2-bipyeidiased donor-acceptor
system (14} The chelating ability of 2,2-bipyridine promotesosig communication
between boron and the metal center. Upon bindirtly fldoride, the emission spectra of
compound (14) displays an unusual “turn-on” respaiat is independent of solvent or
excitation energy, which was attributed to the eneg of a low-energy-n* emission
pathway originating from the donor-linkersystem, made possible by the highly coplanar
bipyridine bridge. Both the Cu(l) and Pt(ll) comyés of (14) are luminescent in

solution, displaying orange to red phosphorescdhgg - 565 nm). Interestingly, the
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emission was switched from red-orange to blue-gveeen Pt(ll) complexes were titrated
with fluoride. The fluorescent “turn-on” responsé feee (14) was attributed to the
blocking of the N-B/MLCT transition and activation of a-zn* transition. This
demonstrated that by incorporating an internal d@wceptor system into the chelate
ligand, phosphorescent “turn-on” sensors for fldermay be achieved. Other chelating
compounds (15) and (16) are very efficient blueters when attached to ions such as
Zn(ll), B(lll), or Al(lll). The thienyl linker in (L6) was found to enhance the emission
efficiency and lower the emission energy (465 ni@Q%) compared with the phenyl
analogue (449 nm, 63%) due to improved donor-acceptonjugation->

Donor-acceptor molecules (17) and (18) possessricaty demanding linker and the
two chromophores adopt a nonconjugated conformafiGh This rigid linker allows an
electronic communication between these chromophdmesa weak charge transfer
through space. For instance, in solution, both éw) (18) display a broad fluorescence
peak at 507 nm in Ci&l, with low quantum efficiency and a strong dependeoce
solvent polarity, a characteristic of charge-transharacter as further confirmed by DFT
calculations. In the presence of a fluoride soutbe, charge-transfer band in both
compounds is quenched, with the appearance of & tightern-* emission band at
453 nm for (17) and 460 nm for (18). Thus, bindafidluoride to the boron center blocks

the charge-transfer transition, leaving the lowastrgy transition of the donor group as
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the only source of emission and thus switches thisson color of the solution from
green to blue. Similarly, compound (19) exhibitsttaough space charge-transfer
emission in addition to the-n* transition as a shoulder bafitiLike the non-conjugated
system (17) and (18), compound (19) also acts &swdach-on” sensor for fluoride,
changing emission color from green to blue in tresence of F with a large increase in
emission intensity. Compound (20) is fluorescentthe solid state and solution at
ambient temperature (405 nm@h, = 12%). Addition of fluoride causes quenching lukt

peak with the appearance of a new, blue-shifteél pea62 nnf?
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Chart 1B.5 Examples of Sensors from Wang and Co-workers.

A remarkable contribution to this area has beewrmiby Gabbai’s group, which over
the last few years, has reported many compound@¥p® The presence of the mercury
atom in heteronuclear bidentate boranes (21-23Jigeee spin-orbit perturbation to the
chromophore and gives rise to red emission duehtsghorescence of the dimesityl-

borylnaphthalenediyl moiety. They also observectsglectivity for fluoride in partial
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agueous medium (90/10 (v/v) THF/water mixture) amgh binding constants, and these

compounds can be used as phosphorescent fluoridersg2°

Cst OO

(Mes),B 9 (Mes),B

(21) (22)

N - NMe3
; N\ o, F<_
(Mes)zB (Mes)zB ““H
(23) (23A)

Chart 1B.6 Examples of Phosphorescent Fluoride Sensors.

In order to achieve fluoride binding in aqueous rgthe Gabbai group synthesized
cationic boranes, whose anion affinity is enhanogdavorable Coulombic effects. First
they synthesized cationic borane (24), which readth aqueous fluoride ions under

biphasic conditions (MD/CHCL) to form the corresponding zwitterion (24A) whialas
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stabilized by a CHFB hydrogen bond. Neutral boranes such as;Bldail to capture
fluoride under these biphasic conditions, attestiogthe favorable influence of the

ammonium group on the anion affinity of (24)*®

> OTfe
NMe @
(Mes).B ote® Me;N o
(Mes)zBONMes o
(Mes),B oTf
(24) (25) (26)
o,F—-H :H @® ®
(Mes),B =t NMe Me;N
F\ NC\ ®
Oy e WO
(24A) (25A) (26A)

Chart 1B.7 Some Sensors from Gabbai and Co-workers.

Cations (25) and (26) were synthesized as thdiatwisalts by reaction of the known
aminoborane precursors with MeCG*ffin CHCE, both (25) and (26) react with fluoride
and cyanide ions to the corresponding fluoroborate- cyanoborate-ammonium
zwitterions. However, in methanolic solution thending process was reported to be

selective. For examplegrtho- substituted (25) only complexes fluoride ionsfoom
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(25A) whereagara- substituted (26) complexes cyanide ions to fdne ¢orresponding
(26A). In (25), the increased steric crowding & tioron center prevents coordination of
the larger cyanide anion. The unusual cyanide bogroperties of (26) were assigned to
favorable Coulombic effects, which increase the iseacidity of the boron atom and
strengthen the receptor-cyanide interaction. Tdywahether Coulombic effects could be
used to increase the anion affinity of chelatinigictional boranes, the heteronuclear B-
Hg compound (23) was converted into the correspandmmonium triflate salt. Fluoride
titration revealed a higher binding constant of 6 20* M~ for (23A) as opposed to 1.3 x
10> M™* for its neutral precursor (23). This was attrilsite the lower energy of the
vacant orbitals of the mercury atom, allowing thienmix more efficiently with the boron
orbital and hence leads to an increase in the Lawidity of the mercury center and the

anion affinity of the entire molecuf8.



66

@ ©)
NMe; NMe;
@
B B Me;N B
§® @ @
NMe3 NMe3 NMe3
(27) (28) (29)

Chart 1B.8 Examples of Cationic Trimesityl Boranes.

Cationic analogues of trimesitylborane (s (27-29) were synthesized to further
study the additive effects of multiple cationic gps on the electron deficiency and Lewis
acidity of the boron centéf.The cationic boranes in the form of their trifla@its were
air- and moisture-stable due to the presence ofithertho-methyl groups that sterically
protect the boron center. To better assess thetef@ised by the introduction of multiple
cationic moieties, they decided to investigate tme of (28) and (29) for the
complexation of small anions in water. THé¢ NMR spectra in the presence of KF and
KCN showed that neither (28) nor (29) bind fluoriges in pure water. The high
hydration enthalpy of the fluoride anion and theristprotection of the boron center are
most likely responsible for this lack of reactivifhe dication (28) also failed to react

with cyanide under similar conditions. Howeverewuersible complexation of cyanide ion
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was observed in the case of (29) and could be tsedhe development of water

compatible chemosensors for the highly toxic cyaradion. Thus they concluded that the
electron deficiency and Lewis acidity of triarylbones can be incrementally enhanced
through peripheral decoration of the aryl ligandthwationic groups. This approach can

also be used to increase the anion affinity aneémalubility of the boranes.

1B.3 Water Soluble Polymers

Water solubility in polymers is usually achieved &tyaching polar functional groups
such as carboxyl, anionic sulfonates or quater@amynonium salts to the polymeric
backbone. Water soluble conjugated polymers orugatgd polyelectrolytes (CPES) find
a variety of applications in various biological Ifie such as drug delivery and
biosensorg™ 3 CPEs combine the properties and structural pdiigibiof conventional
polyelectrolytes and conjugated polymers and offeique potential in terms of both
electrical and optical properties. For example,tfednjugated backbone imparts strong
optical absorption and fluorescence, conductivitd an amplified response to external
stimuli due to the delocalized electronic structuhe addition, the polyelectrolyte
functionality imparts water solubility, ionic conchivity, strong intra- and interchain
interactions and interaction with ions in soluti®ecent research has been focused on the

synthesis and properties of conjugated polyelegis) including those containing



68
poly(thiophene), poly(p-phenylene), poly(phenylanglene), poly(phenyleneethynylene)

and poly(fluorene) backbones.

1B.3.1 Conjugated Polyelectrolytes

Recently, Shinkai and co-workers reported a catiomater-soluble poly(thiophene)
(30) based sensor for adenosine triphosphate (ATPhe presence of ATP causes a
significant red shift in the absorption spectrandiag the solution color from yellow to
pink-red. These changes in the absorption specatra wattributed to the combination of
electrostatic and hydrophobic interactions betwibercationic polymer and anionic ATP.
In 2000, Schanze and coworkers reported a fluonescstudy of the polycation (31)
which features side chains functionalized withiéeytamine groupd® The quaternization
of the tertiary amine units was carried out witthyetbromide and the resulting
polyelectrolyte was used in solution and as thimdi to demonstrate the amplified
fluorescence-quenching effect. They also synthdsiaed studied the photophysical
properties of the cationic CPE (32), which featuadsackbone consisting of alternating
phenylene and thienylene unftsThe green fluorescence of the cationic CPE (3% wa
efficiently quenched by anions such as [Fe(@N)and anthraquinone-2,7-disulfonate
(AQS). Swageet al. synthesized polymer (33) by Sonogashira coupfiny.device was

fabricated by the combination of layer-by-layer ogipon of a pH-sensitive polyacrylate
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based dye and the cationic conjugated polymer @h suway that the polymer emission
overlaps with the absorbance band of the dye, filmereencouraging FRET from the
conjugated polymer to the dye. Fluorescence ofilager films was responsive to pH.
For instance, when the conjugated polymer was exet 420 nm, more than 90% of the
polymer fluorescence was quenched at pH 11 dudfimeat fluorescence resonance
energy transfer (FRET) to the fluoresceinamine dylich resulted in an intense red-
shifted emission from the dye. However, at pH @ tlonjugated polymer fluorescence

was strong and no fluoresceinamine emission wasrobd.
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Chart 1B.9 Examples of Water Soluble Conjugated Polymers.
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Polyfluorene based CPEs are another interestirgs @& materials that have recently
gained considerable attention. For instance, Haartgco-workers introduced a cationic,
water-soluble blue-emitting CPE with a backboneststing of alternating fluorene and
phenylene units (34), which was prepared throughost-polymerization modification
approach’ The group of Bazan used various water solubl®giticonjugated polymers
to detect specific DNA sequences via FRET to dpelied probe molecules. Their system
(35) features an electrostatic attraction betwelea positively charged conjugated
polymer and the polyanionic DNA which results inoghdistances between the
conjugated polymer donor and the acceptor-labetedepstrand. The polymer displays a
much higher water solubility due to the presencemoire tetralkylammonium groups
along the polymer chain and the oligo(ethyleneoxjaendant groups on the phenylene
units. In addition, the shorter propyl linkers & fluorene units reduce the hydrophobic

nature of the polymef



NMe;

(35)

Chart 1B.10 Example of a Donor-Acceptor Conjugated Polyelegteol

1B.4 Side-chain Functionalized Organoboron Polymerswith a Dimethylamino

Functionalized Group as the Chromophore

As discussed in Chapter 1, Section 1.2.2.3, théeJgidoup has developed a general
strategy toward the synthesis of well-defined fulinctionalized borylated polystyrene
with controlled architecture, molecular weight atefjyree of functionalization. Using this
strategy we can selectively and quantitativelyaeplthe substituents on the boron center
and hence organoboron polymers with varying progeitan be easily synthesized. For
instance, Paralet al. demonstrated that attachment of bithiophene nesietd the

borylated polystyrene PS-BBleads to strongly luminescent materials that canded as
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chemosensors for the selective and highly efficienognition of fluoride and cyanide.
From the literature it is known that the presentcenoltiple bulky groups like mesityl or
2,4,6-triisopropylphenyl (trip) is sufficient toestcally protect the boron center. Polymers
containing only one mesityl group have been regolye Jakle and coworkers to show
decomposition products after approximately two vgeek solutions when exposed to
air®, whereas compounds with only one trip group apented to be air stabf8.

The strategy of this project was to synthesize gigtgne based side chain
functionalized polymers with quaternizable dime#mglno-functionalized mesityl groups
as extended organiesystems that can effectively overlap with the gmpiorbital on
boron, while a second mesityl group serves to cablyi protect the boron center or to

change the solubility characteristics by quatetiona

1B.4.1 Synthesis

Recently, Parabt al. synthesized redox-active triarylborane polymers stadied their
anion binding. Attachment of bulky substituentsisas mesityl and triisopropylphenyl
groups was achieved by reaction with the respe@itignard reagents.Using a similar
synthetic methodology, we attempted the incorponatf dimethylamino-functionalized
mesitylborane groups as the chromophores intoitleechain of polystyrene. The general

synthetic strategy for both model systems and petgns shown in Scheme 1B.1.
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Scheme 1B.XGeneral Strategy for the Synthesis of Triarylbor@oenpounds.

1B.4.1.1 Synthesis of Model Compounds

For the synthesis of (43), dibromoborane compow®) (vas treated with a slight
excess (2.3 equiv.) of methoxytrimethylsilane in,CH as the solvent (Scheme 1B.1)
The reaction was allowed to proceed for 2 h at re@mperature, after which all volatile
components were removed under high vacuum. Thermetiate (38) was then
redissolved in THF and to this THF solution wasetldn excess of the Grignard reagent
(41) dropwise. Upon addition of the Grignard, amiedliate color change from colorless
to yellow-green with a greenish yellow emission wéserved. This solution was then
heated in a Schlenk tube at 110 °C for a period%fd and monitored by'B NMR
spectroscopy to confirm conversion of (38) to (4&hile no color change was observed

upon completion of the reactiofB NMR spectrum of the crude product (43) revealed a
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broad peak in the region of ~ 70 ppm, which is i@ thgion typical of dimesityl boron
containing compound®.*H NMR and GC-MS analysis of the crude product aoméid
the presence of the desired product and in addaisn showed the presence of free
N,N,3,5-tetramethylaniline, which was removed by caturohromatography using
hexanes as an eluent. The latter results from kygisoof the excess Grignard reagent
used.

For the synthesis of the unsymmetric compounds &8d) (52), the boronic ester (38)
was first treated with one equivalent of mesityligdard reagent (40). The reaction
mixture was stirred for ca. 20 h at ambient temioeea The selectivity and formation of
the desired mono-substituted intermediate (48) emmined by'H and B NMR
spectroscopy. Th&B NMR spectra showed the presence of a peak ap#avfpr (48),
which is distinctly downfield shifted in comparisém that at 30 ppm for (38YH NMR
confirmed the selective formation of (48) with taamounts (less than 5 %) of free
mesitylene as the only other product. A large exeadsthe Grignard reagents, (41) and
(42) was added to ensure substitution of the secoeithoxy group by the desired aryl
group with formation of compounds (50) and (52§pextively. The reaction was stirred
at room temperature for 1 h and then heated td €l a Schlenk tube for a period of 20
days and monitored by NMR spectroscopy. Even ugaction at 110 °C for a longer

period of 1 month, the substitution did not occampletely as expected, which is
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evidenced by the presence of'aB NMR peak at 47 ppm (~ 5 %) in addition to the peak

for the desired product at around 70 ppm (~ 95 %):-NES analysis of the crude product
(50) confirmed the presence of the desired prodmct in addition also showed the
presence of fre&l,N,3,5-tetramethylaniline, trace amounts of symmetampound (43)
and unsymmetric compound (52). GC-MS analysis ofler(52) confirmed the presence
of the desired product and showed the presenceeef I-(3,5-dimethylphenyl);N-
dimethylmethanamine along with compound (47) (adouh %). Formation of the
symmetric compounBuPhB(Mes) was not observed in the case of (52). The crude
compounds were purified by column chromatographpgusilica gel as the stationary
phase and hexanes as the eluent to obtain (50bahas solids in 45 % and 36 % yields,
respectively. In addition to passing compound (#8pbugh a silica gel column with
hexanes it was further purified by recrystallizatipom hexanes and isolated as yellow
colored solid in 25% vyield.

A similar approach was used for the synthesis @).(&he intermediate (38) was
treated with one equivalent of (41) and the reactioxture was stirred for ca. 20 h at
room temperature. The mono-substituted intermed# was examined byH and*'B
NMR spectroscopy. A single peak at around 47 pprs whserved in thé'B NMR
spectra. HoweverH NMR of compound (45) showed the presence of teaneunts of

freeN,N,3,5-tetramethylaniline (less than 2 %) in additiorthe desired species (45). For



77

the second substitution, a large excess of (42) adaked. The reaction was stirred at
room temperature for 1 h and then heated to 11 @Schlenk tube for a period of 30
days and monitored by NMR spectroscoplie 'B NMR spectrum of (47), showed the
presence of two peaks; a peak at around 70 ppm @%)9%orresponding to the desired
product and an additional peak at 47 ppm (~ 5 %xkwis tentatively attributed to the
mono-methoxy substituted compound (45). This inéidancomplete installment of the
aryl groups on to the boron center. Although a &nm@rcentage of starting
material/intermediate was observed after 4 weekseattion time, the reaction was
worked up by removal of the volatile componentsarudgh vacuum. GC-MS analysis of
crude product (47) confirmed the presence of trsirele product (~ 50 %) along with the
symmetric bis-substituted compoufBuPhB(MesCHNMe,), (~ 50 %). In addition it
also showed the presence of 8, 3,5-tetramethylaniline, 1-(3,5-dimethylpheni{)N-
dimethylmethanamine, and a small amount of (52)s Tdicates that the initial reaction
of (38) with Grignard (40) may have been incompldtee crude product was extracted
with hexanes and isolated by column chromatograpiey silica gel using ether as the
eluent.

High-resolution MALDI-TOF spectra of the isolatecbdel compounds were acquired
in positive ion mode using-cyano-4-hydroxycinnamic acid as the matrix. Thiegveed

the molecular ion peaks with the expected isota@items, thus confirming the chemical
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composition of these compounds. However, the poesef small amounts of bis-
substituted compound (43) was also observed inc#ise of (47) and (50). ESI mass
spectrum obtained for the compound (52) in acattmitconfirmed the presence of the

desired product.
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Scheme 1B.Synthesis of Dimethylamino Functionalized Triaryllmoe Compounds.

1B.4.1.2 Synthesis of Polymers

For the synthesis of PSB(MesNMg(44), we used a similar approach as for the model
compound (43), where both bromines of PS-Blere first replaced with methoxy
groups and the intermediate, PSB(OME9), was then reacted with an excess of (41).
The reaction was stirred at room temperature fér 4nd then heated to 110 °C in a
Schlenk tube and was monitoredt8 NMR spectroscopy. After 4 weeks, tH8 NMR
spectrum of (44) revealed a major peak at aroundd0 (~ 95 %) with a minor peak at
40 ppm (~ 5 %) which suggests incomplete substitubio the boron centers i.e. one of
the methoxy groups were still present on some@btbron centers in the polymer chain.

For the synthesis of (51) and (53), the bismethoxgrmediate (39) was treated with
one equivalent of mesityl Grignard reagent (40)e Téaction mixture was stirred for ca.
24 h at ambient temperature. The selectivity offation of the desired mono-substituted
intermediate (48) was examined ¥y and*'B NMR spectroscopy. ThHEB NMR spectra
shows the presence of a distinctly downfield sHifpeak at around 40 ppm for (49) in
comparison to 30 ppm for (39). The attachmentmiesityl group on the boron center
was also reflected in th#d NMR spectra. The protons imetaposition of the mesityl

moiety can be clearly observed as a broad peak7apfin. In addition, several sharp
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peaks were observed which can be assigned todgharfesityleneA large excess of the
Grignard reagents, (41) and (42), respectively, a@dded to ensure substitution of the
second methoxy group by the desired aryl groupbtain polymers (51) and (53). The
reaction was stirred at room temperature for 1 dhthen heated to 110 °C in a Schlenk
tube for a period of 20 days and monitored by NNdBcsroscopy. Even upon reaction at
110 °C for over a month, the substitution did notwr completely as expected, which is
evidenced by the presence of'aB NMR peak at 40 ppm (~ 5 %) in addition to the peak
for the desired product at around 55 ppm (~ 95 %).

All the polymers were isolated by silica gel colurdnromatography using THF as
eluent to remove the magnesium salts followed bitipi& precipitations into ethanol.
Polymers (44) and (51) were isolated as brightoyelsolids in ca. 25% yield, whereas
polymer (53) was isolated as a colorless solid i@ %byield. All three polymers showed
moderate to low solubility in common organic soligeehike CHCl,, THF and toluene.

Detailed syntheses are described in the experiinsedton.
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1B.4.2 Structural Characterization
1B.4.2.1 Multinuclear NMR Spectroscopy

The polymers and their respective molecular modempmounds were fully
characterized byH, *C, and*'B NMR spectroscopy (Table 1B.1). The presence of a
broad signal at about 50-60 ppm in tH8 NMR spectra is typical of triarylborane
compounds. However, in comparison to the model @amgs, which represent one
repeating unit of the polymer chain, a significapfield shift of the''B NMR resonance
of about 10-15 ppm was observed (Figure 1B.2). [Blter is tentatively attributed to
additional shielding effects due to neighboring up® on the polymer chain and is
consistent with prior observations for polymershaftithiophene as well as ferrocene
containing pendant groups. In the case of the petgmthe presence of a small peak
between 30-40 ppm is most likely due to incompsetiestitution at the boron center after
addition of the aryl Grignard reagents. This inctetg substitution may lead to
hydrolysis which may form B-O-B cross-links; the @amt of which could not be

determined frontH and*'B NMR spectroscopy.
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Figure 1B.2Comparison of th&'B NMR Shifts of (43) and (44).

Table 1B.1'B NMR Shifts (ppm) and Halfwidthsa,) (Hz) of Organoboron Polymers

and Molecular Model Compounés.

Molecular Model  5(*'B) / wa» Polymers OMB) [ wap
(43) 7211440 (44) 58/ 2040
(50) 71 /1475 (51) 54 / 2005
(52) 7311760 (53) 56 / 2080
(47) 72 /1800

[a] Data were obtained at RT in CRCta. 8 x 10° M).

The'H NMR spectra of all the polymers feature very broaerlapping signals in both
the aromatic and aliphatic regions that are expefttean atactic polymer structure. Also,
the *C NMR spectra correlate well with those of the noalar models and thus further
confirm the structure of the polymers with boraneoigties containing amino

functionalized substituents (Figure 1B.3 and 1B.4).
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1B.4.2.2 Molecular Weight Determination

The molecular weights of all the polymers were wred by gel permeation
chromatography (GPC) in THF. Polymer (53) was &ddn the presence of 5 wt %
triethylamine in THF to minimize interactions ofettamino groups with the column
material. The molecular weights relative to polyshe standards were found to be in the
range expected on the basis of the MW of the peiydethylsilyl)styrene precursor.
However, the band for (53) is strongly broadenedlygispersity (PDI) of 2.8),

presumably due to interaction with the column mater

Table 1B.2Molecular Weight Data for the Polymers ObtainedrfrGPC.

Polymer My Mn DP (M) PDI
(36) 28860 26000 148 1.11
(44) 75590 / 30990 69550 (70%) / 170/ 68 1.08/1.11
27890 (30%)
(51) 114700/ 87110 (60%) / 228 /58 1.32/1.31
29240 22360 (40%)
(53) 80930 28950 73 2.80

A high molecular weight shoulder was observed #t) (and (51) and a Gaussian fit

suggested that the MW of this fraction is abouthdeuthat of the main peak (Figure
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1B.5). This bimodality may be due to incompletestitbtion on the boron centers with
aryl groups, which could potentially lead to thenfiation of B-O-B linkages giving rise
to the higher molecular weight polymer. An alteivatexplanation may be that homo-

coupling at the Br end groups may have occurretiqahcoupling) to a small extent.

1.2 1

0.8 1

—51

0.6 1

0.4 1

0.2 1

12 14 16 18 20 22 24
Elution Time (min.)

Figure 1B.5 Gel Permeation Chromatography (refractive indetecter) Traces of (44)

and (51).

1B.4.2.3 Determination of the X-ray Structure of MBEMesNMe,), (43)

The x-ray structure determination was performedyelow-green single crystals of
(43) obtained from hexanes at —20 °C. (43) crygtslin the orthorhombic space group

Pna2(1) and its structure is shown in Figure 1Bl3 Boron center adapts a trigonal
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planar geometry as indicated by the sum of all bamgles which is equal to 359.9°. The
B(1)-C(3) = 1.576(3) A and B(1)-C(14) = 1.573(3)bAnd lengths in MB(MesNM#
are similar to the B(1)-C(8) bond length to the mpiering (1.569(3) A) and almost
identical to the B-C(Mes) bonds in M&#h (1.579(2) Af? However, they are slightly

longer than the B-C(aryl) bond ip-Mes:B-CsHs-NMe,) (1.545(2) A)’

Figure 1B.6 Molecular Structure of (43) (ORTEP, 50% probabjlitlydrogen Atoms
are Omitted for Clarity. Selected Bond Lengths §&)l Angles (deg): B1-C8 = 1.569(3),
B1-C3 = 1.576(3), B1-C14 = 1.573(3), C8-B1-C3 = DB%17), C8-B1-Cl4 =

121.81(17), C3-B1-C14 = 123.15(18).
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1B.4.2.4 Photophysical Properties in Solution

As shown in Figure 1B.7 and Table 1B.3, all fourd@locompounds and polymers in
CH.Cl, solution exhibit several intense absorption bandghe UV-visible region. For
instance, (43and(44) absorb af\,,s = 381 and 384 nm, respectively, and emit bright
yellow-green light akem = 521 and 501 nm. The absorption spectra of comie47),
(50) and (51) in CbLClI, solution are quite similar. For all these compourttie high
energy absorption band at< 280 nm is assigned tomarn* transitions, while the low
energy absorption band in the region of 350-400cambe attributed to a charge transfer
transition between the amino group and the borotece

In contrast, (52) and (53) show absorption bandgp,at 305 and 307 nm, respectively,
and do not show any charge transfer absorptioten350-400 nm region, due to the
presence of a methylene spacer that breaks thagaign.The fluorescence spectra for
(52) and (53) consist of a broad bandigh = 405 nm and 390 nm, respectively.
Additionally, more intense low energy bands at agjmnately 509 nm for (52) and 485
nm for (53), respectively, were also observed. &itlee compounds bear a very close
resemblance ttBuCsH.B(Mes), the high energy bands at 405 nm and 390 nm can be
attributed to the desired products (52) and (53spectively (the compound

'BuCsH4B(Mes), shows an emission atm = 387 nm Xexc= 310 nm)); while the low
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energy bands at 509 nm and 485 nm may be due taritres such as a small amount of

(50) or a similar conjugated species.

@

— MB(MesNMe,), (43)

— PSB(MesNMe,), (44)

== MB(Mes){MesNMe,) (50)
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——PSB(Mes)(MesCH,NMe,) (53)

— MB(MesNMe,)(MesCH,NMe,) (47)
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Figure 1B.7 Comparison of (a) the Absorption Spectra and (b)Emission Spectra of

(43), (44), (47), (50), (51), (52) and (53) in &, Solution.
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Table 1B.3Comparison of Photophysical Properties of Polynaa Model Compounds.

Polymer (44) (51) (53)

Aabs (NMY? 381 380 310

¢ (L moem™) 21830 9330 14700

Aem (NMFP 501 508 390, 485

D (%)° 9.0 10.3 3.9

Model (43) (50) (52) (47)
Aabs (NMY? 384 379 306 380

¢ (L moem™) 23885 14950 17720 10630
Aem (NMY° 521 534 403, 509 532
D (%)° 35 6.1 3.9 6.6

2 Data were acquired in GBI, solution (3.2 x 10 M of boron functional groups?.
Excited at the absorption maxinf@nthracene used as a standard.

The absorption and the emission data of the mixedemnsystems (47) and (50) are
quite similar to one another. This similarity indlies that the presence of the
dimethylamino functionalized mesityl group attacliedhe boron center leads to charge

transfer and therefore dominates the absorptioreamidsion characteristics.
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1B.4.2.5 Solvatochromism

The fluorescence spectra of compounds (43), (44), (50) and (51) display highly
solvent-dependent emission, characteristic of dawcoeptor charge transfer. The
emission energy for these compounds shifts to a&ldoemergy with increasing solvent
polarity, which is consistent with the presencadfighly polarized excited state® The
positions of the absorption bands for all the coomus are independent of solvents. In
contrast to the absorption bands, the positioh@fimission band is solvent dependent.

When the solvent is changed from toluene to THEEBECI, to DMF, the emission
maximum of all the compounds shifts to a longer elength, as shown in Figure 1B.8.
For example, in toluene solution, the emissigg of (43) is 475 nm, while in CiCl,
and DMF, the emissioimax becomes 521 and 573 nm, respectively. The emission
quantum efficiency of all the compounds decreaséh wcreasing solvent polarity
(Table 1B.4). This trend of the solvent-dependemission energy and decrease in
guantum efficiency is consistent with the behawbthree-coordinate boron compounds
reported by Wangt al. and Marderet al” For instance, Marder and coworkers have
reported tricoordinated p{R-Phenyl)-dimesityloorane based domeacceptor
compounds.p-Mes,B-C¢Hs-NMe, exhibits an emission at 368 nm in cyclohexane. A

siginificant red shift was observed from 368 nntyelohexane to 465 nm in CH{and



506 nm in acetonitrile, whereas only a subtle sulvéependence is observed in the

absorption maximakfax = 354 nm in cyclohexane and 361 nm in THF).

Table 1B.4Comparison of Photophysical Properties of Polynaeids Model Compounds

in Various Solvents.

Compounds Toluene THF DCM DMSO
hem(nm) / P (%)
MB(MesNMey), 473/20.0 516/12.3 521/3.6 573/4.8
(43)
PSB(MesNMe), 476/185 502/13.4 502/9.0 535/ 4.7
(44)
MB(Mes)(MesNMg) 484 /13.2 530/7.2 534/6.1 590/3.3
(50)
PSB(Mes)(MesNMg 485/ 16.0 516/9.2 508 /10.3 536/7.1
(51)
MB(MesNMe,) 489/24.0 532/141 532/6.6 592/7.0

(MesCHNMe,) (47)
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Figure 1B.8(a) Comparison of the Absorption and Emission Speat MB(MesNMe),
(43) in different solvents. (b) Comparison of thésarption and Emission Spectra of
PSB(MesNMeg), (44) in different solvents. (c) Comparison of thdsArption and
Emission Spectra of MB(Mes)(MesNMg50) in different solvents. (d) Comparison of
the Absorption and Emission Spectra of PSB(Mes)ids,) (51) in different solvents.
(e) Comparison of the Absorption and Emission Spect of

MB(MesNMe,)(MesCHNMey), (47) in different solvents.
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1B.5 Borylated Polystyrenes as Anion Sensors

To explore the potential use of both molecular nedend polymers in anion
recognition, we performed a comparative study inctvla solution of each model and
polymer was treated under identical conditions wittD-fold excess of fluoride, chloride,
bromide, nitrate, and cyanide, respectively. Thetgbhysical response was monitored by
UV-visible absorption and emission spectroscopyniexamination of the absorption
and emission data, it is evident that fluoride agednide bind strongly to these boron
compounds, while the other anions showed no sggmtiresponse (Figure 1B.@abbai
and coworkers studied cyanide binding of compow2®) n HO at pH 7 by UV-vis
spectroscopy. They observed that addition of cyanid this solution results in
progressive quenching of the absorbance at 30/dioating binding of the cyanide ion
to the boron center. They also note that (29) ghllyi selective for cyanide and fails to
bind F, CI', Br, I, OAc, NOs", H,PO4 and HSOA4.

Upon addition of a large excess (~10 equiv.) flderand cyanide, the absorption
spectra of all the polymers showed the developroét new band at around 300 nm,
which is assigned to the complexed borane spe&itsss intense band at around 385 nm
was also observed. The origin of this band is mhedrcbut could be due to impurities in
the polymer as also found BYB NMR spectroscopy. A similar trend is observedhia

emission spectrum where a significant decreaseeiemission intensity is observed upon
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addition of large excess fluoride and cyanide andlight blue shift of ~40 nm is
observed. Again, an additional band was found a#t8@ nm, which is likely due to the

presence of uncomplexed organoborane sites of Ibexgis acidity (RB-OR).
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Figure 1B.9 Comparison of Photophysical Properties of Modelt&ys and Polymers

upon Titration with ~10 Equiv of Different Anions ¢Bane Source = ~3.2 x TM per

repeat unit for polymers, Fluoride Source = ~3.D%X 1 ).

1B.6 Conclusions

We have attempted the incorporation of dimethylamfimctionalized mesityl groups
as chromophores into the side chain of polystynesiag Grignard reagents. However,
aryl-transfer in the case of polymers and modelesys was not very selective. All the
polymers and model compounds with dimethylaminoctiamality display bright green
luminescence depending on the substitution on trerbcenter. Anion binding studies
indicate that the presence of these Lewis acidiorbonoieties can be exploited for
sensing of nucleophiles based on changes in thesemi properties. Future work may
involve further optimization of the post-polymetimam modification methods to achieve
higher degrees of functionalization and the quaeation of amino groups to achieve

water solubility.



106

1B.7 Experimental Section
1B.7.1 Materials and Instrumentation

2,6-Dimethylaniline, 3,5-dimethylaniline, N-bromaxinimide, sodium hydride,
methyl iodide, anhydrous dimethylformamide, J8®Me (98%),t-BuLi (1.7 M in
pentane), [BuN]CI, [BusN]Br, [BusN]JCN, and Mg (turnings, 99.9%) were purchased
from Acros. BBg (99+%), [BuN]NO3, and [BUN]F (1M in THF) from Aldrich. BBg
was further purified by vacuum distillatio@aution! BBrs is toxic and highly corrosive
and should be handled appropriately with great cdfiorinated grease was used for
ground glass joints in all reactions involving botobromide. The compounds 4-bromo-
3,5-dimethylbenzaldehyd® and (4-tert-butylphenyl)trimethylsilaffe were synthesized
according to literature procedures. 4-brohdk3,5-tetramethylanilif® and 1-(4-bromo-
3,5-dimethylphenyl)-N,N-dimethyaminomethylbenzenaswobtained by adaptation of a
literature procedure for the synthesis MfN-dimethylated tertiary aminé$. Poly(4-
trimethylsilylstyrene) (36) oM, = 26,450 ;M,, = 29,200;PDI = 1.10 (GPC-RI) was
prepared as previously reportéd.*” All reactions were carried out under inert
atmosphere using Schlenk techniques or a glove(lomovative Technologies). Ether,
hydrocarbon and chlorinated solvents were treasedescribed in Chapter 1A prior to
use. All reactions and manipulations were carried im a similar manner to that

described in Chapter 1A. Detailed description of Rilbbreviations, elemental analyses,
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GPC analysis, DSC and TGA analysis can be founthé experimental section of
Chapter 1A.

Solution UV-visible measurements were performe@hiCl, using a Varian Cary 500
scan UV-Vis-NIR spectrophotometer with a 1 cm quanvette. The fluorescence data
were measured on a Varian Cary Eclipse Fluorescepeetrophotometer with the same
solutions as those used in the UV-visible measunsneAnthracene was used as the
standard for determination of the quantum yield¥. (Sample solutions were prepared
using a microbalance (0.1 mg) and volumetric gl@ss. The quantum yield was
calculated by plotting a graph of integrated flsmence intensity vs. absorbance of at
least four solutions with increasing concentratiorhe gradient of the graph is
proportional to the quantum vyield. The formula usedalculate the absolute quantum
yield is ® = ® standard x Gradient compound / Gradient standg&ndhy diffraction
intensities were collected on a Bruker SMART APERITdiffractometer afl = 100(2)

K using Cukx (1.54178 A) radiations. SADAB or numerical absorption correction
was applied; the structure was solved using direct oath completed by subsequent
difference Fourier syntheses, and refined by fudknn least squares procedures

All non-hydrogen atoms were refined with anisotoogdisplacement coefficients. The H
atoms were placed at calculated positions and vedieed as riding atoms. All software

and source scattering factors are contained irSHIELXTL program packag®€.GC-MS
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spectra were acquired on a Hewlett Packard HP &9i@s GC system equipped with a
series 5973 mass selective detector and a sel@sif@ctor. A temperature profile with
a heating rate of 20 °C/min from 50 °C to 300 °Gswaed. MALDI-TOF and ESI data
were obtained on an Apex-ultra 70 hybrid fouriemsform mass spectrometer (FTMS)

(Bruker Daltonics)a-Cyano-4-hydroxycinnamic acid were used as theiosstr

1B.7.2 Synthesis and Data for Precursors and Mod€lompounds

Synthesis of (42)To a solution of triethylamine (6.0 mL, 43.0 mmiwi)ethanol (15.0
mL) were added dimethylamine hydrochloride (3.521 ¢3.0 mmol) and
titanium(lV)isopropoxide (13.0mL, 43.0 mmol). Thesultant suspension was poured
into a flask containing 4-bromo-3,5-dimethylbenzdigde (4.33g20.3 mmol). After 24
hours of continuous stirring at 25°C, sodium bodyide (1.2g, 30 mmol) was added and
the solution stirred for another 24 h. The reacteams then quenched with aqueous
ammonia (2N, 200 mL), and the resulting inorgamecpitate was filtered and washed
with CH,Cl,. The combined dichloromethane layers were drieér ok,CO; and
concentrated in vacuo. The product (1-(4-bormoeBmdethylphenyl)N,N-
dimethylmethanamine) was chromatographed on gsjetghexane/triethylamine, 100:1)
to yield a clear yellowish oil (3.71g, 75%} NMR (499.893 MHz, CDG): = 7.02 (s,

2H, Ph,, 3.31 (s, 2H, Ch), 2.41 (s, 6H, Ch), 2.24 (s, 6H, NMg; *C NMR (125.69
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MHz, CDCk): 5= 138.2 (Php), 137.5 (Ph 2,6), 129.0 (Ph 3,5), 126.1 (Pt63.9 (CH)

45.6 (NMe), 23.9 (CH); GC-MS ¢ = 8.98 min):m/z (%): 241 [M'] (100). THF (20.0
mL) was added to magnesium turnings (0.31 g, 0.0d®ol). 1-(4-bormo-3,5-
dimethylphenyl)N,N-dimethylmethanamine (1.54 g, 0.0064 mmol) was taéded and
the resulting suspension stirred and activatedgu&i@-dibromoethane. An exothermic
reaction took place and the reaction mixture wiaesttat ambient temperature. After 1 h,
the cooled reaction mixture was stirred at 60 C3fb.. The reaction mixture was filtered
and the filtrate was used directly.

Synthesis of (43)Me;SiOMe (0.41 mL, 2.97 mmol) was added dropwise $olation
of 'BUPhBBS (0.36 g, 1.19 mmol) in C¥l, (5 mL). The reaction mixture was stirred for
2 h. All volatile components were removed undehhigcuum. The solid was taken up in
THF (10 mL), and a solution of (41) (0.5 M in THE).O0 mL, 10 mmol) was added. The
reaction mixture was stirred at room temperature3fd min and then heated to 110 °C
for 15 days. The solvent was removed under higlhiwarcto leave behind a yellow solid
that was extracted with hexanes. Purification lpeeted extraction with hexanes and
crystallization from hexanes gave the product efthrm of yellow-green crystals (0.130
g, 25 %). For (43)*'B NMR (160.386 MHz, CDG): = 72 ppm W = 1440 Hz);*H
NMR (499.893 MHz, CDG): 0= 7.47 (d3J= 8.5 Hz, 2H, P}, 7.33 (d2J= 8.5 Hz, 2H,

Phy), 6.40 (s, 2H, MesNMg), 2.98 (s, 6H, NMg), 2.00 (s, 6H,0-Me), 1.35 (s, 9H,
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CMey); °C NMR (125.69 MHz, CDG): J = 154.5 (P}), 150.9 (MesNMg), 144.7
(Ph), 142.8 (PH, 136.3 (MesNMg), 134.3 (MesNMg), 124.6 (Ph), 111.4
(MesNMey), 40.3 (NMe), 35.0 CMe3), 31.4 (Me3), 24.4 O-Me); UV-Vis (Toluene,
3.4 x 10° M): 387 nm &= 26,727); fluorescence (Toluene, 3.4 X°14): Aem max= 473
nMm, @ = 0.12 fexc= 387 nm); UV-Vis (THF, 3.4 X T8 M): Anax= 264 nm €= 36,088),
387 nm €= 20,819); fluorescence (THF, 3.4 X 1M): Aemmac= 516 NM,@ = 0.12 fexc
= 387 nm); UV-Vis (CHCly, 3.2 x 10° M): Amax= 268 nm € = 45,288), 384 nme(=
23,884); fluorescence (GBI, 3.2 X 10° M): Ademmax= 521 nm, @ = 0.036 flexc= 384
nm); UV-Vis (DMSO, 3.5 x 10 M): Amax= 269 nm € = 34,336), 391 nme&(= 16,867);
fluorescence (DMSO, 3.5 x TOM): Ademmax= 573 NmM,® = 0.048 fexc= 391 nm);High
resolution MALDI-TOF (positive mode, matrixi-Cyano-4-hydroxycinnamic acid): m/z
= 440.3362 (calcd for £gH34BN, 440.3363); elemental analysis: calculated C 8180,
9.38, N 6.36; found C 81.38, H 9.29, N 6.26.

Synthesis of (50)Me3SiOMe (0.2 mL, 1.46 mmol) was added dropwise tolate®n
of 'BUPhBB& (0.19 g, 0.63 mmol) in C¥l, (5 mL). The reaction mixture was stirred for
2 h. All volatile components were removed undehhigcuum. The solid was taken up in
THF (10 mL), and a solution of (40) (0.5 M in THE33 mL, 0.65 mmol) was added. The
reaction mixture was stirred at room temperature2# h. The solvent was removed

under high vacuum to leave behind a colorless selich was then extracted with
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toluene to remove insoluble salts. For (488 NMR (160.386 MHz, CDG): J = 47

ppm; *H NMR (499.893 MHz, CDG): d= 7.55 (d,°J= 8.0 Hz, 2H, P}, 7.30 (d,2J=
8.0 Hz, 2H, Ph), 6.81 (s, 2H, Mes), 3.68 (s, 3H, OCH), 2.28 (s, 3Hp-Me), 2.09 (s,
6H, 0-Me), 1.26 (s, 9H, CMg. Without further purification, this colorless gblwas
dissolved in THF (5 mL), and a solution of (41)aBx10™* moles/g in THF, 5.7 mL, 3.1
mmol) was added. The reaction mixture was stirted@mn temperature for 1 h and then
heated to 110 °C for 15 days. The solvent was reshawnder high vacuum to leave
behind yellow solid and the residue was extractétl inexanes. The crude product was
kept under high vacuum at 80 °C to remove volaiigurities such as\,N,3,5-
tetramethylaniline to give pure product as a yelpwen crystalline material (0.115 g,
45%). For(50): B NMR (160.386 MHz, CDG): o= 71 ppm \, = 1475.8 Hz)'H
NMR (499.893 MHz, CDG): 0= 7.46 (d2J= 8.5 Hz, 2H, P}, 7.33 (d2J= 8.5 Hz, 2H,
Phy), 6.81 (s, 2H, Mag), 6.40 (s, 2H, MesNMg), 3.00 (s, 6H, NMg), 2.32 (s, 3Hp-
Me), 2.04 (s, 6H0-Me), 2.01 (s, 6H0-MesNMe), 1.34 (s, 9H, CMg; °C NMR
(125.69 MHz, CDGJ): J= 155.0 (Pp), 151.2 (MesNMg,), 143.8, 143.7, 140.4, 137.9,
136.5, 127.9, 124.8, 111.5, 40.3 (\§)}685.0 CMes), 31.5 (Mes), 24.6 p-Me), 23.5 ¢-
MesNMe-Me), 21.4 p-Me); UV-Vis (Toluene, 3.2 x I8 M): Amax= 284 nm £ =
9,315), 311 nm&= 9,191), 381 nm&= 13,817); fluorescence (Toluene, 3.2 X°11):

Aem.max= 484 nm,@ = 0.13(Aexe= 381 nm); UV-Vis (THF, 3.2 x I8 M): Amax= 268 nm
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(£=26,109), 309 nme(= 9,435), 381 nme= 13,858); fluorescence (THF, 3.2 X 1M):
Aemma= 530 NM,® = 0.072 flexc= 381 nm); UV-Vis (CHCl,, 3.1 x 10° M): Amax= 269
nm (£ = 28,768), 308 nmg(= 10,896), 379 nmg(= 14,946); fluorescence (GAl,, 3.1 X
10° M): Ademmax= 534 nm,@ = 0.061 fexc= 379 nm); UV-Vis (DMSO, 3.2 x I® M):
Amax = 269 nm € = 24,732), 310 nmg(= 9,050), 385 nmg = 13,048); fluorescence
(CH,Cly, 3.2 X 10° M): Aemmax= 590 Nm, @ = 0.047 (Aexc= 385 nm); GC-MStE27.7
min): m/z (%): 411 [M'] (56), 262 [M-MesNMe)] (100); High resolution MALDI-TOF
(positive mode, matrixa-Cyano-4-hydroxycinnamic acid): m/z = 411.3093 ¢dafor
CooH3sBN 411.3097); elemental analysis: calculated C &4t 9.31, N 3.40; found C
82.49, H 9.09, N 3.38.

Synthesis of (52)Me;SiOMe (0.21 mL, 1.50 mmol) was added dropwise $olation
of 'BUPhBBE (0.2 g, 0.65 mmol) in CkTl, (5 mL). The reaction mixture was stirred for
2 h. All volatile components were removed undehhigcuum. The solid was taken up in
THF (10 mL), and a solution of (40) (0.5 M in THE34 mL, 0.67 mmol) was added.
The reaction mixture was stirred at room tempeeatar 24 h. The solvent was removed
under high vacuum to leave behind a colorless selich was then extracted with
toluene to remove insoluble salts. For (488 NMR (160.386 MHz, CDG): J = 47
ppm;*H NMR (499.893 MHz, CDG): d= 7.55 (d,°J= 8.0 Hz, 2H, P}, 7.30 (d,2J=

8.0 Hz, 2H, PR), 6.81 (s, 2H, Mag), 3.68 (s, 3H, OCH), 2.28 (s, 3Hp-Me), 2.09 (s,
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6H, 0-Me), 1.26 (s, 9H, CMg. Without further purification, this colorless solidas

dissolved in THF (5 mL), and a solution of (42)2®.M in THF, 20.0 mL, 4.4 mmol)
was added. The reaction mixture was stirred at rtemperature for 1 h and then heated
to 110 °C for 20 days. The solvent was removed uhigh vacuum to leave behind
colorless solid and was extracted with hexanesfi€ation by column chromatography
using silica as the stationary phase and hexantgealvent gave the pure product as a
white solid. (0.100 g, 36%). F¢52): 'B NMR (160.386 MHz, CDG): J= 73 ppm {2

= 1760 Hz);*H NMR (499.893 MHz, CDG): = 7.47 (d3J= 8.0 Hz, 2H, P}, 7.37 (d,
3= 8.0 Hz, 2H, Ph), 6.94 (s, 2H, Mag), 6.83 (s, 2H, MesCHNMe,,), 3.39 (s, 2H,
CH,), 2.32 (s, 3H,p-Me), 2.29 (s, 6H, NMg, 2.05 (s, 6H,0-Me), 2.03 (s, 6H0-
MesCHNMey), 1.34 (s, 9H, CMg; *C NMR (125.69 MHz, CDG): J = 154.5 (Pp),
144.1 (MesCENMey), 142.5 (Med, 141.8 (Ph), 141.1 (MesChNMey,), 140.8 (Mes),
139.4 (MesCHNMe,;), 138.6 (Mes), 136.9 (Ph), 128.3 (MesChNMey,), 128.2
(Mesy), 125.0 (Ph), 64.7 (CH), 45.8 (NMe), 35.2 CMey), 31.4 (Mes), 23.7 6-Me),
21.4 p-Me); UV-Vis (CHCly, 3.3 X 10° M): Anax= 268 nm £ = 13,766), 306 nme(=
17,717); fluorescence (GBly, 3.3 x 10° M): Aem.max= 509 nm,® = 0.039 fexc= 306
nm); High resolution MALDI-TOF (positive mode, matrix:-Cyano-4-hydroxycinnamic

acid): m/z = 426.3334 [H] (calcd for GoH40BN 425.3254).
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Synthesis of (47)Me;SiOMe (0.26 mL, 1.89 mmol) was added dropwise $olation

of 'BUPhBB& (0.25 g, 0.82 mmol) in C¥l, (5 mL). The reaction mixture was stirred for
2 h. All volatile components were removed undehhigcuum. The solid was taken up in
THF (10 mL), and a solution of (41) (0.27 M in THE&,L mL, 0.82 mmol) was added.
The reaction mixture was stirred at room tempeeatar 24 h. The solvent was removed
under high vacuum to leave behind a colorless selich was then extracted with
toluene to remove insoluble salts. For (488 NMR (160.386 MHz, CDG): J = 48
ppm; *H NMR (499.893 MHz, CDG): d= 7.64 (d,°J= 8.0 Hz, 2H, P}, 7.35 (d,3J=
8.0 Hz, 2H, Ph), 6.47 (s, 2H, MesNMg), 3.75 (s, 3H, OCH), 2.29 (s, 6H, NMg), 2.16

(s, 6H,0-Me), 1.32 (s, 9H, CMg. Without further purification, this colorless gbwas
dissolved in THF (5 mL), and a solution of (42)1®.M in THF, 20.0 mL, 2.4 mmol)
was added. The reaction mixture was stirred at rtemperature for 1 h and then heated
to 110 °C for 30 days. The solvent was removed uhigh vacuum to leave behind
yellow solid and was extracted with hexanes. Purification byimol chromatography
using silica as the stationary phase and etheheasdlvent gave the pure product as a
white solid. (0.150 g, 40%). For (47}B NMR (160.386 MHz, CDG): = 72 ppm /2

= 1800 Hz);*H NMR (499.893 MHz, CDG): = 7.45 (d3J= 7.0 Hz, 2H, P}, 7.34 (d,
3= 7.0 Hz, 2H, Ph), 6.90 (s, 2H, MesCH\Me,y), 6.39 (s, 2H, MesNMg), 3.39 (s,

2H, CHb), 2.99 (s, 6H, MesNMg, 2.29 (s, 6H, MesC#NMe,), 2.05 (s, 12Hp-Me), 1.34
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(s, 9H, CMg); °C NMR (125.69 MHz, CDG): & = 155.1 (P}), 151.2, 145.9 (R}

143.8 (MesNMg,), 143.6 (MesCkENMe,p), 140.2 (MesCkNMey,), 138.5, 136.5 (P
132.4, 127.9 (MesCiNMe,,), 124.8 (Ph), 111.5 (MesNMg,), 64.7 (CH), 45.7
(MesCHNMey), 40.2 (MesNMe), 35.2 CMes), 31.4 (QMes), 24.6 p-MesNMe), 23.5
(0-MesCHNMe,); UV-Vis (Toluene, 3.3 x 1§ M): Amax= 284 nm €= 8,272), 309 nm
(e=7,696), 382 nmg= 9,363); fluorescence (Toluene, 3.3 X°1M): Aem max= 489 nm,
@ = 0.24 Qexc= 382 nm); UV-Vis (THF, 3.3 X I8 M): Amax= 268 nm £ = 15,787), 307
nm (€ = 6,363), 381 nmg= 8,363); fluorescence (THF, 3.3 X I1M): demma= 532 Nm,
@ = 0.14 Qexc= 381 NM);UV-Vis (CHCly, 3.2 X 10° M) Amax= 269 nm £ = 120,512),
307 nm € = 8,142), 380 nmg= 10629); fluorescence (GHI», 3.2 x 10° M): Aemma=
532 nM,® = 0.066 fexc= 380 NM); UV-Vis (DMSO, 3.3 X TOM): Anax= 269 nm €=
21,910), 307 nmg= 8,242), 386 nmg= 11303); fluorescence (DMSO, 3.3 X 1M):
Aemmax= 592 nm, @ = 0.070 fexc = 386 nm); High resolution MALDI-TOF (positive
mode, matrix:a-Cyano-4-hydroxycinnamic acid): m/z = 454.3517 ¢dalor G;H43BN>

454.3519).

1B.7.3 Synthesis and Data for Polymers
Synthesis of (44):A solution of BBg (0.30 g, 1.05 mmol) in C¥l, (10 mL) was

added dropwise to a solution of (36) (0.15 g, c&7 Gnmol of MgSi groups) in CKCl,
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(10 mL)and stirred for 24 h. M&iOMe (0.42 mL, 3.03 mmol) was added neat, and the

solution was stirred for another 24 h. All volatdemponents were removed under high
vacuum. The remaining solid was taken up in THF(llQ and a solution of (41) (0.27
M in THF, 15.0 mL, 4.0 mmol) was added. The mixturas allowed to react for 1 h at
RT and then refluxed for 4 week¥he solution was concentrated to ca. 3 mL and
precipitated into ethanol (350 mL). The product vpasified by repeated precipitation
from toluene into methanol (350 mL). The precigtatas dried under high vacuum to
give a fine yellow-green powddp.100 g, 28%). For (44)'B NMR (160.386 MHz,
CDCly): = 58 ppm Wi, = 2040 Hz);'H NMR (499.893 MHz, CDG): J= 7.2, 6.3
(aromatic H), 2.9 (br, 12H, MesNMg 1.8 (br, 12Hp-MesNMe), the backbone protons
are overlapping**C NMR (125.69 MHz, CDG): J= 150.7, 145.3, 142.8, 136.2, 134.5,
127.2, 111.6, 40.4 (MesNMe polymer backbone), 24.50-MesNMe); UV-Vis
(Toluene, 3.4 x I8 M): Anax= 284 nm €= 20,774), 384 nme(= 23,788); fluorescence
(Toluene, 3.4 x 10 M): Aemma= 476 NM,@ = 0.12 @eyxc= 384 nm); UV-Vis (THF, 3.2 x
10° M): 383 nm €= 14,177); fluorescence (THF, 3.2 X' 1M): demma= 501 nm,@® =
0.13 (hexc= 383 Nm); UV-Vis (CHCl,, 3.3 x 10° M): Amax= 267 nm € = 39,520), 381
nm (€ = 21,827); fluorescence (GBI, 3.3 x 10° M): Aem.max= 502 NM,® = 0.09 @exc=

381 nm); UV-Vis (DMSO, 3.3 x I0 M): Amax= 264 nm € = 26,508), 393 nme(=
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3,343); fluorescence (GBI, 3.3 x 10° M): Aem.mac= 542 nM,® = 0.03 fexe= 393 Nm);
elemental analysis: calculated C 81.94, H 8.60,88;6found C 79.23, H 8.21, N 6.38.
Synthesis of (51)A solution of BBg (0.43 g, 1.7 mmol) in C¥Cl, (10 mL) was added
dropwise to a solution of (36) (0.25 g, ca. 1.43 shwf Me;Si groups) in CHCI, (10
mL) and stirred for 24 h. M&IOMe (0.69 mL, 5.0 mmol) was added neat, and the
solution was stirred for another 24 h. All volatdemponents were removed under high
vacuum. The remaining solid was taken up in THFr(iLQ and a solution of (40) (0.5 M
in THF, 2.90 mL, 1.45 mmol) was added. The mixtwaes allowed to react for 24 h at
RT. THF was then removed under high vacuum and irengawhite solid was taken up
in toluene (10 mL). The toluene solution was stirfer 2 h. Insoluble salts were removed
via filtration and solvent was removed under higitwum. The solid was taken up in
THF (10 mL) and a solution of (41) (0.27 M in THE).0 mL, 5.5 mmol) was added. The
mixture was allowed to react for 1 h at RT and theffuxed for 4 weeksThe solution
was concentrated to ca. 3 mL and precipitated nmethanol (350 mL). The product was
purified by repeated precipitation from tolueneoimiethanol (350 mL). The precipitate
was dried under high vacuum to give a fine yelloweypn powder(0.100 g, 18%). For
(51): B NMR (160.386 MHz, CDG): = 54 ppm s> = 2005 Hz);"H NMR (499.893

MHz, CDCk): 6=17.1, 6.7, 6.3 (aromatic H), 2.9, 2.2, 1.8, ib& backbone protons are

overlapping;*C NMR (125.69 MHz, CDG): J = 151.2, 143.6, 142.8, 140.4, 137.7,
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136.5, 129.3, 128.4, 128.0, 111.6, 40.2 (MeskMaolymer backbone), 24.4o<

MesNMe), 23.5 -Me), 21.4 p-Me); UV-Vis (Toluene, 3.0 x I8 M): Amax= 312 nm €
= 4,754), 383 nmg= 5,976); fluorescence (Toluene, 3.0 X°IM): Aemma= 482 nm,®
= 0.10 @exc= 383 nm); UV-Vis (THF, 3.0 x IO M): Amax= 263 nm €= 13,563), 310 nm
(= 6,000), 381 nmg= 7630); fluorescence (THF, 3.0 X 2M): Aem max= 516 nm,® =
0.09 (exc= 381 nm); UV-Vis (CHCl,, 3.0 x 10° M): Amax= 269 nm £ = 18,730), 311
nm (¢ = 7,830), 380 nmg= 9.300); fluorescence (GBI, 3.0 x 10° M): Aem.max= 509
nm, @ = 0.10 fexc= 380 Nm); UV-Vis (DMSO, 3.1 x TOM): Amax= 272 nm £ = 1,840),
317 nm €= 1,493), 401 nm&g= 1,620); fluorescence (DMSO, 3.0 X 104): Aem max=
535 nm, @ = 0.04 @exc = 401 nm); elemental analysis: calculated C 85H@®.46, N
3.67; found C 81.16, H 8.11, N 3.65.

Synthesis of (53):A solution of BBg (0.43 g, 0.86 mmol) in C¥l, (10 mL) was
added dropwise to a solution of (36) (0.13 g, cdl 0nmol of MgSi groups) in CKCl,
(10 mL)and stirred for 24 h. M&8iOMe (0.35 mL, 2.5 mmol) was added neat, and the
solution was stirred for another 24 h. All volatdemponents were removed under high
vacuum. The remaining solid was taken up in THFr(iLQ and a solution of (40) (0.5 M
in THF, 1.45 mL, 0.73 mmol) was added. The mixtwaes allowed to react for 24 h at

RT. THF was then removed under high vacuum and irengawhite solid was taken up

in toluene (10 mL). The toluene solution was stirfer 2 h. Insoluble salts were removed
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via filtration and solvent was removed under higitwum. The solid was taken up in
THF (10 mL) and a solution of (42) (0.22 M in THE.0 mL, 5.5 mmol) was added. The
mixture was allowed to react for 1 h at RT and theffuxed for 4 weeksThe solution
was concentrated to ca. 3 mL and precipitated nmethanol (350 mL). The product was
purified by repeated precipitation from tolueneoimiethanol (350 mL). The precipitate
was dried under high vacuum to give a white powfet50 g, 53%). For (53}'B NMR
(160.386 MHz, CDG): d= 56 ppm W12 = 2080 Hz):*H NMR (499.893 MHz, CDG):
0= 7.1, 6.8, 6.7 (aromatic H), 3.3, 2.2, 1.8, tlaekbone protons are overlappirdc
NMR (125.69 MHz, CDQ): 0= 143.8, 142.1, 140.7, 138.5, 136.6, 128.3, 6€ld,),
45.7 (MesNMe), 41.2 (polymer backbone), 23.®-Mes), 21.4 g-Mes); UV-Vis
(CH.Cly, 3.1 x 10° M): Amax= 271 nm €= 10,267), 310 nme(= 14,700); fluorescence
(CHCly, 3.1 X 10° M): Aemmax= 481 nm, @ = 0.040 fexc= 310 nm); elemental analysis:

calculated C 85.06, H 8.67, N 3.54; found C 80H5&.26, N 2.78.
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Chapter 1C. Boron Functionalized Monomers for

ADMET Polymerization

1C.1 Conjugated Polymers

Organicn-conjugated polymers (Chart 1) are an intriguingssl of compounds that
have been intensively studied for almost 3 decdddhe extensive delocalization of
electrons is well known to be responsible for thayaof interesting characteristics that
these polymers tend to exhibit. These propertietuite non-linear optical behavfor
electronic conductivity and mechanical strengthlyiers composed of aromatic and
heteroaromatic ring structures have been partigulautstanding from a materials
perspective and can be used in a variety of agmita including organic light emitting
devices, photovoltaics, organic field-effect trasis, and sensor materials.

Polyacetylene has been extensively studied dugestsimple structure. A twelve fold
increase in conductivity was achieved upon oxigatweping of polyacetylene which was
observed by Heeger and MacDiarmid. However, polyéaee is not a good candidate for
electronic and electro-optical applications duédanstability® * Poly(para-phenylene)’s
(PPP) and polypara-phenylenevinylene)'s(PPV) are other classes of conjugated

polymers which consist of aromatic rings in thekimme of the polymer and delocalized
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n-electron structure. Aliphatic and other solubiigigroups on the aryl rings have been
employed to circumvent some of the solubility isswnd synthetic difficulties. The
stability of these polymers is much higher thart tifgpolyacetylene and hence they have
been commercially employed in opto-electronic desfc * Polyfluorenes have been
exploited as organic photovoltaic materials, lay@rsOrganic Light Emitting Devices
(OLED’s), and also for application in organic thin filmrgastors. Heterocyclic polymers
like polythiophenes and polypyrroles have also besed as opto-electronic materials.
The solubility of these heterocyclic compounds t@nenhanced by substitution at 3
position. Polythiophenes show superior stabilityntsetic flexibility and chemical
processability. Substituted polythiophenes havenbeadely studied due to their

interesting electronic properties in both doped amdoped state’s.
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Poly(acetylene) Poly(p-phenylenevinylene) Poly(p-phenyleneethynylene)

Poly(aniline) Poly(pyrrole) Poly(thiophene) Poly(fluorene)
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Chart 1C.1 Some Examples of Conjugated Polymers.

1C.2 Main Chain Functionalized Organoboron Polymers

Organoboron containing polymers can be classifiedia main chain organoboron
conjugated polymers in which the boron atom ischid into the backbone of the
conjugated polymers and (ii) side chain organobgaigmers in which the boryl moiety
is attached as a pendant group in the side chaine $his project deals with attachment
of the boron center in the backbone, main chaimmegoron polymers; their synthesis,
properties and applications will be discussed itaitiderein. Main chain organoboron

containing polymers often consist of an electrofietent boron center alternating with
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an organicr-system, which leads to extended delocalizatidain chain organoboron
polymers can be synthesized via a variety of tepes.Hydroboration, haloboration and
phenylboration polymerization techniques, introdutsy Chujo, have become the most
versatile synthetic methods for the incorporatidrirocoordinate boron into the main
chain of polymer§: ° Organometallic condensation reactions with Grignaagents' *
organolithium specié§ and organotin precursdfsare also very attractive. These

techniques will be briefly discussed in here.

1C.2.1 Hydroboration Polymerization

Corriu et al. reported the synthesis of the first main-chainaagporon containing
conjugated polymers via hydroboration polymerizatiof 2,5-diethynylthiophene
derivatives using a mixture of borontrichloride hvitriethylsilane as a borane source
(Scheme 1C.1). However, the polymers could not baracterized owing to their

sensitivity to air and moisturg.
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R = SiMes, Ph, t-Bu
Scheme 1C.1Example of Boron-Containing Conjugated Polymera Mydroboration

Polymerization.

Synthesis of the first air-stable polymer via hysbaation polymerization was reported
by Chujo and co-workefs? They reacted a variety of aromatic and heteroatiorda/nes
with sterically hindered arylboranes ArBH(Ar = 2,4,6-trimethylphenyl, 2,4,6-
triisopropylphenyl) to obtain polymeric materialsat were claimed to show n-type
properties (Scheme 1C.2). The bulky aryl groupbamn prevent attack of nucleophiles
on boron and thus impart good environmental stgbibepending on the nature of the
arenediyl bridge, these compounds exhibit strongemy blue, and even white
photoluminescence. However, one aspect to note isetkat both reactive hydrogen
atoms are attached to the same boron atom. Asudt,rédse first hydroboration event
occurs under steric and electronic conditions @hatsignificantly different to those of the

second addition.
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ArBH, + = Ar—— THR,RT Vm_\/é%
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O

Scheme 1C.2Conjugated Boron-Containing Polymers (Mes = 2,4G@dthylphenyl;

Ar' = Mes, Trip

Trip = 2,4,6-triisopropylphenyl).

To overcome this issue, Wagner and coworkenge prepared a ditopic 9,10-dihydro-
9,10-diboraanthracene (Scheme 1¢°3Jhis reagent shows an extendedonjugated
structure and forms a polymer in the solid-stai@ BiH-B bridges. The authors also
reported hydroboration polymerization with aromatialkynes. The resulting polymer

was obtained in 47% yield and showed green emissitmluene solution.
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Scheme 1C.3Hydroboration Polymerization of 9,10-dihydro-9, liba@raanthracene with

Aromatic Dialkynes.

1C.2.2 Organometallic Routes

Other methodologies that have been used recentlynéorporation of boron into the
main chain involve the use of organometallic reé&geRor instance, poly(p-phenylene-
borane)’'s (1)were synthesized by polycondensation of aryldimethorane and a
bifunctional Grignard reageht.Polycondensation of bifunctional lithium acetykdand
aryldimethoxyborane was used to obtain luminesqgeoly(ethynylenep-phenylene-
ethynylene-borane)s (29. Many other examples of polymers synthesized vieseh
methods have been reported. For example, Jéklal. have recently been able to
incorporate boron into the main chain of polythiepks (3Y and polyfluorenes (4-5)
using a facile tin-boron exchange reaction whidbrds polymers with molecular weight
in the range of M= 6,500 to 10,000. Interestingly, the emission &@rgth can be fine

tuned by changing the substituents on the borotecefhe polymers were found to bind
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to pyridine as well as cyanide and may find appilices as sensors for nucleophiles. Also,
Lavigne and co-workers reported self-assembling jugated boronate esters (6)
synthesized via condensation reaction between igxdfluorene-2,7-diboronic acid

and 1,2,4,5-tetra-hydroxybenzelieThe resulting polymer was obtained in high yield (

90%) with M, ~ 25,000 and emits in the blue region of the spettr
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Chart 1C.2 Some Examples of Conjugated Polymers Synthesiz&drggnometallic and

Condensation Routes.

1C.3 ADMET Polymerization

Acyclic diene metathesis polymerization (ADMET), as step-growth condensation
polymerization technique that has been employeasbtain non-conjugated (saturated) as
well as conjugated (unsaturated) polymers (Sche@el)l This reaction, like any
condensation polymerization, is an equilibrium @8 which proceeds in a stepwise
manner to form dimer, trimer, tetramer, and so @rolbtain a high molecular weight
polymer. The size of the polymer increases contisiyowith time (conversion) at a

relatively slow rate.

n/\/R\/\ catalyst \[\/\/R\/]/ + n H,C=CH,
=~ n

Scheme 1C.ADMET Polymerization.

This process is driven by the release of ethylena ayproduct, which is the driving
force of the reaction. The equilibrium of the ADMEpDblymerization is forced towards

high polymer by performing bulk polymerizations endvacuum to remove ethylene.
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Because ADMET is equilibrium-driven, addition ofcess ethylene to a macromolecular
chain will shift the reaction in the reverse direntleading to depolymerization. This
procedure constitutes a possible method for ramyclubber and other unsaturated
polymers. Quantitative conversion of monomer toypwr is standard in ADMET
polymerization, as fewer or no side reactions oatther than a small amount of ring
formation is common in all polycondensation cheryist

The mechanistic cycle of ADMET polymerization (RigulC.1) has been very well
documented and is characterized by the presence roktallacyclobutane ring as an
intermediate. The catalytic cycle starts with fotima of an-complex (A) between an
olefinic group of a diene and the electron deficiem¢tal center, resulting in a
metallacyclobutane ring (B). Productive cleavagaleto the formation of the metathesis
active alkylidene complex (C), which initiates thelymerization cycle. The subsequent
reaction produces another metallacyclobutane ripy Which collapses to form an
internal olefin within the growing polymer chain amgnerates catalytically active
methylidene complex (E) followed by the coordinatiof another monomer. Productive
cleavage of another metallacyclobutane ring (Fultesn release of ethylene, and the

cycle is repeated, growing polymer in a stepwisemeawith every cyclé’
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Figure 1C.1Mechanism of ADMET Polymerization.

1C.3.1 Metathesis Catalysts and Monomers for ADMET

Early studies on the polymerization of 1,5-hexadiand 1,9-decadiene were reported
by Wagener and co-workers. They chose a classatytiatsystem such as WEEtAICI,,
which leads to cationic vinyl addition chemistry sddition to polycondensation

chemistry”* Fortunately, in the late 1980's, Schrock and cokeos successfully
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prepared the first well-defined, Lewis acid fre@gte site catalyst. Only metathesis
product was observed when studies were performedtyene as a model substrate,
which proved that the catalyst was effective inattetsizing a substrate that can readily
undergo vinyl addition chemistfy. Related molybdenum based catalysts (7) were most
widely used as well-defined olefin metathesis gataf> These early transition metal-
based complexes were highly sensitive to air andstor@, also relatively intolerant of
many functional groups, such as alcohols, aldehyates carboxylic acids and hence their
applicability was limited. The development of we#{fined ruthenium-based catalysts by
Grubbs in the early 1990’s overcame many of thetdtions of the Schrock-type
catalysts. In 1995, Grubbs reported the synthe$isRoCL(=CHPh)(PCy). (first
generation-Grubbs catalyst (8)), in high yield andlity.* This complex was stable but
its activity was much lower compared to Schrock’'slyndenum-based catalysts. A
second generation-Grubbs catalyst was synthesigegdacing one of the phosphine
ligands with a N-heterocyclic carbene ligand, comipdgnown as NHG> ?° The highly
basic nature of NHC compared to phosphines andotbsence of sterically hindered
groups bound to the N-atoms, not only leads tamsteffect (i.e. facilitates elimination of
the transphosphine ligand) but also facilitates the redigctelimination of the product
from the metal center during catalysis. This secgederation-Grubbs catalyst ((9),

Grubbs Il)showed higher activity, good functional group talese to aldehydes, alcohols
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and acids, and allowed metathesis on tri- and-tetrastituted olefiné’ The scope of Ru-
catalyzed olefin metathesis was further developgdhle introduction of Grubbs-type
catalysts containing monodentate and/or chelating ¢, P- and Cl-donor ligands.
Among them, styrenyl ether complexes (first andoedcgeneration Hoveyda-Grubbs
catalysts (10) were the most widely used systernause of their high stability toward air
and moisture. Grubbs-Hoveyda-Grela type catalyd) (las also been employed in
various types of metathesis reactiéhs’ While the presence of a N@roup leads to a
more active catalyst than both the second-gener@rabbs's catalyst and the phosphine-
free Hoveyda's carbene, the reactivity is lowenttieat observed for a sterically activated

Hoveyda-Grubbs catalyst.
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Chart 1C.3 SelectedCatalysts used for ADMET Polymerization (Cy = cywayl; Mes

= mesityl)

1C.3.2 Polymers Synthesized via ADMET Polymerizatio

As discussed in section 1C.3, acyclic diene mess&h@DMET) polymerization has
become a highly versatile method for the synthedisboth saturated as well as

unsaturated polymers. The onset of ADMET reseaergmb with the detailed study of
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pure hydrocarbon dienes such as 1,5-hexadiene ahwdetadiene, that could be
converted into their corresponding high moleculagight polymers. The “classical”
catalysts such as WGZIEtAICI, were used and the reaction was carried out undir b
conditions to maximize monomer concentration witimanomer to catalyst ratio of
1000:1. However, both cationic vinyl addition pratlin addition to polycondensation
product was observéd. 3 A high molecular weight polymer with a number ags
molecular weight of 50,000 witRDI of 2.0 was reported by Wagener and coworkers
with Schrock’s tungsten alkylidene catalyst in #mrly 1990’ In addition to these
hydrocarbons, a wide variety of functionalized pddfins (Chart 1C.4) containing both
aliphatic and aromatic ethers, carbonates, estetenes, thioethers as well as amines

have been synthesized and reporfeli.
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Chart 1C.4 Some Examples of Functionalized Polymers SynthdsimeADMET.

The first example of the synthesis of aliphatic jogated polymers via ADMET
polymerization was reported by Wagener and cowsrkethe early 1990’s. The author
described the reactivity of 2,4-hexadiene and 2Zpéfétriene, using Schrock's
molybdenum cataly$t. Under bulk reaction conditions, polyenes with &miengths
(approximately eight repeat units) were obtained Both monomers. Synthesis of
aromatic conjugated polymers such as PPV via ADMigllymerization has since been
reported by many researchers. For instance, Schevek O’Dell utilized several
molybdenum catalysts of the type Mo(CHCMEB)-(NR)(OR’} (R = 2,6-i-P$Cg¢H3, 2,6-

M62C6H3, 2-i-PI’QH4, 2-t-BUC5H4, 2-CF306H4, 1-adamanty|; R' = C'\&e CMez(CF3),
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CMe(CR),, C(CR)s) for polymerization of divinylbenzerfé. However, formation of
only trans-dimer and tetramer was reported. Thawar@i employed a Schrock-type
olefin metathesis catalyst for the synthesis of PR the respective substituted
divinylbenzenes. However, only short-chain oligoimd?PV species were forméd?
Nomura et al. used Grubbs-type catalysts to obtain extendedncR&\® but this
method critically relies on the removal of ethyldme repeatedly cooling the reaction
mixture to 30 °C every 60 min, followed by evacaatiand reheating to the ADMET
reaction temperature. On the other hand, Haepeal. reported the formation of PPV
oligomers using Grubbs Il cataly§tRecently, Plenio and coworkers reported ADMET
polymerization of alkyl and alkoxy substituted aiyibenzene and divinylfluorene using
Grubbs Il and Grubbs-Hoveyda-Grela-type catalffsionomer (13) was converted into
high molecular weight polymer of 100 kDa with 2 330. Oligomers with molecular
weight of 1,500-4,000 were obtained in the caseofomer (14). This was attributed to
the chelating nature of the monomer, whereas tHeaular weights of polyfluorene (15)
of M, = 75 kDa was limited by poor solubility. Using slari methods, Nomurat al.
synthesized end functionalizedall-transpolyfluorenevinylenes via ADMET
polymerization’® The polymers were further functionalized with dyethylene glycol

moiety to achieve amphiphilic triblock copolymers.
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Chart 1C.5 Some Examples of Polyéra-phenylenevinylene) (PPV) and

Poly(fluorenylvinylene) (PFV) Type Monomers.

Polythiophenylvinylenes (PTVs) have also been widélidied for their opto-electronic
properties, rich synthetic flexibility, chemical gmessability, low band-gaps and high
charge mobility. Due to these unique properties #Bve among the most important
classes of conjugated polymers with a wide range applications such as
conducting films, field-effect transistors and &fechromics>® PTVs can be synthesized
in many different ways including ADMET polymerizati (Scheme 5). For example, Qin
et al. have successfully synthesized PTV type conjuggi@gmers using ruthenium-
based Grubbs-type metathesis catafj/stsligh molecular weights of 10,000 were
obtained by using 1,2,4-trichlorobenzene at elel&geperature under dynamic vacuum.
Under these conditions, the resulting P3HTVs exéibicarboxaldehyde end groups,

which was confirmed via MALDI-TOF analysis.
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Scheme 1C.&xample of Thiophene Containing Polymers Synthelsize ADMET.

1C.3.3 Inorganic Polymers Synthesized via ADMET Pghmerization

Incorporation of inorganic elements into polymers usually accompanied by
enhancement of polymeric properties such as therstability, flexibility, flame
retardance, interesting electronic properties andcdmpatibility. Inorganic and
organometallic polymers can be used as precursorsefamic materials, high strength
fibers and magnetic materials. ADMET offers a velsaechnique to produce main chain
polymers with metals and main group elements that dafficult to obtain by other
methods. A variety of organic/inorganic hybrid polrs, containing silanes, siloxanes,
germanium, tin, and phosphazenes, have been madentlse using ADMET
polymerization and will be discussed in this settio

Silicon-carbon hybrid polymeric materials have gaira lot of attention due to their
enhanced properties. For example, polycarbosilarkit high thermal stability and can
be used as ceramic precursors to silicon carBitRalysiloxane with Si-O bond in the

polymeric backbone show low glass transition terapges and high hydrophobicity.
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Incorporation of main group elements such as sili¢mm and germanium into polymers
via ADMET was first shown by Wagener and coworkeveen they synthesized
polycarbosilanes in the early 90’s. The first agperto polymerize dimethyldivinylsilane
did not proceed in the presence of the tungsteed&throck’s catalyst, which was
attributed to the steric influence of the tetrasioed silicon atom adjacent to the double

bond>® Similar results were obtained by Schratkal?®

in the attempted metathesis of
vinyltrimethylsilane. The steric effect was furthdisplayed via copolymerization of
divinylsilane with 1,9-decadieré. Further studies have shown that monomers with
methylene spacers integrated between the silicom and the olefin were able to
undergo metathesis polymerization. For exampleyrpet (16), was successfully
synthesized with Schrock’s tungsten alkylidene lgst& and polycarbosiloxane (17)
was prepared using Schrock’s molybdenum catalysictwin turn demonstrated the
compatibility of this catalyst with the siloxanentttionality. Heteroatoms have also been
successfully incorporated into conjugated polynwsADMET. For instance, Bazan and
coworkers have incorporated silicon into the mdmaic of PTVs. They synthesized a
series of bis(vinylthienyl)silane monomers, which er&v converted into

poly(silanyldithienylethene) with short repeat selees using Schrock type initiators

(Scheme 1C.6Y* The sp-hybridized silylene linkages allow for electromielocalization
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through thes-bonds along with th@-conjugated segments, thus resulting in interesting

photophysical properties.

NP A
\/z_@ ADMET'{SIIJ\/ \ \s/

R = CH3, Bu, Ph

SchemelC.@Example of poly(silanylthienylethene) via ADMET.

Silicon containing photoluminescent materials ar@wn for their potential use in
light-emitting diodes and as conducting polymersieQecent example comes from
Peetz’'s research group, where they have demortttat silylene functionalized
conjugated polymers (18) can be accessed via ADRIEN red shift in the emission
spectra of the products compared to the monomeweghthe participation of silicon in
the conjugation. In addition, photocurable and phohinescent polycarbosilane (19)
was reported by Interrante and cowork&rsThe polymer films were thermally or

photochemically cross-linked to yield thermallyld&a blue-photoluminescent films.
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Chart 1C.6 Examples of Silicon Containing ADMET Polymers.

Polymers containing tin, germanium and phosphoavedurther examples of inorganic
polymers synthesized via ADMET polymerization. Fexample, germanium-based
polymers could find applications in microlithograpand as precursors for ceramics.
Inclusion of a small amount of phosphazene gronfmsan organic polymer can enhance
its properties such as flame retardance, condtictvibiological compatibility. Allcock’s
research group has successfully prepared a sdrmsostituted phosphazene containing
polymers, with various pendant substituents onpth@sphorus atoms, using Grubbs first
and second generation catalysts. They reportedamaleweights in the range of 10,000-

40,000%®
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Chart 1C.7 Examples of Germanium, Tin and Phosphazene Comgaifolymers
Synthesized via ADMET.

Transition metal containing polymers represent @teresting class of materials in
which the presence of the metal can lead to unusigatronic, magnetic, and optical
properties. The incorporation of transition mefat® a polymer can lead to processable
materials such as fibers, ceramic films and coating addition to significant
enhancement of the electronic properties of thgrpeis themselves. Extensive studies
have been done on ferrocene containing polymers,tdutheir excellent thermal and

redox properties. In the early 1990’s, Boncella amdvorkers studied the ADMET
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polymerization of 1,1'-divinylferrocene. They reped that the metathesis of 1,1'-
divinylferrocene gave oligomers (23) with an averagf four repeating units and a
trans/cis ratio of 2:5. Formation of oligomers ahd presence of cis-olefin groups were
attributed to the poor solubility of the oligomefSopolymerization with 1,9-decadiene
(24) was performed to overcome the solubility isSuRecently, researchers in Plenio’s
group incorporated ferrocene into polyvinylene tyymymer (25) when using 2;di(4-
vinylphenyl)-3,3 4,4-tetramethylferrocene as the monorffe€onversely, homopolymer

synthesis of 1,3-(diisopropenyl)ferrocene was uosssful due to solubility issues.

(23) (24)

(25)

Chart 1C.8 Examples of Ferrocene Containing Polymers Syrekdsiia ADMET.
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Other transition metals such as molybdenum haven leebedded into polymeric
backbones by Tyleet al®® They reported formation of oligomers with o, = 2300,
owing to their lower solubilityAlso, due to the presence of long flexible alkyhicts,

ring closing metathesis products were observednutitige conditions.

Mo(CO)3CI
’co
W,Q Mo(CO)3CI

8
(26) (27)

Chart 1C.9 Molybdenum Containing Polymers Synthesized via ADM

These polymers were shown to be photoreactiveypen irradiation withh > 520 nm,
the Mo-Mo bond was homolytically cleaved and theuteng Mo radicals were trapped
by CCl,.. The formation of the corresponding metal halidedpct (27) was confirmed by

IR spectroscopy and GPC analysis.

1C.3.4 Boron Containing Monomers

While a few examples of main group elements like 81, Ge containing ADMET

monomers and polymers are known, the only examipéebmron containing monomer is
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that of ana, w-boronate diene which was polymerized via ADMET Wplfe and
Wagener in the late 199(P5.Although boronate monomers were metathesis active,
ligand-exchange reactions among the boronate fumadtigroups and ring formation in
solution prevented isolation and characterizatibthe polymers. The presence of these

scrambling processes was confirmed via NMR specbms

0.0 ADMET A~ _YO~_ O
AR s Ao
R R X

R =CHj, Ph
n=3,4

Scheme 1C.Bynthesis of Boronate Functionalized Polymers VDAVAT.

This part of the thesis describes work aimed at $ynathesis of boron containing
distyryl monomers and their subsequent polymeomnatising ADMET polymerization.
Specifically, organoboron monomers that featurecotrdinate aryl borane and
tetracoordinate organoboron quinolate functioreditwere prepared. While conjugated
triaryl boron polymers are promising candidatesdnron sensing due to their inherent
Lewis acidity; tetracoordinated organoboron quitelpolymers are expected to provide
intense luminescence and may allow for tuning tmésgion properties by varying the

substituents on the quinolate group. This substitudependent emission has been
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previously observed by our group in case of sidarcliunctionalized polystyrene with
organoboron groups that have a quinolate moiesclagd to the boro¥f. To ensure good

solubility of the quinolate polymers, we have swsstelly incorporated butyl and hexyl
groups in 2-position of the quinoline ring. The tesis of these boron containing

monomers, their polymerization and their charazégion will be discussed.

1C.4 Results and Discussion
1C.4.1 Synthesis of Monomers

The general strategy for the synthesis of all magrsms shown in Scheme 1C.8.
Grignard metathesis reaction were utilized to sgsite these boron containing

monomers.
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X
2 MgITHF AngX
B(OR)3 \/©/ \©\/ ™ \/O/ \©\/
Cl
28A R=Me 29 Ar=Trip
28B R='Pr

e G
gl

30 R'=H
31 R'= C4Hg
32 R'= CGH13

Scheme 1C.&ynthesis of Boron Containing Monomers.

The distyryl organoboron monomers (29-32) were aeg from 4-chlorostyrene. The
reaction of styrene Grignard solution with half equivalent of trialkyl borate in THF
gives the alkoxyborane (28). Subsequent reactiorth wa slight excess of
triisopropylphenyl Grignard solution at reflux teerpture led to the formation of distyryl
triisopropylphenylborane monomer (29) in 25% isethtyield. Three different 8-
hydroxyquinoline ligands were also reacted withBR&o obtain the tetracoordinate
monomers (30-32). The monomers were purified byurool chromatography using
hexanes as the eluent and isolated by recrystatizérom hexanes. All four monomers

showed excellent solubility in common organic sakgdike CHCl,, THF, and toluene.
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1C.4.2 Structural Characterization
1C.4.2.1 Multinuclear NMR Spectroscopy

The monomers were fully characterized bl *C and*'B NMR spectroscopy. In the
case of (29), the presence of a bro4| NMR signal at ca. 70 ppnw{;, ca. 1890) is
typical of triarylborane species. All quinoline nwmners (30-32) showed a relatively
narrow signal at ca. 12 ppmvy, ca. 430 to 600 Hz) that is strongly upfield shdfte
relative to the broad signal of (27) at ca. 40 gm, ca. 1800 Hz), consistent with tetra

coordination at boron.

(29) (30)

III[IIIII|III||I|IIII|I|II|'I|II|[|IIIIIIIII|II|||IIII|T|III[III|I|||IIII||IIII'IIII||||IITIIII||IIII|I|||||||||||'|||||

100 90 80 70 60 50 40 30 20 10 0o -10

Figure 1C.2Comparison of thé'B NMR shifts of (29) and (30).

The 'H NMR spectra showed the expected vinyl peak patefhe vicinal protons

=CH, exhibit two characteristic doublet resonance atiad ~5.7 and ~5.1 ppm and the —
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CH proton showed a double doublet at around 6.7.dptegration of the'H NMR

spectra of the monomers confirmed the 2:1 ratioeetqu for the styryl groups with
respect to those of the aromatic protons of theofropylphenyl and quinolate groups,

respectively. ThéH NMR spectrum of (Styry}BQ (30) is shown in Figure 1C.3.

B
H-8 10\/@: \O\/

H-7

Q-H1 Q-H4 9 H-10 H-10
I N | 1

8.50 8.00 7.50 7.00 6.50 6.00 5.50 5.00

Figure 1C.3'"H NMR Spectrum of (Styry$BQ in CDCE.

1C.4.2.2 X-ray Structure Determination of (29) and30)

The tri-coordinate nature of boron in monomer (288s confirmed by an Xx-ray
structure analysis which was performed on cleaorteds plate like crystals obtained

from hexanes at —35 °C (Figure 1C.4). The monomestallizes in the P2c space group
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with a co-crystallized hexane molecule, but no shotermolecular contacts were
observed. The boron center adapts a trigonal plg@ametry as indicated by the sum of
the Guy-B-Cary angles Y c-s-c) = 360°). The dihedral angieformed between the boron
trigonal plane and the plane containing the Tigiutid in (29) is 74° owing to large steric

hindrance, indicates lessgmverlap compared to the two styryl ligands.

Figure 1C.4 Molecular Structure of (29) (ORTEP, 50% probabjlitlydrogen Atoms
and a Cocrystallized Hexane Molecule are OmittedGlarity. Selected Bond Lengths
(A) and Angles (deg): B1-C1 = 1.582(2), B1-C7 =6RB&), B1-C13 = 1.563(2), C1-B1-

C7 = 120.66(10), C1-B1-C13 = 118.0(10), C7-B1-C1B2%.24(10).
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The B-Gi, bond length to the bulky triisopropylphenyl (Trigjoup of 1.582(2) A is

slightly longer than the B-&m bond lengths of 1.563(2) A which is attributedthe
steric effect. The bond length of the bulky triismpylphenyl group is in a similar range
as that of a related ferrocene substituted trispgborane ((33); B-&y = 1.587(3) A)

|63

reported by Parabt al”” and a pyrenylvinylene-substituted tripylborane4§(3B-Caryi =

1.579(4) A) reported by Chujo and co-worké(Chart 1C.10).

(33) (34)
Chart 1C.10 Examples of Triaryloorane Compounds with Triisopdppenyl

Substituents.

Crystals of monomer (30) were grown by the slowpevation of a solution in CDgI

at room temperature. As shown in Figure 1C.5, (&3) a tetrahedral geometry at boron,
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typical of tetracoordinated boron compounds. The/@oxyquinoline moiety is chelated

to boron to form a five-membered chelate ring whecboplanar with the quinoline.

Figure 1C.5 Molecular Structure of (30) (ORTEP, 50% probabjlitlydrogen Atoms

are Omitted for Clarity. Selected Bond Lengths &)l Angles (deg): B1-C1 = 1.609(2),
B1-C9 = 1.605(2), B1-N1 = 1.637(2), B1-O1 = 1.523@(1)-B(1)-C(9) = 110.52(10),
0O(1)-B(1)-C(1) = 111.06(10), C(1)-B(1)-C(9) = 118(20), O(1)-B(1)-N(1) = 98.95(9),

C(9)-B(1)-N(1) = 110.56(9), C(1)-B(1)-N(1) = 108(S.

The bond angle N-B-O of the complex is 98.95(9)hjol is comparable to other 8-

hydroxyquinolato containing organoboron compoundsported by Wang and
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coworkers>> °® Each boron center is further bound to two carlioma of the two styryl
groups. The B1-C1 (1.609(2) A, B1-C9 (1.605(2) B)-N1(1.637(2) A) and B1-O1
(1.523(2) A) bond distances are also similar tos¢hoeported by Chujet al. For
instance, B(4-iodophenyl), shows similar bond distances of B-C (1.598(8), &3-N

(1.629(6) A) and B-O (1.524(7) RY: %

1C.5 Acyclic Diene Metathesis Polymerization of (292)

In a collaborative effort, ADMET polymerization waarried out by Arijit Sengupta in
the Peetz group for all four monomers by usingenihm-based Grubbs-Hoveyda second
generation and Grubbs second generation alkylidstalysts under typical ADMET
conditions. Initial attempts to polymerize (30-3gre not successful due to lack of
solubility of the resulting polymers and hence opbtymerization of monomer (29) was

further studied (Scheme 1C.9).
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ADMET
n -n H2C=CH2

B
\/©/ F

(29) (29p)

Scheme 1C.ADMET Polymerization of (29).

The results of ADMET polymerization of (29) are suarized in Table 1C.1. The
second generation Grubb’s catalyst [1,3-bis(2,ArBethylphenyl)-2-
imidazolidinylidene)dichloro(phenylmethylene)(tradghexylphosphine)ruthenium]  did
not produce any polymer, and only monomer was re@ul (entry 1). ADMET
polymerization using the Grubbs-Hoveyda second igeioe catalyst [(1,3-bis(2,4,6-
trimethylphenyl)-2-imidazolidinylidene)dichloro{isopropoxyphenylmethylene)
ruthenium] was conducted in toluene under dynandcuum (entry 2 and 3). The
reaction temperature was lowered from 60 to 47 ™ kept for 16 h and 24 h,

respectively. The resulting polymers were washeat wiluene and isolated by filtration.
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Table 1C.1Results for ADMET Polymerization of (29).

Entry Catalyst Solvent Time Temp Yield M, M,’ PDP
(h) (°C) (%)

(mol%)
1 9(3.5) THF 16 60 No - - —
Reaction

2 10(4.2) Toluene 16 47 85% 5940 135202.27

3 10(3.4) Toluene 24 47 84% 17340 20930 1.21
(55%)/ /5590 /1.28
4380
(45%)

See Chart 1C.3Date acquired by GPC analysis in THF relative tlygtgrene
standards.

1C.5.1 Molecular Weight Determination

The molecular weight of the polymers was studiedS3C analysis in THF. For entry
2, the molecular weight relative to polystyrenenderds was found to bd, = ~ 6000 g
mol™* with a polydispersity index (PDI) of 2.3, corresping to an average degree of
polymerization of DR = 15. An increase in molecular weight was obseledcreasing
the polymerization time from 16 h to 24 h. A polynvéth higher molecular weight of
M, = ~ 17000 with PDI of 1.3, corresponding to an agerdegree of polymerization of

DP, = 40 was obtained.
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1C.5.2 NMR Spectroscopy

The polymers obtained were further characterizedHbNMR spectroscopy as shown
in Figure 1C.6. ThéH NMR spectra of (29p) show a distinct change ietato that of
monomer (29). The formation of product is markedthwy appearance of a resonance at
~7.3 ppm, indicating the formation of a vinylenendof the new trans-stilbene unit. The
resonances from the terminal vinyl groups (~ 5.8, &nd 6.7 ppm) in the monomer
almost completely disappeared. The residual tednvimglene peaks can be assigned to

the polymer end groups.

4-CH
€Y ’
2-CHs
phas P
Ph 2,6 H-trans  H-cis
vinyl n ' 1CH 2-CH
| A I LJJL

T ] T T T T I T T T T ] T T T T I T T T T I T T T T I T T T T ] T T T T I T T T

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
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(b) 4-CH;,

2-CH;

. .Y .
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AR I IR I I
80 75 7.0 65 60 5

Figure 1C.6 (a) *H NMR plot of (29); (b)*H NMR plot of (29p) in CDG; (# = 1,3,5-

triisopropylbenzene).

1C.5.3 Thermal Properties

Thermogravimetric analysis was performed on (29f)e polymer showed good
stability upto ca. 200 °C (4% weight loss). Howeltestarts degrading rapidly above that

temperature (Figure 1C.7).
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Figure 1C.7 Thermogravimetric Analysis Plot of 29p (10 °C/raimder N).

1C.5.4 Photophysical Properties

The photophysical properties of monomers (29),,(882) and polymer (29p) were
studied by UV-Visible and fluorescence spectroscdjne data are summarized in Table
1C.2 and the absorption and emission spectra o miew series of organoboron

monomers are displayed in Figure 1C.8.
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Table 1C.2Comparison of Photophysical Properties of Monoraeis Polymers.

Compound  Aas(nmf (L mlol‘lcm‘ Aem (NM)P D (%)
)
29 324 51,360 423 0.9
29p 385,405 44780, 46170 423, 446 5
30 395 3,190 505 21
32 386 3,380 498 23

2 Concentrations were ~ 3.2 x M in THF. ° Excited at the absorption maximum.
°Anthracene used as a standdréer repeat unit.

In THF solution, monomer (29) shows an absorpti@xima at,ps= 324 nm withe =
51,360 and blue emission &f, = 423 nm Kexc = 324 nm) Monomers (30) and (32)
showed absorption peaks around 390 nm arising frenguinoline ligand and emit in the
green regionXem ~500 nm), which correlates very well with the poasly reported data
for PhbBQ (hmax = 395 NM:Aem = 504 nm)>> The quantum yield for (30) of 17% and (32)
of 23% is in a similar range to (tBuBBY, reported by Qiret al** A notably lower

guantum yield of 0.9% was determined for (29).
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Figure1C.8 Comparison of Absorption and Emission Spectr&6},((30) and (32) in

THF Solution.

A comparison between the boron polymer and theexs@ monomer is illustrated in
Figure 1C.9. The absorption spectra of the polym&@HF show bands with fine vibronic
structure and maxima at approximately 405 nm thatred-shifted by approximately 80
nm. This bathochromic shift is attributed to theeexied conjugation through the boron
moiety (pst overlap) which results in the red shift of the @jpsion maximum for the
polymer. The emission data for (29) is quite simitathat of the polymer withem max=

423 nm, however the polymeric material shows a-wesblved structure with peaks at
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423 and 448 nm, which can be assigned to 0-0 ahd€achain singlet transition with

the 0-0 transition being the most intense. Thegotlsf mirrored absorption and emission
bands and relatively small Stokes shift is indrogua highly rigid polymeric structure and
has been observed for other rigid polymr§? The fluorescence quantum vield of the
polymer (29p) is 5-fold higher than that observed the monomer (29). This could
potentially be due to the fact that the polymerkbane is quite rigid in nature. In
addition, the steric hindrance of the Trip groupsymrevent aggregation, thereby further
reducing the probability of non-radiative decay.sAnilar enhancement of quantum
efficiencies has been observed, for example, by gBwaand co-workers upon

incorporation of rigid pentiptycene moieties inmyphenylvinyleneg® "2
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Figure 1C.9 Comparison of Absorption and Emission Spectr&6j and (29p) in THF

Solution.

1C.6 Conclusions

We have synthesized novel organoboron functiondlidezinyl monomers, one of
which was polymerized by ADMET polymerization usin@rubbs-Hoveyda type
ruthenium metathesis catalysts. The results fronr® @Ralysis indicate that the polymer
(29p) shows moderate molecular weight and polydssfye typical of condensation

polymerization. However, due to reduced solubilpplymers derived from monomers
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(30-32) could not be isolated and characterizedureuwork may involve further

optimization of the polymerization of these monosaer

1C.7 Experimental Section
1C.7.1 Materials and Instrumentation

Mg (turnings), 8-hydroxyquinoline, 1,3,5-triisoprsgpenzene, trimethyl borate, and
triisopropyl borate were purchased from Acros. astyrene was purchased from Alfa
Aesar. (2,4,6-triisopropylphenyl)magnesium bromide2-butylquinolin-8-ol and 2-
hexylquinolin-8-ol* were prepared as previously reported.

All reactions and manipulations were carried ouaisimilar manner to that described
in Chapter 1A. Ether, hydrocarbon and chlorinatgldesits were treated as described in
Chapter 1A. All reactions and manipulations wengied out in a similar manner to that
described in Chapter 1A. Detailed description of Rilbbreviations, elemental analyses,
GPC analysis and DSC can be found in the experaheattion of Chapter 1A. UV-Vis,
fluorescence measurements, quantum efficiency anagt gata collection can be found in
the experimental section of Chapter 1B. Thermognatic analysis (TGA) was
performed under Natmosphere using a Hi-Res TGA 2950 thermogravimetnalyzer
from TA Instruments using a platinum pan with athmgarate of 10 °C/min from 50 °C to

300 °C.
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1C.7.2 Synthesis of Boron Monomers and Polymers

Synthesis of 29To a suspension of Mg (2.67 g, 0.11 mol) in 300 TitlF was added
slowly 4-chlorostyrene (7.62 g, 0.055 mol) whileimaining the temperature below 60
°C. The reaction mixture was stirred at 60 °C foh 2and allowed to cool to room
temperature. The supernatant styrene-Grignard isnlwvas then decanted to another
flask using a cannula. Trimethylborate was theneddslowly to the Grignard solution
and the reaction was stirred for 3 h. Resultingteosolution was then added slowly to a
solution of (2,4,6-triisopropylphenyl)magnesium fmide in THF and refluxed for 1.5
days. The crude product was extracted using hexandspassed through silica gel
column using hexanes as the eluent. The pure pradas obtained via crystallization
from hexanes as colorless crystals (2.5 g, 25 %}j.29: *'B NMR (160.380 MHz,
CDCL): & = 69.6 (w> = 1890);'H NMR (499.893 MHz, CDG): 6 = 7.75 (d2) = 7.5
Hz, 4H, Ph-H2,6), 7.50 (d) = 7.5 Hz, 4H, Ph-H3,5), 7.00 (s, 2H, Tip-H3,5806(dd,3J
= 18.0Hz, 2H, H9), 5.90 (d3J = 18 Hz, 2H, H10), 5.37 (d) = 12 Hz, 2H, H11), 2.95
(sept,J = Hz, 1H), 2.40 (sept) = Hz, 2H), 1.33 (*J = 7.0 Hz, 6H), 0.98 (d) = 12.0
Hz, 12H); *C (125.698 MHz, CDG): & = 149.07, 148.68, 142.44, 140.77, 140.76,
138.44, 138.38 137.07, 125.68, 120.26, 115.73,73346.44, 24.38; UV-Vis (THF, 3.0 x

107° M): Anax= 324 nm €= 51,360); fluorescence (THF, 3.0 X 1M): Aem max= 423 nm,

@ = 0.9 (Aexc = 324 nm); elemental analysis: calculated C 88:68,87; found C 88.32,
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H 8.90. High resolutioMALDI-TOF (negative mode, matrix: Benzo[a]pyren@)/z =
420.44 (calcd fol’Ca'HarM'B 420.44).

Synthesis of 30:A solution of borate 28B was prepared as descrisove (50.0
mmol, 300 mL THF). The resulting borate solutionswien added slowly to 8-
hydroxyquinoline in THF and stirred for 16 h. Insble salts were removed by filtration,
the solvents were removed under vacuum and theecpudduct was re-dissolved in
dichloromethane and passed through a silica gahwolusing hexanes as the eluent. The
product as a yellow-green solid was obtained atérent evaporation. (7.8 g, 86 %). For
30: *'B NMR (160.380 MHz, CDG): 5 = 11.3 (W = 430);'H NMR (499.893 MHz,
CDCl): & = 8.58 (d,*J = 5.0 Hz, 1H, Q-H2), 8.43 (d) = 8.0 Hz, Q-H4), 7.68 (pst) =
8.0 Hz, 1H, Q-H6), 7.64 (dd) = 5.0 Hz and 8.5 Hz, 1H, Q-H3), 7.42{@= 8.0 Hz, 4H,
Ph-H2,6), 7.34 (2] = 8.0 Hz, 4H, Ph-H3,5), 7.25 @, = 8.5 Hz, 1H, Q-H5), 7.20 (&)
= 7.5 Hz, 1H, Q-H7), 6.70 (dd) = 11.0 Hz, 18.0 Hz, 2H, H9), 5.67 {d,= 18.0 Hz, 2H,
H10), 5.18 (d3J = 11.0 Hz, 2H, H11)**C (125.698 MHz, CDG): § = 158.87, 147.0,
139.40, 138.97, 137.71, 137.42, 136.47, 133.09,383228.61, 125.71, 122.95, 113.08,
112.48, 109.90; UV-Vis (THF, 3.0 x TOM): Amnax= 395 nm € = 3,190); fluorescence
(THF, 3.0 X 10° M): Ademmax= 504 NM,® = 0.21 Qexc= 395 nm).

Synthesis of 31:A solution of borate 28B was prepared as descrisove (11.0

mmol, 100 mL THF) and then added slowly "®u-8-hydroxyquinoline in THF. The
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reaction mixture was stirred for 20 h and insolutaés were removed by filtration. Pure
product was obtained via crystallization from heeaas a yellow solid (0.13 g, 10 %).
For31: *'B NMR (160.380 MHz, CDG): 6 = 11.7 (w2= 610),"H NMR (499.893 MHz,
CDCly): = 8.35 (dJ = 8.0 Hz, 1H, Q-H4), 7.58 (pst] = 8.0 Hz, 1H, Q-H6), 7.45 (d,
33 = 8.0 Hz, 1H, Q-H3), 7.34 (dd) = 8.0 Hz and 12.0 Hz, 8H, Ph-H2,6 and Ph-H3,5),
7.21 (d,3 = 8.5 Hz, 1H, Q-H5), 7.09 () = 7.5 Hz, 1H, Q-H7), 6.70 (d&) = 11.0 Hz,
17.5 Hz, 2H, H9), 5.73 (4] = 17.5 Hz, 2H, H10), 5.18 (& = 11.0 Hz, 2H, H11), 2.86
(m, 2H, Butyl), 1.01(br, m, 4H, Butyl), 0.65 &) = 7.0 Hz, 3H, Butyl)*C (125.698
MHz, CDCk): 6 = 158.65, 157.80, 145.5, 139.31, 137.47, 137.48%.3D, 133.54,
133.47, 131.63, 126.85, 125.55, 123.94, 112.93,3B12109.75, 34.52, 31.40, 22.72,
13.71.

Synthesis of 32:A solution of borate 28B was prepared as descriaove (29.0
mmol, 200 mL THF) and then added slowly"téex-8-hydroxyquinoline (5.0 g, 0.022
mol) in 50 mL THF for 24 h. Complete conversion wesnfirmed via''B NMR
spectroscopy and the mixture was then quenchedahltrotrimethylsilane (1.8 g, 0.017
mol) to remove any unreacted Grignard. Insolubles s@ere removed by filtration. The
pure product was obtained via crystallization freexanes as a yellow solid (2.0 g, 32%).
For 32: *'B NMR (160.380 MHz, CDG): & = 11.7 (w; = 610); '"H NMR (499.893

MHz, CDCk): & = 8.35 (d,2J = 8.5 Hz, 1H, Q-H2), 7.58 (pst] = 8.5 Hz, 1H, Q-H#6),
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7.45 (d,%J = 8.5 Hz, 1H, Q-H3), 7.33 (di = 8.0 Hz and 12.0 Hz, 8H, Ph-H2,6 and Ph-

H3,5), 7.21 (d3J = 8.5 Hz, 1H, Q-H5), 7.09 (d) = 7.5 Hz, 1H, Q-H7), 6.70 (dd] =
11.0 Hz, 17.5 Hz, 2H, H9), 5.72 (8] = 17.5 Hz, 2H, H10), 5.18 (8] = 11.0 Hz, 2H,
H11), 2.86 (t3J = 7.0 Hz, 2H, Hex), 1.11 (m, 2H, Hex), 0.99 (iH, &lex), 0.78 (t3J =
7.0 Hz, 3H, Hex),13C (125.698 MHz, CDG): 6 = 158.74, 157.88, 145.6, 139.31, 137.54,
136.37, 133.51, 131.73, 126.91, 125.62, 123.95,9512112.38, 109.89, 34.84, 31.56,
29.51, 29.25, 22.57, 14.18; UV-Vis (THF, 3.1 x‘ﬁM): Amax= 258 nm £=58,160), 386
nm (¢ = 3,380); fluorescence (THF, 3.1 X 1M): Ademmax= 498 NM,@ = 0.23 (lexc= 386
nm); elemental analysis: calculated C 83.59, H,7Ne8.14; found C 83.46, H 7.13, N

3.12.
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Chapter 2. Pentafluorophenylcopper: Complexation

Behavior and Supramolecular Structures

2.1 Introduction

Organocopper compounds have emerged as one of dis¢ important classes of
organometallic compounds due to the rich structdiragrsity and applications as mild
and selective reagents in organic synthksitiey tend to form a variety of different
aggregates both in the solid state as well aslirtisn. So far, a number of well-defined
homoleptic arylcopper species [ArGuyith varying degree of aggregation (n = 2—-8) have
been isolated and structurally characterizédAggregation typically occurs through
bridging of two or more copper centers with an argamoiety. The degree of
aggregation depends on a number of factors inajustieric and electronic effects and the

presence of external donor ligarids.

R R
R—Cu—R R T ,,C“\_T / \,cu{|
E /\ e RN CU’ \Cu
= JAwa SR i\
! N/ \\ ol ~h~. ..~/ —R
R—Cu—R R—Cu—R R—Cu—R Sl
R

Chart 2.1 Aggregation of Organocopper Compounds.
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For example, unsubstituted phenylcopper adoptslyngoic structure and hence is
insoluble in common organic solvents, while thespreee of substituents in tloetho-
position of the aromatic ring leads to well-defirsaluble oligomers as a result of steric
bulk> In contrast, 2,4,6-triisopropylphenylcopper featura tetrameric square-planar
aggregate due to the presence of sterically demgnidobpropyl groups in thertho-
positions of the phenyl rinyPioneering work done by van Koten and coworkers ha
shown that smaller arylcopper aggregates can beilistal by the intramolecular
coordination with chelating amino or alkoxy groupshe ortho-position of the aromatic
ring? For example, (dimethylaminomethyl)phenylcopperftins a stable tetramer due
to the chelating nature of the (dimethylamino)methgiety present in thertho-position.
Stabilization viatrarene interaction has also been encountered ftcopper species.
This motif is present in the dimeric structure @f6tdimesitylphenyl)copper and the
related trimer (2,6-diphenylphenyl)copper repottgdNiemeyeret al.’

Floriani and coworkers reported the synthesis ddityleopper by Grignard metathesis.
Recrystallization of the product from toluene yexlda pentameric structure in the solid
state® Later they reported that pentameric mesitylcoppeergoes a ring contraction
with tetrahydrothiophene (THT) to the correspondietyameric complex (2), which
features two THT molecules coordinated to two @& topper atom$Later Hakansson

and coworkers reported structural changes of tlesnpound upon varying the
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recrystallization solven® They isolated tetrameric mesitylcopper from THRéet

mixture solvent and characterized the complex hyglsicrystal x-ray diffraction.

Interestingly, cocrystallized THF molecules do sbhbw any interaction with the copper
centers and the crystal packing pattern displayeghiels that are formed from the
positioning of the tetramers and are filled witlufofHF molecules for every tetramer.
On prolonged standing at —20 °C in THF/ether, teat@meric phase of mesitylcopper
was completely transformed into the tetrameric pha$ey also performed a refinement
of the pentameric mesitylcopper phase obtainedrystallization from toluene and were
able to locate one toluene molecule for every peatain the crystal lattice. From the
cryoscopic molecular weight determinations, an ldoium between a tetramer and

pentamer in both etheral and aromatic solutionspragosed?
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R—,Cu\—IIR
Clu :Clu
R—CU—R
NN - ; _ N ]
R= (1) (2) (3) (4)

Al

() (7)

Chart 2.2 Examples of Tetrameric Arylcopper Compounds.

Interestingly, Hakansson and coworkers studiedouariother homoleptic aryl copper
such as @-vinylphenyl)copper* (3), pentamethylphenylcopp@r(4), thienylcoppéer (5)
and 2,4,6-triethylphenylcopper (8).These copper complexes exist as tetramers in the
solid state where the aryl ligands are usuallyasgéd perpendicular to a puckered or
square planar Gucore. This leads to the formation of eight-membenegs composed of
alternating copper(l) andifsocarbon atoms. Similarly, 2,6-diisopropylphenylcop@™

was synthesized by Boeré and coworkers. The x{ragtare analysis of (7) revealed a
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tetramer with trapezoidal copper plane with copgems bridged along each Cu—Cu
contact by an approximately perpendicular aryl grotheispo-carbon atoms are not
coplanar with the copper atoms and are displacelifferent sides of the copper plane in

an alternating manner.

2.2 Pentafluorophenylcopper

Studies on the synthesis of pentafluorophenylcog®emwere reported by Cairncross
and Shepparf ', DePasquake and Tamborékiand Gilmanet al’® The Grignard
reagent GFsMgX or the organolithium speciessfsLi were reacted with copper halides
CuX (X = CI, Br, I) (Scheme 2.1$* However, the Grignard metathesis route was
generally preferred over lithiation due to the thal lability of GFsLi species and to

avoid cuprate formation.

F MgBr + CuCl ——22 » F Cu
Dioxane

Scheme 2.5ynthesis of gFsCu.
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Pure pentafluorophenylcopper can be obtained byystlization from a mixture of
1,2-dichloroethane and cyclohexane (ca. 1:1) agrlesls crystals, which were found to
contain half a molecule of 1,2-dichloroethane @&F{Cu), unit.>* Recrystallization from
toluene vields the toluene adductfgCu)(toluene) (9) as a white crystalline solfd. >
The base-free complex can be obtained by removéabloéne at elevated temperature.

The structure of (9) will be discussed in detaif@ttion 2.6.2.

2.2.1 Solid State Structure of (gFsCu)4(8)

The structure of the homoleptic tetrameric comg&xis shown in Figure 2.1 and is
similar to that of other homoleptic tetramers poenly discusset! An aggregation
number n = 4 was also confirmed by cryoscopy, vapessure osmometry and El-mass
spectroscopy’ The copper atoms show a distorted square-planangement where the
pentafluorophenyl substituents stand orthogonallythe Cy plane but are dislocated
from the Cy plane which leads to slight puckering of the,Caring. The four CuCu
distances between adjacent copper atoms range2fd286(3)—2.4534(3) A and diagonal
distances are 3.307 and 3.584 A. All"@w distances in (8xre within a range from
1.962(2) to 2.007(2) A, as expected for a symmatrioridging situation of the

pentafluorophenyl grougs.
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Figure 2.1 Plot of the Molecular Structure of (8Ralton Trans, 2007, 2851-2858;

Reproduced with Permission of the Royal Societloémistry.

It is interesting to point out that (8) forms artended structure with channels along the
crystallographicb-axis. These channels are filled with cocrystatlizmlvent molecules
(1,2-dichloroethane), which do not show any sigaifit interactions with the

organocopper tetramers.

2.36-Complexes of Organocopper Compounds

It is also well-known that treatment of organocapgecies with strongly coordinating

solvents or external ligands can lead to breakdofvtne aggregated structure. Smaller
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organocopper aggregates can, for example, be eltdéy using N, P or S compounds as
donors. For instance, polymeric phenylcopper hasnhsolated as the dimethylsulfide
solvate and has a square-planar tetranuclear qdppere® However, it is difficult to
predict whether monomeric species or partially eggted complexes will be formed.
Surprisingly, only few non-aggregated species (RQuwith either bulky groups and/or
chelating ligands have been isolated and strudyureharacterized. Monomeric

phenylcopper (10) was reported by Gambarettal®

They used the tridentate tripod-
like ligand I,l,I-tris[(diphenyl- phosphino)methgiihane (triphos) to provide appropriate
coordination around the copper center. Power andiodeers have structurally
characterized mononuclear and dinuclear organocopmenpounds of formula
[CuR-Solvate] o »using dimethylsulfidé’ Due to the presence of sterically demanding
ortho substituents on the aryl ligand of both marsear [MeSCu(GH»-2,4,64-Bus)]
(11) and dinuclear complex [(M®)Cu(GH:-2,4,6-Ph),], formation of higher

aggregates was highly unlikely.
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P
H3C—CCP>CUO
N

/P /" CH,PPh,

H3C_C_P == H3C_C_CH2PPh2
P \_ CH,PPh,

Cu—S

(10) (11)

Chart 2.3 Examples of Arylcopper Compounds Stabilized by & &rbonor Ligands.

2.3.16-Complexes of Pentafluorophenylcopper

The pronounced ability of pentafluorophenylcopperfdrm complexes witls-donor
ligands has been recognized by Cairncross and Srepphey reported that dioxane,
quinoline, tributylamine as well as tetraethylamimuom cyanide coordinate to the
(CsFsCu)s tetramer® However, no crystallographic evidence was repoifted these
complexes and no further studies on their propetiere performed.

Jakle and co-workers have recently reported’ffraand**C NMR spectroscopy can be
used to study the structural properties of pentafiphenylcopper in solution. They have
shown that the difference between il NMR chemical shifts for thpara and meta
fluorine atoms Adm, @ downfield shift of ¢so, and an increase in the coupling constant
of theipso-carbon atom with fluoringy) (**Cipso, “°F), in donor solvents are indicative of

changes in the coordination environment of the eopgnters (Scheme 2%).
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Scheme 2.2 Proposed Structures Involved in the Complexation of

Pentafluorophenylcopper.

They demonstrated that, in the presence of exaass dsuch as acetonitrile, DMSO or
pyridine, the organocopper aggregate breaks dowarto monomeric complexes. They
further investigated the binding of pyridine to {hentafluorophenyl copper tetramer and
examined the structure of the adduct by x-ray afgiraphy. Monomeric organocopper
complex GFsCu(Py) (12) was synthesized by treatment of tetreampentafluorophenyl
copper with an equimolar amount of pyridine (Fig@r2 (a)). The solid state structure of
the pyridine complex revealed a nearly linear cowtion geometry with (C—Cu-N =
178.54(6)°). The pentafluorophenyl groups and thelime rings are perfectly coplanar

and the entire molecule resides on a crystallogcapirror plane (Figure 2.2 (b)).
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[Cu(CeF)la W
Pyridine ‘g o — @cCu
Yl +

—eF Soe oN

:/ \>
F Cu—N _ t:#—%_
F F M~ 2 i

(12)
(a) (b)
Figure 2.2 (a) Synthesis of (12); (b) Extended Structure of)(lAlong the

Crystallographic c-Axispalton Trans, 2007, 2851-2858; Reproduced with Permission

of the Royal Society of Chemistry.

The extended structure of (12) shows that thentigan adjacent RCuL units adopt a
staggered conformation and hence do not underga-atgcking interactions. However,
intriguingly, the copper atoms are arranged in dimeensional chains with CwCu
distances of 2.8924(3) A, which are among the sBorteported for unsupported
Cu(l)Cu(l) contact€® In contrast, the supramolecular structures of dergs of
Zn(CeFs), (13) are dominated by-stacking interaction®. Pentafluorophenylsilver was

isolated as a 1:1 adduct with EtCN. The crystalcstre of AgGFs*EtCN shows the
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presence of both [Ag@EFs):]” (14) and [AgQ(EtCNYCeFs)2]” (15) units in the crystal

lattice with an infinite Ag-Ag chain (Ag-Ag 2.82 &}

/Zn\ Ag
F HN” “NH F F
Fo F F F
F F
(13) (14)
o
F
F
c
F
AN
E \
A?N F
N\ F
F \C

(15)

Chart 2.4 Examples of Pentafluorophenylzinc and Pentafluosogtsilver.

2.4 Cuprophilicity

Polynuclear coinage-metal complexes are known tm ftascinating supramolecular
structures with unusual luminescence behat#dt.Many of their exciting properties

originate from a pronounced tendency for formatafnstacks through metallophilic
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interactions’’® These attractive interactions that exist betweel’ tclosed-shell”
elements of Group 11 have received extensive atenAurophilic interactions, the
attractive forces between closed-shéfirdetal ions of gold, have long been recognized.
The term “aurophilicity” has been introduced to atéze the Ad~Au! bonding
interactions that are apparent in many molecular solid-state structures. They have
been attributed to the ligand-indué®dnd relativistically-supportét contraction of the
6s orbital which then favorably mix with 5d stateseffectively reduce the population of
the 5d valence shellhe question whether a similar metallophilicity sgifor the other
two coinage metals, copper and silver, is still atter of controversyBased on MP2
calculations Schwerdtfeget al. determined that cuprophilic interactions betweeutral
pairs [RCuL} should be attractive by up to —4 kcal Ripland are therefore
approximately three times weaker than aurophilterictions'>** Only a few examples
of ligand-unsupported Cuaggregates have been described in literature.iff@ance,
Singhet al. reported pyrazolate substituted dimer of trim&s(2-(3(5)-pz)py)]- (16)*°
The structure of (16)eveals two virtually planar triangular copper grebupled via two
Cu~Cu interactions (CuCu = 2.905(3) A). The triangle of copper atoms eanty
equilateral; with CuCu distances around 3.52(5) A. The authors claahttre deviation
of the Cu atoms from the plane (Cu(l) 0.27 A, Cu§®8 A, Cu(3) 0.19 A) is clear

evidence of the attractive nature of the Qu intertriangular interactionslrimeric
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copper(l) pyrazolate (17) was reported by R. Diad eoworkers to show weak closed-
shell cuprophilic interactions in the electroniognd state, which are enhanced in the
emissive excited states contributing towards iightrluminescence band®.The non-
bonding intramolecular CuCu separations range from 3.221 to 3.242 A. Thetssib
distance between copper atoms of neighboring ten®3.879 A. These distances are
however much longer than the sum of the van derl$Vaalii (2.80 A). In comparison,
the non-fluorinatedanalog {[3,5-(CH).Pz]Cu}s forms weakly linked pairs of trimers

with much shorter CuCu contacts (average = 2.946 A).

(16) (17A) (17B)
Chart 2.5 Examples of Trimeric Copper(l) Complexes; (16) Rejed in part with
permission fromJ. Am. Chem. So0c1999, 119, 2942-2943, Copyright 1999 American
Chemical Society; (17A and 17B) Reprinted in paithwermission fromd. Am. Chem.

Soc.,2005, 127, 7847-7501, Copyright 2005 American GhahSociety.
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2.5 Pentafluorophenylcopper(l) Pyridine Complexes

Previously we have shown that coordination of pgedand 4,4'-bipyridine results in
complete breakdown of the tetrameric structure®)f{ The cuprophilic and multiple
perfluoroarene—arene interactions in turn leacheoformation of novel supramolecular
structures. The monomeric copper(l) complex (12wshintense blue luminescence in
the solid state, the origin of which is still undevestigation. The aim of this project was
to incorporate electron donating and electron waladng substituents on various
positions of the pyridine ring and investigate #ffects of substitution on the structural

and photophysical properties of the copper-pyridiomplexes.

2.5.1 Synthesis

[CsFsCula(toluene) (9) was treated at ambient temperature in tolwen@H,Cl, with
an excess of the pyridine ligand under investiga{écheme 2.3). Needle-like colorless
to pale yellow crystals of the complexesF§Cu(Py*) wereobtained by crystallization at
-35 °C (18-21), The complexes are stable at lowparature (—20 °C) under nitrogen
atmosphere for extended periods of time, but theyoohpose with the formation of a
green precipitate upon exposure to air. All the plaxes are thermally stable upto 150

°C. The complexes are readily soluble in both patat non-polar aprotic solvents.
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F Cu| (toluene), + 4 N R’
\ /

R F 18 R=H, R' = Me

4 F o D—r 19 R=Me, R'=H
\ 7 20 R=H,R'=Cl

F F R 21 R=CL,R'=H

Scheme 2.Preparation of Pentafluorophenylcopper(l) Pyridiwmmplexes.

2.5.2 Structures in Solution

Coordination of pyridine to copper in complexes-gi§ was confirmed biH, *°F and
13C NMR spectroscopy, single crystal x-ray diffraoticand elemental analysis. As
discussed in section 2.3.1, we have previously shinat coordination of nucleophiles to
tetrameric pentafluorophenylcopper (8) leads taki@own of the aggregate to give a
monomeric species which is, for example, refledted strong decrease in the chemical

shift differenceAd (“Fm ) in the™F NMR spectrd’
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Figure 2.3'%F NMR spectra of compounds (18-21) in CR&tl 25 °C.

Complexes (18-20) show a strong decreas&dof *Fn ) from 16.6 ppm to ~3.3 ppm
(Figure 2.3), which is in agreement with breakdowefnthe tetrameric aggregate and
formation of monomeric pyridine complexes (Tablel)2.However, the 2-chloro
substituted pyridine complex (21) shows a distintatgerAs (*Fn ) of 6.6 ppm, which
indicates that, in solution, pyridine (partiallylsslociates from the monomeric complex,
possibly leading to higher aggregates. The last@iso evident from the chemical shift of
theipso-C atom of the gFs group ¢ = 115 ppm), which is between those of complexes
(18-20) 6 in the range of 121.3 to 122.8) and that of theekeee tetramer (8p & 98.7).
Further evidence comes from the relative small ioggonstantd (*°Ci, *°F) of 67 Hz.

Strong broadening of thEF NMR signals for the compound (21) at room temipeea
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further indicates the presence of a dynamic equuiih. However, this effect may also be
due to hindered rotation due to the sterically dsiivay chlorine substituent.

Nonetheless, a dissociation equilibrium is furtlsepported by the observation of a
concentration effect on tHéF NMR spectra of (21), wher&s (*°Fy, ) increases with

increasing concentration. Variable temperattife NMR data for compound (21) were
acquired at temperatures ranging from -50 °C to %30 Further broadening of the
signals was observed at low temperature. In canias temperature NMR spectroscopy

of complexes (18-20howed no evidence of a dynamic process down t¢€50

Table 2.1Comparison of°F and selectetfC NMR dat&.

AS (Fmp) 5(C) 23 (°C,5F)
[CeFsCula(tol), (9) 16.6 98.7 52
4-MePy-CuGFs (18) 3.2 122.2 72
2-MePy-CuGFs (19) 3.1 122.8 71
4-CIPy-CuGFs (20) 3.8 121.3 75
2-CIPy-CuGFs (21) 6.6 115.0 67

Data were acquired in CDCAt 25 °C (ca. 1.8 x TOM).
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2.5.3 Solid-State Structures of (18-21)

Single crystals of (19and (21) were obtained via slow solvent evaporafrom a
mixture of toluene and hexanes, whereas needlediigstals of (18) and (20) were
obtained from the reaction mixture at low tempemturhe solid state structures of
complexes (18-21have been investigated by x-ray diffraction analyand plots are
shown in Figure 2.4, 2.5, 2.6 and 2.7. The molecslaictures of (18-21¢onfirm that
mononuclear di-coordinated structureg£Cu-L are present in the solid state with linear
or nearly linear coordination geometry at copped: (177.88(8)° 19: 174.66(8)°; 20:

176.34(7)°; 21176.19(11)°/177.75(11)°).

Figure 2.4 Molecular Structure of (18) (ORTEP, 50% probabjlityselected Bond
Lengths (A) and Angles (deg): Cul-C1 = 1.891(3),1®ll = 1.900(2), C9-C12 =

1.500(4), C1-Cul-N1 = 177.9(1), (Py) // (Pf) = 2.89
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The Cu-C bonds of all complexes are within a narramge from 1.887(2) to 1.901(3)

A, and thus considerably shorter than those fowndtlie tetramer (8) (1.962(2) to
2.007(2) A), which shows bridging rather than terahiaryl groups. These distances are
similar to those of other dicoordinate organocogigand complexes such as H&-
2,4,61-Bus)Cu(MeS)]*® with Cu-C = 1.886(3) A, N-heterocyclic (carbengper (1)
complexes (1.887(5) A}, and a related dimeric complex containing a civeat
oxazolinyl group (Cu-C = 1.899(5) &Y. The copper—nitrogen distances ((18): 1.900(2)
A; (19): 1.907(2) A; (20): 1.897(2) A, (21): 1.909@)d 1.917(2) A), are comparable to
those in the oxazolinyl complex (Cu-N 1.902(4f®and a related dimeric pyridylalkyl
species [2-(SiMg,C(Cu)GH4N],* with Cu-N = 1.910(3) A. They are, however, slightl
longer than that in the monomeric carbene coppanil)Jdo complex, IPr-Cu-NHPh, (IPr

= 1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene)th Cul-N1 = 1.841(2) X
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Figure 2.5 Molecular Structure of (19) (ORTEP, 50% probabjlityselected Bond

Lengths (A) and Angles (deg): Cul-C1 = 1.897(2),1Gli = 1.908(2), C7-C12

1.497(3), C1-Cul-N1 = 174.65(8), (Py) // (Pf) =5&.3

Figure 2.6 Molecular Structure of (20) (ORTEP, 50% probabjlityselected Bond
Lengths (A) and Angles (deg): Cul-C1 = 1.887(2),1®ll = 1.897(2), C9-Cl1 =

1.721(2), C1-Cul-N1 = 176.33(7), (Py) // (Pf) =2.3
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Interesting to note is also that the Cu-N bond tlemdpr the two independent molecules
of (21) are slightly longer that those in the othmymplexes suggesting weaker
coordination of the pyridine ligand to Cu. The datts consistent with the conclusions
drawn from the solution NMR studies on (21). Thextpfluorophenyl groups and the
pyridine rings are coplanar forsksCu(Py) and nearly so for (18) (2.89°) and (€034°);
however, large dihedral angles of 43.12° and 44r2%Epectively, were observed for the
two independent molecules in complex (21). Theetai$ attributed to the high steric
demand of the chloro substituent in 2-position loé pyridine ring. Interestingly, the
methyl group in 2-position of (19) leads to onlglaht twisting of the two aromatic rings

of 5.32°.

Ci1

Figure 2.7 Molecular Structure of (21) (ORTEP, 50% probabjlityselected Bond
Lengths (A) and Angles (deg): Cul-C1 = 1.902(3),1®ll = 1.917(2), C7-Cl1 =

1.726(3), C1-Cul-N1 = 177.75(11), (Py) // (Pf) =214
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Table 2.2Comparison of Selected Bond Lengths [A], Distarjédsand Angles [°].

(12) (18) (19) (20) (21)
21-A 21-B

Cul-C1 1.8913(17) 1.891(3) 1.8963(19) 1.8873(19)  901(3) 1.898(3)
Cul-N1 1.9022(15) 1.900(2) 1.9072(16) 1.8972(16) 911(2) 1.909(2)
N1-C7 1.356(2) 1.352(3) 1.353(3) 1.354(2) 1.338(4) 1.340(4)
N1-C11 1.346(2) 1.345(3) 1.351(3) 1.345(2) 1.349(4) 1.349(4)
C-X (X=Cl, CHy) 1.501(4) 1.498(3) 1.7212(18) 1.727(3) 1.723(3
C1-Cul-N1 178.54(6) 177.88(8) 174.66(8) 176.34(7)  77.15(11) 176.19(11)
Py // Pf 0.0 2.89 5.32 2.34 44.21 43.12
Cul...CulA 2.8924(3) 3.531(1) 3.245(0) 3.521(1) 3(430
CulA...CulB 2.8924(3) 3.698(1) 4.298(0) 3.784(1) B(@3
C1-Cul...CulA 89.900(5) 95.89(7) 92.56(7) 98.83(5) 0.10(9) / 101.01(9)
C1-Cul...CulB 89.900(5) 83.27(7) 89.42(7) 77.94(5) 3.85(9) / 103.00(9)
C1A-CulA...CulB 90.00 96.32(7) 91.44(7) 100.54(5) 4909) / 92.45(8)
N1-Cul...CulA 90.097(5) 85.24(7) 92.69(5) 82.50(4) .3807) / 75.55(7)
N1-Cul...CulB 90.097(5) 95.46(7) 85.23(5) 100.21(4) 5.59(7) / 80.53(7)
N1A-CulA...CulB 90.00 84.88(7) 93.89(5) 81.07(7) 887 / 87.04(7)
C7-N1-Cul...CulB 90.00 65.79(20) 60.73(14) 115.12(14) —109.82(20) ~109.98(20)
C11-N1-Cul...CulB 90.00 112.49(19)  -119.27(15)  —6A42B 72.85(20) 70.33(20)
C2-C1-Cul...CulB 90.00 ~117.29(21)  122.00(18) -11a&7  -116.40(23) ~113.80(22)
C6-C1-Cul...CulB 90.00 65.26(20) ~58.19(16) 63.10(14)  63.35(23) 68.76(24)
CulA...Cul...CulB 179.716(15) 175.16(1) 168.22(1) 1205 155.80(2)

4Symmetry operations used to generate equivalemtt@us for (18): (i) —x + 1, -y + 1, —z; (i) —x + 3y + 2, —z; (iii) X, 1 +y, z. For
(29): (i) =x +2, =y, —z + 1; (ii) =X + 2, =y + 1z+ 1; (iii) X, 1+y, z. For (20): (i) -x + 2, -y}, —z + 1; (ii)) —x + 2, =y, —z + 1; (iii)) X, ¥
—1,z.For(21): () x—=1,y,z; (i) x—=1,yz; (i)l +x,1+y,z;(ivI1+X,V¥,2,(W,y—-1,2z (vix,1+y,z
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2.5.4 Supramolecular Structures

Further analysis of the extended structures shbaisall complexes form chains of Cu
atoms that progress throughout the entire cryataté. However, the stacking direction,
and thus the orientation of the chains, as welltlas Cu'Cu separations vary
considerably. The parent compound (12), which etlyses in theP,., space group,
shows a very unusual structure in that all atomduding the hydrogen atoms reside on a
crystallographic mirror plan€. Consequently, all copper atoms are equidistantthad
stacking direction is perpendicular to the planéhefmolecules.

In sharp contrast, compounds (18-21) form stackat tprogress along the
crystallographicb-axis with the RCuL monomers aligned in such a wWaat the GFs
groups undergon-stacking interactions with the pyridyl moieties tfe adjacent
molecules andice versa(Figure 2.8). In each stack, the successive matscatiopt an
eclipsed rather than staggered arrangement andffast so that the resulting stacks are
tited by an anglex = 23.9° for (18), 26.8° for (19), 24.7° for (200ch21.2° for (21),
which results from lateral slippage of the aromajioups, a phenomenon that is
commonly encountered for stacks involving perflaseme-arene interactiofs>*>*The
tit angle was measured using the vector perpefraticto the plane containing
pentafluorophenyl ring. The C&€u contacts between adjacent molecules alternate,

thereby leading to formation of dimers with reletyw short Cu'Cu contacts of 3.245 to
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3.531 A that are in turn connected through longer Cu contacts ranging from 3.698 to
4.297 A to form the infinite Cu chains. The altdioa is most pronounced for (19) with
Cu~Cu distances of 3.245 and 4.297 A, respectivelterdsting is that relatively short
contacts of 3.245 A are observed for the 2-methiisstuted derivative, for which the
individual molecules also show the largest deviafrom linear coordination geometry at

copper (C1-Cul-N1 174.66(8)°).

(a) View sideways: (18-21)

ST

(b) Along the crystallographic a-axis: 4-Me, 4-2{Me; along the crystallographic c

axis: 2-Cl:
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(c) Space filling illustration of the tilting of éhstacks:

Figure 2.8Plots of the Extended Structures of (18-21).

Formation of zigzag chains is evident for complex&8-21), an effect that is most
pronounced for (18ps apparent from a relatively small angle CGL1A CulB of
155.79(2)°. The latter is likely related to the gqamece of the sterically demanding 2-
chloro-substituent in (21), which also leads torng of the pyridyl and €Fs groups with
respect to each other. Unlike the parent pyridioengex, the substituted pyridine
complexes show pentafluoroarene-argrstacking interactions, which seem to dominate
over cuprophilic interactions and thus most likelfimately determine the CiCu
separation®, particularly in the case of (19), which showsnidirs” with relatively short
Cu~Cu distances of 3.245 A. For complexes (18-21 supramolecular assembly is
therefore certainly to a large extent governed leyflporoarene-arener-stacking

interactions.
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2.6 1-Complexes of Organocopper Compounds

An interesting motif of the polynuclear coinage atetomplexes is that of binary
structures, where they can act eithemascids orn-bases toward arenes. For instance,
stacking of trinuclear silver(l) pyrazolates [{[3(EF:)2pz]Ag}s] (pz = pyrazolate) with
electron rich arenes (benzene, mesitylene, andreluhas been demonstrated 22).
These compounds represent rare silver(l) complieagaring fluorinated pyrazolates and
they tend to aggregate via intertrimer ‘A&g contacts. The isolation of sandwich
molecules with tight face-to-face contacts betwéanoene and [{[3,5-(CE)opz]Ag} 3]
points to the hight-acidic nature of the pyrazolate compfxRecently Gabbai and
coworkers reported that the trimeric organomerapgcies [{(0-GFs)Hg}s] also forms
one-dimensional stacks with arenes such aghehyl, triphenylene, naphthalene,
acenaphthalene, anthracene and pyrene®(2%)They found that these compounds form
interesting supramolecular assemblies due to stkHgdHg interactions and secondary
polyhaptost interactions occurring between the electron-ricbnaatic molecules and
acidic mercury centers. These compounds also shawguing photoluminescent
properties in the solid state, which have beenbat&d to the occurrence of a mercury
heavy atom effectFluorination of the ligand is a key feature thapmorts ther-acid
properties of these metal complexes. The revetsat&in is encountered with electron-

rich trinuclear gold complexes such as [{(p-toIN=ExAu}s], which act asm-basic
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substrates toward electron-poor aretieBor instance, this nucleophilic trinuclear Au(l)
compound forms a 1:1 supramolecular stack with theganic Lewis acid
octafluoronaphthalene {gFs), in which the Ag(p-toIN=COEt} molecules alternate with
the octafluoronaphthalene (24). In addition, theuatidlso shows bright phosphorescent
emission in the solid state at room temperaturehasdpotential application in molecular
device materials. In yet another twist, cyclic sAwbasic compounds [Ap¢C? N3-
bzim)]s (bzim) 1-benzylimidazolate), and [AuC,N-C(OEt)=N-GH4-CHs)]s, have been

shown to form alternating stacks with the trinucteacid [{(0-CsF4)Hg}3].%°
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(22) (23)

Fizm Fi2al
,

Fl4a) S

Fi58) O FIgAl
FIBAI
Lo

Fi7 g
Al 7

(24)

Chart 2.6 Examples oft-complexes; (22) Reprinted in part with permissiam Angew.
Chem. Int. EJ.2007, 46, 2192-2194, Copyright 2007 Wiley-VCH MgrGmbH&Co.
KGaA.; (23) Reprinted in part with permission frdnorg. Chem, 2007, 46, 1388-1395,
Copyright 2007 American Chemical Society; (22alton Trans, 2005, 2597-2602,

Reproduced with permission of the Royal SocietZbémistry.
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2.6.1a-Complexes of Pentafluorophenylcopper

Copper(l) complexes with olefins and alkynes asrdp are very common. The 1:1
complex of pentafluorophenylcopper with dimethylgleste and 2:1 complexes with
butadiene and 1,5-cyclooctadiene were reportedaign€ross and SheppardHowever
no structural studies were reportedCoordination of pentafluorophenylcopper to a
diacetylene tweezer was reported by Lameg al, who prepared the complex
{[Ti](CCSiMe3)2}CuCeFs ([Ti] = (;75-C5H4SiMe3)2Ti) using a titanium thiolate precursor
and pentafluorophenyl lithiufit.A variety of arene-complexes of copper(l) salts such as
[Cu(benzene)]AICf?  [Cu(benzeng)triflate®, [Cu(benzene)PrCle™, and
paracyclophane complex {{CoHCsH4CH-CH,CH,)»)]GaCl}>> have also been reported.
All three complexes are polymeric in the solidstaind exhibit ap®-binding mode of the
benzene ring to copper(l). Moreover several catiaapper(l) complexes in whici
interaction between copper and an aromatic growguported by chelation have been
described® ° For instance, Conry and coworkers synthesized atrdcturally
characterized the copper-arene complex (25), wfeettures am?-bound naphthalene
using a new NSmacrocyclic ligand with a pendant naphthyl gré88ipramauchi and
coworkers synthesized copper(l) complexes withralole and pyridine based tridentate

ligand N-(3-indolylethyl)-N,N-bis(6-methyl-2-pyridiypethyl)amine (MelEP) (26)°° The
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Cu(l) complexes of indole-containing ligands havféedent structures that depend either

on the side-chain length or the mobility of theataring.

:. ..' .w
LS A N2}
Bt N -
. *N[a]/q'm .
Loy Nl
A -

(25) (26)
Chart 2.7 Examples of Cue Complexes; (25) Reprinted in part with permissimom
Organometallics]1998, 17, 3146-3148, Copyright 1998 American Chahfociety; (26)
Reprinted in part with permission frolngew. Chem. Int. Ed1999, 38, 2401-2403,

Copyright 1999 Wiley-VCH Verlag GmbH&Co. KGaA.

2.6.2 Solid State Structure of (gFsCu)s(toluene), (9)

The solid state structure of (9) was characteriaed-ray crystallography and reported
by Sundararamaret al** As shown in Figure 2.9, both toluene molecules in
[Cu(CsFs)]4(7°-toluene)] are coordinated to opposite copper centers inrmymmetrical

n?-coordination mode. Unlike in (8), the four copggoms in (9) do not lie in the same
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plane but rather form an unusual butterfly struetwith one short and one long diagonal
CuCu distance of 2.5935(3) A and 3.955(1) A, respetti The four Cu-Cu distances
between adjacent copper atoms in (9) range from02@) to 2.4729(4) A and are only

slightly longer than those in (8) with 2.4286(3%234(3) A.

Figure 2.9Molecular Structure of (9Dalton Trans, 2007, 2851-2858; Reproduced with

Permission of the Royal Society of Chemistry.

2.7 Binary Stacks of Pentafluorophenylcopper with Aenes

We demonstrate here for the first time how multifle = interactions can lead to

luminescent supramolecular structures that feauaréntact organocopper aggregate (8)
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as the building block® The ability of (8) to complext-basic molecules such as
naphthalene, bithiophene, anthracene and pyrenemwastigated and it was shown that

(8) and arenes form extended binary stacks in witieliwo components alternate.

F o o@

F. F
F F naphthalene = Np bithiophene = Bt
F. F GOy Cu_F F
s Gy = S
F F Cl.‘ -------- Cll‘ F F 7 OOO 2
F. F 6 3
5 10 4
5 4
F F anthracene = Anth pyrene = Pyr

Chart 2.8 Pentafluorophenylcopper and Selected Arenes.

2.7.1 Synthesis of Complexes (27-33)

Treatment of (8) or (9) in Ci€l, with two equiv of naphthalene (Np) and 2,2’-
bithiophene (Bt), respectively, and subsequent tiemyperature crystallization by careful
layering with hexanes gave colorless crystals eflits-adducts 8e(arene(27), arene =
Np; (28), arene = Bt) in high yields. The 1.1 coexp{8earene} ((30), arene=Bt) was

similarly obtained in 88% yield from a 1:1 mixtusé(8) and Bt. However, the respective
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complex with Np (29) could only be obtained in axtare with the bis-adduct (27).

Interestingly, treatment of (8) with either onetwo equivalents of anthracene resulted in
the same sandwich type complex 8¢(Antf81) in 70% vyield, formation of {8*Anth}
was not observed. The 1:1 complex {8sareng®2), arene = Pyr) was obtained by the
treatment of (8) with two equivalents of pyrene, ilwvhcompound (33) with a
stoichiometry of (GFsCu)Pyr, was also obtained under similar conditions. Howewe
found that in these experiments the stoichiometrythe product did not necessarily
correlate with the molar ratio of the starting mni@ls. All compounds form colorless
crystals, but the different adducts are easilyimtjsiished since (27), (28) and (31) form
needles, while (29), (30) and (33) gave plate-tikgstals. Compound (32) was obtained
as colorless blocks. Complexation was further cordd by NMR spectroscopy,
elemental analysis and x-ray diffraction studiebe TH and ' NMR spectra of the
adducts in CDGl show similar chemical shifts as the correspongirgcursors, which
not only confirms that both building blocks areangorated into the products, but also

suggests that dissociation takes place in solution.
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Scheme 2.45chematic Representation of Different Types-Gomplexes.

2.7.2 Solid State Structures of Complexes (27-31)

Single crystal x-ray analyses were performed fbc@amplexes and the structure plots
are displayed in Figures 2.10, 2.11, 2.12 and Zh8y reveal the formation of sandwich-
like structures of the intact tetramer (8) anddbeesponding arene in (27), (28) and (31)
and the presence of one-dimensional binary stack®9) and (30). A different structure
was found for (33), which will be discussed sepayat-or all structures, the four copper
atoms of the [gFsCu]s building block form a rhombus-like geometry witimeo short
(2.58-2.68 A) and one long diagonal GTu distance (4.14-4.22 A) (Table 2.3). This
structural motif is similar to that found for otharylcopper donor complexésand
contrasts the square planar arrangement typicéiberved for the respective base-free
complexes, including that of (8). The Cu tetrame(27), (28), (29) ang31) sits on a

crystallographic inversion center, rendering thedalnms at opposite corners equivalent
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and providing for a planar Guore. While the structure of (30) does not featilnie
inversion symmetry, the Gunit shows only a slight deviation from planantyth an
interplanar angle of CulCu2Cu4//Cu2Cu3Cu4 of 6.@f° 37.53° for (9)). It is also
interesting to note that the C-Cu-C angles for #mene-complexed Cu atoms are

considerably wider than in (8nd the Cu atoms point toward the arene.

Figure 2.10Plot of the Molecular Structure of (27) and (31ynnetry operations used
to generate equivalent atoms for (27): —x + 2, 4 +z + 1. For (31): -x + 1, -y, —z and

—Xx+1,y-05,-z+0.5.

Secondary Cur interactions are observed for the sandwich-likecstires, (27), (28)

and(31). As for (9), the two copper atoms that ar¢hfesst apart from one another engage
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in interactions with the arene molecules. The difiee in the CuC distances of
2.643(4) and 2.910(4) A for (27) and 2.634(2) ar@62(3) A for (31) is reminiscent of
the typical unsymmetrig®-binding of arenes to Cu(l). They are considerabhger than
those observed for (&or other Np complexes of Cu(l) (2.129 to 2.414°AThey are,
however, well within the sum of the van der Waadslii for Cu ¢.qw = 1.40 A) and C
(rvaw = 1.70 A).Interestingly, the thiophene moiety in (28)not bound through sulphur,
but rather engages winteractions with slightly shorter CC distances in comparison to
those observed for (2%.%® "*The thiophene rings are slightly tilted with aeiplanar

angle of Th//Th = 8.32°.

Figure 2.11 Plot of the Molecular Structure of (28). Symmetrgemtions used to

generate equivalent atoms for (29): —x + 1, -y +Z,



Table 2.3Comparison of Selected Bond Lengths [A], Distarjédsand Angles [°].

8+(Tol),  8+(Np) 8+(Bt), 8(Anth),  8+(Pyr) {8°Np}, {8Bt}, {8Pyr},
9 (27) (28) (31 (33 (29) (30) (32
Clw...Clhd 2.594(1) 2.6343(11) 2.5866(6) 2.6159(7) 2.647(1) 2.6779(8) 2.6556(5)  2.656(2)
2.696(1)
Cw...CuS  3.955(0) 4.1796(11) 4.2220(6) 4.2069(5)  4.834(1) 4.1401(8) 4.1468(6) 3.979(1)
Cl-Cavg 1.986 2.023 2.022 2.027 2.007 2.020 2.018 1.995
Cly-Cayg 2.092 1.998 1.995 1.990 2.044 1.990 2.010 2.083
CorCuwCpr  153.47(8) 140.8(2)  139.56(8) 140.63(9) 145.19(15) 142.66(11) 142.09(11) 159.52(10)
155.94(8) 147.35(15) 143.55(10) 155.89(10)
138.96(15)
CorCurCo  140.79(8) 167.7(2)  166.96(6) 167.38(10) 159.00(14) 169.48(11) 169.36(10) 141.09(9)
140.98(8) 156.18(14) 159.61(11) 137.17(10)
Cu...Cfr)° 2.271(3)  2.643(4) 2.507(2) 2.634(2) 2.379(4) 2.665(3) 2.5389(8) 2.274(3)
2.455(3) 2.389(4) 2.482(4)
2.298(3)  2.910(4) 2.706(2) 2.961(3) 2.465(4) 2.815(3) 2.5356(7) 2.323(3)
2.339(3) 2.328(2)

4Cu, / Cuhs: bound / not bound to the areney:@so-C of the GFs moiety.’CuS distance®Cu...x: shortest Cu...C
distance to arenéSymmetry operations used to generate equivalertt@us for (27): —x + 2, -y + 1, —z + 1; for (28):
-X+1,-y+1,2z for(29) x+1,-y+2,—zHar (30):-1+x,y+1,2z for(3l)—x+1,—yzand—x+1,y-0.5
-z +0.5;for (32): (i) —x+1,-y,—z+1; (Hx+ 1, -y, —z.
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Intriguingly, the 1:1 complexes (29) and (30) foextended binary stacks in the solid

state, where the intact tetramer (8) alternatel thié arene. One of the aromatic rings of
the Np and Bt moiety, respectively, interacts wille CuGFs group of one copper
tetramer and the second ring shows short conta¢tsat of another tetramer (Figure 2.12,
and 2.13), as a result these stacks are tiltedamttilt angleo = 36.9° and 43.9° for (29)

and (30), respectively.

Figure 2.12 Plot of the Polymeric Structure of (29). Symmetrgemtions used to
generate equivalent atoms for (29): —x + 2, -y +2+ 2; Xx + 1, -y+2,-z+ 2; x—-1,y

+1, z.
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A comparison of the Cur interactions for (27) and (29) shows that the frminds
through the 2,3-positions, while the latter forntrs contacts to the 1,2-positions of
naphthalene. Even more interestingly, Cu-S intevastlead to the extended structure of
(30) in contrast to the Cut bonding motif of (28). The thiophene rings in (20 non-
equivalent and slightly twisted with respect to keather (Th//Th 7.76°). The sulfur
atoms coordinate to copper with Cu-S distances &B89(8) and 2.5356(7) A,
respectively, which are within the sum of the vam Waals radii for Cu {§y = 1.40 A)
and S (fqw= 1.80 A). The contacts are slightly longer thamsthreported in the literature
for thioether adducts of organocopper tetrame&l@- 2.407 A} * "> " which is to be
expected based on the lower basicity of the thinpHe atom. In fact, there are very few
known examples of thiophene coordinating to Cufll ¢he Cu'S distances for (3Qre

the shortest reported to ddfe.
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Figure 2.13 Plot of the Polymeric Structure of (30). Symmetrgemtions used to

generate equivalent atoms for (30): x -1,y +1,z

Arene binding in all cases is further supportegésfluoroarene-areneinteractiond”
>154, 76-Mith the shortest arene(centroid) contacts being 3.358, 3.270, 3.360, 3.332
and 3.378 A to the Cu-bourgso-carbon of the gFs groups for (27), (28), (29), (30) and
(31) respectively. These distances are in the réypieally associated with significant
bonding interactions. Considerable ring slippagesvglent from the longer centroid-
centroid distances between the perfluorophenyl grand the naphthalene (3.732 A in
(27) and 3.599 A in (29)), thiophene moiety (3.72t (28) and 3.574/3.802 A in (30)),

and anthracene (3.829 A in (31)) respectively.
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2.7.3 Solid State Structures of (32) and (33)

In contrast to the extended stacks of (29) and, (B@)1:1 complex (32) forms a helical
polymeric structure in the solid state, where titaat tetramer (8) alternates with pyrene.
Unlike in (29) and (30) the Geore in (32) is highly puckered and forms a bulydike
structure with one short and one long diagonal Cu distance of 2.656(2) A and
3.979(1) A, respectively, which is reminiscent b ttoluene complex (9). The short
CuCu distance in (32) is in a similar range as f@)(@nd (30) and is slightly longer
than that in (9) (CuCu 2.5935(3) A). On the other hand, the long diafjd®u~Cu
distance of (32) is comparatively shorter than28)(and (30). The angle between the
(CulCu2Cu3) and the (CulCu4Cu3) planes of 34.86hl slightly smaller than for the
toluene complex (9) with 37.53° confirming a higlguckered Cucore. Both pyrene
molecules coordinate to the copper center in arymmetrical 7*-fashion with short
CuC(n) distances. However, one of the pyrene coordindwesigh the 1,2-positions of
the ring with Cu'C distances of 2.274(3) and 2.482(4) A, while aeotpyrene binds
through the 9,10-positions of the ring with ‘GTi distances of 2.323(3) and 2.328(2) A.
These short CuC(rn) distances are similar to those for toluene com@®, which is
likely related to the butterfly arrangement of,Qore. This can be traced back to very
small angles at Cu @Cu,-Cps = 137.17(10) and 141.09(9)° leading to more exgose

Cu(l) centers. In complex (32), the CiC,y4 distances are slightly longer and &£tCayqg
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are slightly shorter than in complexes (27-31). ldegr they are similar to the distances
in (9), which again may be related to the highlgkmred CyC, core. In addition to the
Cu-t interaction, pyrene binding is further supportgdperfluoroarene-arene interaction
with shortest pyrene(centroidf contacts of 3.310 A. Related compounds with mmetal
interactions have been reported by Petrukhina anaikers, who showed that the highly
Lewis acidic dirhodium tetrakis(trifluoroacetate)h80,CCF;), complex interacts with
polycyclic aromatic hydrocarbofi8. For instance, a pyrene-coordinated dirhodium
complex exhibits a one-dimensional polymeric suitetconsisting of alternating metal
complex andzn?-coordinated pyren&. In contrast, in the heterobimetallic bismuth-
rhodium tetracarboxylate complex [BiRHCOCF:)s*(Ci6H10)].. One pyrene shows®-
coordination to two bismuth center from two neighbg heterobimetallic units, while

another pyrene binds in af-fashion to two different rhodium centéfs.
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Figure 2.14(a) Plot of the Polymeric Structure of (32). (b) Viewtbe Puckered C(C,4

Core. Symmetry operations used to generate equivatems for (32): - x +1,-y,—z +

land—-x+1,-vy,—z.

Compound (33) crystallizes in the P2(1)/c spaceigmith four molecules in the unit
cell. Unlike the other arene complexes, this pyresmmplex consists of five
pentafluorophenylcopper moieties and two pyrenésuhat are coordinated to the copper
centers. To the best of our knowledge, this is dhé/ second example of a pentameric
organocopper species, the only other pentamerisctste known being (MesCif
However, in the pentameric structure of (MesOQw) short CuCu contacts across the
10-membered GICs ring system were found. In contrast, (33) formsuansual ribbon-
like structure with two short CuCu contacts across the ring system. The pentarGegic
core is highly puckered with angles between the2@BCu4) and (Cu2Cu5Cu4) planes
of 39.94° and the (Cu2Cu4Cu5) and (Cu2CulCu5) plané 44.04°. Related
multinuclear copper(l) carboxylate complexes weeported by Petrukhina and
coworkers. For example, 2,6-bis-(trifluoromethylbeate)copper exhibits one-
dimensional polymeric structures based on dicoppets that are further linked by
intermolecular copper-oxygen interactiéfis.On the other hand, copper(l) 3,5-

difluorobenzoate features a planar hexanucleareropgre composed of six copper atoms
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bridged by six fluorinated benzoate ligands altengaabove and below the plane. In this
structure, relatively short CWu contacts across the ring system of 2.7064(8) to
2.8259(8) A were reportéd. The two short diagonal CCu distances in (33) are
comparatively shorter and in the range of 2.642(696(1) A. They are similar to those
in the respective tetrameric arene complexesr @ueractions to the pyrene rings in (33)
lead to short CuC(r) distances. One pyrene showszétoordination through the 9,10-
positions to the copper center with Gl distances of 2.389(4) and 2.379(4) A, whereas,
another pyrene binds ifi-fashion with 2.465(4) A. They are considerably rirothan

for complexes (27-31), but in a similar range astli@ puckered structure of the toluene
complex (9) and the pyrene complex (32). Againnarbinding is further supported in
(33) by perfluoroarene-aremeinteractions with the shortest arene(centrof@)contacts

being 3.325 and 3.233 A to the Cu-boupsb-carbon of the ¢Fs groups.
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(a)




227

(b)

Figure 2.15(a) Plot of the Molecular Structure of (33). (b) VieWw@usCs Core.

2.8 Conclusions

In conclusion, we have synthesized and studied menic and oligomeric

organocopper(l) complexes of pentafluorophenylcopp@oordination of different
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substituted pyridines results in complete breakdoivihe tetrameric structure of (8nhd
perfluoroarene—arene interactions in turn supp@teixtended supramolecular structures.
Pentafluorophenylcopper (8) also serves as a Ingjldiock for supramolecular materials.
This supramolecular assembly of organocopper agtgsgwith different arenes was
found to be supported through @u-Cu-S and perfluoroarene-arene interactions. The
stacked structures with {EsCu], and [GFsCu]s are highly unusual and have been

observed for the first time in the case of orgappens aggregates.

2.9 Experimental Section
2.9.1 Materials and Instrumentation

4-Picoline, 2-picoline, 2-chloropyridine, 4-chlosopaine hydrochloride, naphthalene,
anthracene and pyrene were purchased from Acroan@sy 4-picoline, 2-picoline, 2-
chloropyridine, naphthalene, anthracene and pyrereee used as received. 4-
chloropyridine hydrochloride was treated with 6Mdgon hydroxide solution and
extracted with ether. After removal of ether at@ 24-chloropyridine was dissolved in
toluene, and the solution was degassed via severate-thaw cycles prior to use.
[CeFsCuls,?® [CeFsCula(toluened],** and 2,2’-bithiopherf® were prepared according to
literature procedures. Deuterated chloroform (GDEB9.7%) was obtained from

Cambridge Isotope Laboratories (CIL). All reactiarsd manipulations were carried out



229

in a similar manner to that described in Chapter Ether, hydrocarbon and chlorinated
solvents were treated as described in Chapter 1étailed description of NMR
abbreviations and elemental analyses can be foutiteiexperimental section of Chapter
1A. 470.2 MHZz"F NMR spectra were obtained on a Varian INOVA NMiectrometer
equipped with a 5 mm dudroadband gradient probe (Nalorac, Varian Inc.,tMeg,
CA) and was referenced externallydpa’, o” -trifluorotoluene (0.05% in §Dg; 60 = —
63.73 ppm). Melting points and decomposition terapges were determined in sealed
capillary tubes and are not corrected. X-ray diffien intensities were collected on a
Bruker SMART APEX CCD diffractometer at T = 203(2B), 208(2) (33) and 100(2) K
(18, 19, 20, 21, 27, 29, 381, 32) using Mok (0.71073 A) (18, 20, 28, 33) and CuK
(1.54178 A) (19, 21, 27, 29, 30, 31, 32) radiaticB8DABS™ or numerical absorption
corrections were applied, the structures were solng direct methods, completed by
subsequent difference Fourier syntheses, and cefime full matrix least squares
procedures ot All non-hydrogen atoms were refined with anispteodisplacement
coefficients. The H atoms were placed at calculgiesitions and were refined as riding
atoms. All software and source scattering factoescantained in the SHELXTL program

packagé’
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2.9.2 Reaction of Pentafluorophenylcopper with Subisuted Pyridine

Synthesis of 4-MePy-Cu@Fs (18). Neat 4-picoline (0.067 g, 0.72 mmol) was added
dropwise to a solution of (9) (0.16 g, 0.14 mmalYaluene (5 mL) at room temperature.
Upon addition of 4-picoline an intense yellow colt@veloped. The reaction solution was
kept at —35 °C for one day, and the pure produstis@ated from the reaction solution as
pale yellow crystals. The product obtained was wdshkith hexanes and dried under high
vacuum. Yield: 0.13 g (72 %). For (18); = 130-134 °CTgec = 148-155 °C'H NMR
(500 MHz, CDC}, 25 °C):$ = 8.52 (d,J = 6.0 Hz, 2H, Py-H2,6), 7.38 (d= 6.0 Hz, 2H,
Py-H3,5), 2.50 (s, 3H, Me)F NMR (470.2 MHz, CDG, 25 °C):8 = —112.9 (m, 2F,
ortho-F), —160.8 (t, J (F, F) = 20 Hz, 1paraF), —164.0 (t, J = 19 Hz, 2RetaF); 1°C
NMR (125.7 MHz, CDGJ, 25 °C):8 = 152.5 (Py-C4), 149.3 (dd,(*°F, C) = 224 Hz / 32
Hz, Pf-C2,6), 149.4 (Py-C2,6), 138.8 (din(*°F, C) = 245 Hz, Pf-C4), 136.5 (dd(*°F,

C) = 253 Hz, Pf-C3,5), 126.7 (Py-C3,5), 122.2J(€-°F, C) = 72 Hz, Pf-C1), 21.8 (Me);
elemental analysis: calculated C 44.52, H 2.18,.88%; found C 43.21, H 2.12, N
3.96%.

Synthesis of 2-MePy-CuG@Fs (19). Neat 2-picoline (0.05 g, 0.58 mmol) was added
dropwise to a solution of (9) (0.13 g, 0.4&nol) in toluene (5 mL) at room temperature.
Upon addition of 2-picoline an intense yellow cotteveloped. The crude product was

obtained as colorless microcrystalline solid, whiids washed with hexanes. Yield: 0.13
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g (84 %). Slow evaporation of solvent at RT gavée peellow single crystals of (19)

suitable for x-ray diffraction analysi§or (19): T, = 141-144 °CTgec = 147-150 °C*H
NMR (500 MHz, CDC}, 25 °C):$ = 8.59 (d,J = 5.0 Hz, 1H, Py-H6), 7.89 (pst,= 8.0
Hz, 1H, Py-H4), 7.46 (dJ = 8.0 Hz, 1H, Py-H3), 7.38 (pst,= 7.0 Hz 1H, Py-H5), 2.93
(s, 3H, Me);*®F NMR (470.2 MHz, CDGJ, 25 °C): = —-113.1 (m, 2Fortho-F), —160.9
(t, J (F, F) = 20 Hz, 1FaraF), —-164.0 (m, 2FRnetaF); *°C NMR (125.7 MHz, CDG},

25 °C):5 = 159.5 (Py-C2), 149.7 (dd,(*°F, C) = 220 Hz / 33 Hz, Pf-C2,6), 149.6 (Py-
C6), 139.5 (Py-C4), 138.7 (dmd,(*°F, C) = 244 Hz, Pf-C4), 136.4 (d(*°F, C) = 253
Hz, Pf-C3,5), 125.9 (Py-C3), 122.7 (Py-C5), 122,8((*°F, C) = 71 Hz, Pf-C1), 26.0
(Me); elemental analysis: calculated C 44.52, 82N 4.33%; found C 44.38, H 2.17, N
4.17%.

Synthesis of 4-CIPy-CuGFs (20). A solution of 4-chloropyridine in toluene (5 mL)
was added to a solution of (§).13 g, 0.117 mmolin toluene and the resulting dark
yellow mixture was kept at —35 °C for one day. @lzation from toluene gave pale
yellow crystals of (20). Yield: 0.11 g, (68 %). 8ievaporation of solvent at RT gave
pale yellow single crystals of (2@uitable for x-ray diffraction analysior (20): T, =
143-145 °CTgec = 147-150 °CH NMR (500 MHz, CDC4, 25 °C):6 = 8.59 (d,2J =6.5
Hz, 2H, Py-H2,6), 7.60 (d) = 6.5 Hz, 2H, Py-H3,5}°F NMR (470.2 MHz, CDG, 25

°C): & = —112.6 (m, 2Fortho-F), =159.9 (t, J (F, F) = 18 Hz, 1FaraF), —163.7 (m, 2F,
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metaF); *C NMR (125.7 MHz, CDGJ, 25 °C):$ = 150.7 (Py-C2,6), 149.9 (dd,(*°F,

C) = 222 Hz / 27 Hz, Pf-C2,6), 148.5 (Py-C4), 13@M,J (*°F, C) = 245, Pf-C4), 136.5
(dm, J (*°F, C) = 253 Hz, Pf-C3,5), 126.6 (Py-C3,5), 121,3 (t°F, C) = 75 Hz, Pf-C1);
elemental analysis: calculated C 38.39, H 1.17,00%; found C 37.53, H 1.17, N 4.01
%.

Synthesis of 2-CIPy-CuGFs (21). Neat 2-Chloropyridine (0.023 g, 0.21 mmol) was
added dropwise to a solution of (9) (0.057 g, Ond@ol) in toluene (5 mL) at room
temperature. Upon addition of 2-chloropyridine atense yellow color developed. The
solution was kept at —35 °C for a day, which yidltight yellow crystals. Yield0.015 g
(85 %). Slow evaporation of solvent at RT gave pa#ow single crystals of (21)
suitable for x-ray diffraction analysi§or (21): T, = 123-127 °CTgec = 130-133 °CH
NMR (500 MHz, CDC}4, 25 °C):$ = 8.5 (d,J = 5.0 Hz, 1H, Py-H6), 7.90 (pst,= 8.0
Hz, 1H, Py-H4), 7.55 (d] = 8.5 Hz, 1H, Py-H3), 7.46 (psi,= 6.0 Hz, 1H, Py-H5)*°F
NMR (470.2 MHz, CDCJ, 25 °C):5 = —110.5 (br, 2Fortho-F), —156.3 (br, 1Fpara-F),
~162.9 (br, 2FmetaF); 1*C NMR (125.7 MHz, CDG, 25 °C):$ = 151.7 (Py-C2), 150.9
(d, J (*°F, C) = 228 Hz / 28 Hz, Pf-C2,6), 150.4 (Py-C6)pB4(Py-C4), 140.4 (dm]
(*°F, C) = 249 Hz., Pf-C4), 136.5 (dmd,(*°F, C) = 254 Hz, Pf-C3,5), 125.9 (Py-C3),
123.6 (Py-C5), 115.0 (] (*°F, C) = 67 Hz, Pf-C1); elemental analysis: cal@daC

38.39, H 1.17, N 4.07%,; found C 38.25, H 1.07, 0P4%.



233

2.9.3 Reaction of Pentafluorophenylcopper with Orgaic n-systems

Synthesis of (Naph}-CuCgFs (27): Compound (9) (82.5 mg, 0.075 mmol) was mixed
with naphthalene (19.1 mg, 0.15 mmol) in £/ (5 mL) at room temperature. The
mixture was stirred for 10 min and then layerechwiexanes (2 mL). The solution was
kept for crystallization at —35 °C for 3 d to gi{27) as colorless needle-like crystals.
Yield: 78 mg, 88%. F: 150-155 °C, Je¢ 170-175 °C; for GuH16CwF5o calcd C 44.83,

H 1.37; found C 44.67, H 1.25.

Synthesis of (Bt)}-CuCgFs (28): Compound (9) (51.0 mg, 0.055 mmol) was mixed
with 2,2’-bithiophene (18.4 mg, 0.11 mmol) in &k, (5 mL) at room temperature. The
mixture was stirred for 10 min and then layerechwiexanes (2 mL). The solution was
kept for crystallization at —35 °C for 3 d to gi{28) as colorless needle-like crystals.
Yield: 60 mg, 87%. {f: 165-170 °C, Fec 128-135 °C; for GoH12CwF20Ss calcd C 38.28,

H 0.96; found C 38.23, H 0.89.

Synthesis of (Bt)-CuGFs (30): Compound (9) (75.2 mg, 0.068 mmol) was mixed with
2,2’-bithiophene (11.3 mg, 0.068 mmol) in & (5 mL). The solution was kept at —35
°C for 2 d to give (30) as colorless plates. Yi€f:mg, 88%. . 175-180 °C, §ec 150-
155 °C; for GoHsCusF20S, calcd C 35.30, H 0.56; found C 35.36, H 0.41.

Synthesis of (Anth}-CuCeFs (31): Compound (9) (51.5 mg, 0.047 mmol) was mixed

with anthracene (16.6 mg, 0.093 mmol) in L (5 mL). The solution was kept at —35
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°C for 3 d to give (31) as colorless plates. Yield:mg, 70%. : 260-270 °C, Jes 190-

195 °C; for G2H20CwF2ocalcd C 48.83, H 1.58; found C 48.61, H 1.49.

Synthesis of (Pyrene)-Cu@Fs (32): Compound (9) (85 mg, 0.077 mmol) was mixed
with pyrene (31 mg, 0.15 mmol) in GEl, (5 mL). The solution was kept at =35 °C for 4
months to give (32) as colorless plates. Yield:n®§) 15%.Ty: 180-190 °C, Jec 145-
150 °C.

Synthesis of (Pyrene}CuCgFs (33): Compound (9) (60 mg, 0.055 mmol) was mixed
with pyrene (22 mg, 0.11 mmol) in GEl, (5 mL). The solution was kept at =35 °C for 4

d to give (32) as colorless plates. Yield: 35 n@g/o4

2.10 References and Notes

1. Jastrzebski, J. T. B. H.; van Koten, G., Streguand Reactivities of
Organocopper Compounds. Modern Organocopper Chemistri{rause, N., Ed.
Wiley VCH GmbH: Weinheim, 2002; pp 1-44.

2. van Koten, G.; Noltes, J. G., Comprehensive @ogeetallic Chemistry. In
Wilkinson, G.; Stone, F. G. A.; Abel, E. W., Eder§amon Press: Oxford, 1981,
Vol. 2, Chapter 14, p 709.

3. Krause, N.Modern Organocopper Chemistrviley VCH GmbH: Weinheim,

2002.



10.

11.

12.

13.

14.

15.

235
Nakamura, E.; Mori, Angew. Chem. Int. EQ00Q 39, 3750-3771.

Nobel, D.; van Koten, G.; Spek, A. Angew. Chem., Int. Ed. Endl989 28,
208-210.

Janssen, M. D.; Corsten, M. A.; Spek, A. L.; @&oD. M.; van Koten, G.
Organometallicsl996 15, 2810-2820.

Niemeyer, MOrganometallics1998 17, 4649-4656.

Meyer, E. M.; Gambarotta, S.; Floriani, C.; G¥illa, A.; Guastini, C.
Organometallicsl989 8, 1067-1079.

Gambarotta, S.; Floriani, C.; Chiesi-Villa, &Ayastini, C.J. Chem. Soc., Chem.
Communl1983 1156-1158.

Eriksson, H.; Hakansson, Kdrganometallics1997, 16, 4243-4244.

Eriksson, H.; Ortendahl, M.; Hakansson, ®rganometallics1996 15, 4823-
4831.

Eriksson, H.; Hakansson, M.; Jagneinsrg. Chim. Actal998 277, 233-236.
Hakansson, M.; Eriksson, H.; Berglund Ahman, Jagner, SJ. Organomet.
Chem.200Q 595, 102-108.

Hakansson, M.; Eriksson, H.; Jagner,rfrg. Chim. Acta.2006 359, 2519-
2524,

Boeré, R. T.; Masuda, J. D.; TranJPOrganomet. Cher2006 691, 5585-5591.



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

236
Cairncross, A.; Sheppard, W. A.Am. Chem. Sot968 90, 2186-2187.

Cairncross, A.; Omura, H.; Sheppard, W.JAAm. Chem. S0d971, 93, 248-
249.

DePasquale, R. J.; TamborskiJCOrg. Chem1969 34, 1736-1740.

Jukes, A. E.; Dua, S. S.; Gilman,HOrganomet. Chemi97Q 24, 791-796.
MacNeil, K. J.; Burton, D. J. Org. Chem1993 58, 4411-4417.

MacNeil, K. J.; Burton, D. J. Org. Chem1995 60, 4085-4089.

Burton, D. J.; Heinze, P. L. Fluorine Chem1985 29, 359-361.

Burton, D. J.; Yang, Z. Y.; MacNelil, K. J.Fluorine Chem1991, 52, 251-255.
Sundararaman, A.; Lalancette, R. A.; ZakhaktoW.; Rheingold, A. L.; Jakle, F.
Organometallic2003 22, 3526-3532.

Olmstead, M. M.; Power, P. R.Am. Chem. Sot99Q 112 8008-8014.
Gambarotta, S.; Strologo, S.; Floriani, C.; é€hVilla, A.; Guastini, C.
Organometallicsl984 3, 1444-1445.

He, X.; Olmstead, M. M.; Power, P.PAm. Chem. So&992 114, 9668-9670.
Cairncross, A.; Sheppard, W. A.; Wonchoba,Giildford, W. J.; House, C. B.;
Coates, R. MOrg. Synth198Q 59, 122-131.

Sundararaman, A.; Zakharov, L. N.; RheingoldLA Jakle, FChem. Commun.

2005 1708-1710.



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

237
Mountford, A. J.; Lancaster, S. J.; Coles, SHbrton, P. N.; Hughes, D. L.;

Hursthouse, M. B.; Light, M. EDrganometallic2006 25, 3837-3847.

Wieland, T.; Mathias, S. VL. Anorg. Allg. Chen002 628 1841-1847.

Lee, Y.-A.; Eisenberg, R. Am. Chem. So2003 125 7778-7779.

Yang, G.; Raptis, R. org. Chem2003 42, 261-263.

White-Morris, R. L.; Olmstead, M. M.; Attar,;Ralch, A. L.Inorg. Chem2005
44, 5021-5029.

Kishimura, A.; Yamashita, T.; Aida, J. Am. Chem. So2005,127, 179-183.
Dias, H. V. R.; Diyabalanage, H. V. K.; EldabaM. G.; Elbjeirami, O.;
Rawashdeh-Omary, M. A.; Omary, M. A. Am. Chem. SoQ005 127, 7489-
7501.

Siemeling, U.; Vorfeld, U.; Neumann, B.; StaramlH.-G. Chem. Commun.
1997, 1723-1724.

Zhang, X.-M.; Tong, M.-L.; Gong, M.-L.; Lee, ¥_; Luo, L.; Li, K.-F.; Tong,
Y.-X.; Chen, X.-M.Chem. Eur. J2002 8, 3187- 3194.

Zhang, J.-P.; Wang, Y.-B.; Huang, X.-C.; Lin;¥.; Chen, X.-M.Chem. Eur. J.
2005 11, 552-561.

Haeberlen, O. D.; Schmidbaur, H.; RoEsch, JNAm. Chem. S0d.994 116,

8241-8248.



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

238
Pyykkd, PChem. Rev1988 88, 563-594.

Borovik, A. S.; Barron, A. RI. Am. Chem. So2002 124, 3743-3748.

Sauteret, C. H., J.-P.; Frey, R.; Pradere,Driguing, J.; Baughman, R. H.;
Chance, R. RPhys. Rev. Letfl976 36, 956-958.

Hargittai, M.; Schwerdtfeger, P.; Reffy, B.;oBm, R.Chem. Eur. J2003 9,
327-333.

Singh, K.; Long, J. R.; Stavropoulos JPAmM. Chem. So&997, 119, 2942-2943.
Goj, L. A.; Blue, E. D.; Delp, S. A.; Gunnoe, B.; Cundari, T. R.; Petersen, J. L.
Organometallic2006 25, 4097-4104.

Mankad, N. P.; Gray, T. G.; Laitar, D. S.; $gudi J. P.Organometallics2004
23,1191-1193.

Wehman, E.; van Koten, G.; Jastrzebski, J..THB Rotteveel, M. A.; Stam, C.
H. Organometallicsl988 7, 1477-1485.

Papasergio, R. I.; Raston, C. L.; White, A.JHChem. Soc., Chem. Commun.
1983 1419-1420.

Goj, L. A.; Blue, E. D.; Munro-Leighton, C.; Guoe, T. B.; Petersen, J.norg.
Chem.2005 44, 8647-8649.

Collings, J. C.; Roscoe, K. P.; Thomas, R.Batsanov, A. S.; Stimson, L. M.;

Howard, J. A. K.; Marder, T. BNew J. Chen200], 25, 1410-1417.



52.

53.

54.

55.

56.

57.

58.

59.

60.

239
Hori, A.; Shinohe, A.; Yamasaki, M.; Nishiboi.; Aoyagi, S.; Sakata, M.

Angew. Chem. Int. E@Q007, 46, 7617-7620.

Bacchi, S.; Benaglia, M.; Cozzi, F.; Demarti;, Filippini, G.; A. Gavezzotti.
Chem. Eur. J2006 12, 3538 —3546.

Reichenbacher, K.; Suss, H. I.; HulligelChem. Soc. Re2005 34, 22-30.

Dias, H. V. R.; Gamage, C. S.Ahgew. Chem. Int. EQ007, 46, 2192-2194.
Dias, H. V. R.; Gamage, C. S. P.; KeltnerDiyabalanage, H. V. K.; Omati, |,;
Eyobo, Y.; Dias, N. R.; Roehr, N.; McKinney, L.;tRpT.Inorg. Chem2007, 46,
2979-2987.

Haneline, M. R.; Tsunoda, M.; Gabbai, FJPAmM. Chem. So2002 124, 3737-
3742.

Burress, C. N.; Bodine, M. |.; Elbjeirami, QReibenspies, J. H.; Omary, M. A.;
Gabbali, F. Pinorg. Chem2007, 46, 1388-1395.

Mohamed, A. A.; Rawashdeh-Omary, M. A.; Omaw, A.; Fackler, J. P., Jr.
Dalton Trans2005,2597-2602.

Burini, A.; Fackler, J. P., Jr.; Galassi, R.;addhioni, A.; Omary, M. A,
Rawashdeh-Omary, M. A.; Pietroni, B. R.; Sabatli, Zuccaccia, CJ. Am.

Chem. Soc2002 124, 4570-4571.



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

240
Lang, H.; Kéhler, K.; Rheinwald, G.; Zsolnai,; LBichner, M.; Driess, A

Huttner, G.; Strahle, Drganometallics1 999 18, 598-605.

Turner, R. W.; Amma, E. 0. Am. Chem. Soit966 88, 1877-1882.

Dines, M. B.; Bird, PJ. Chem. Soc., Chem. Contt873 12-12.

Dattelbaum, A. M.; Martin, J. DInorg. Chem1999 38, 6200-6205.
Schmidbaur, H.; Bublak, W.; Huber, B.; Reber, IGiller, G.Angew. Chem. Int.
Ed. Engl.1986 25, 1089-1090.

Striejewske, W. S.; Conry, R. Rhem. Commuri.998 555-556.

Conry, R. R.; Striejewske, W. S.; Tipton, A. lAorg. Chem.1999 38, 2833-
2843.

Conry, R. R.; Striejewske, W. Grganometallics1998 17, 3146-3148.
Shimazaki, Y.; Yokoyama, H.; Yamauchi, Angew. Chem. Int. EA.999 38,
2401-2408.

Doshi, A.; Venkatasubbaiah, K.; Rheingold, A; l&akle, F.Chem. Commun.
2008 4264-4266.

Wehman, E.; van Koten, G.; Knotter, M.; Speltdn Heijdenrijk, D.; Mak, A. N.
S.; Stam, C. HJ. Organomet. Chem 987, 325 293-309.

Gudat, D.; Nieger, M.; Schmitz, K.; Szarvas,dhem. Commur2002 1820-

1821.



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

241
Knotter, D. M.; Smeets, W. J. J.; Spek, A.Man Koten, GJ. Am. Chem. Soc.

199Q 112 5895-5896.

Lenders, B.; Grove, D. M.; Smeets, W. J. Ji dar Sluis, P.; Spek, A. L.; van
Koten, G.Organometallicsl 991, 10, 786-791.

Hanton, L. R.; Richardson, C.; Robinsonb, W, Turnbulla, J. M.Chem.
Commun200Q 2465-2466, and references therein.

Patrick, C. R.; Prosser, G.Nmture196Q 187, 1021-1021.

Batsanov, A. S.; Collings, J. C.; Howard, JKA. Marder, T. B.; Perepichka, D.
F. Acta Crystallogr. Sect. C: Cryst. Struct. Comm201, C57, 1306-1307.
Smith, C. E.; Smith, P. S.; Thomas, R. L.; RebE. G.; Collings, J. C.; Dai, C.;
Scott, A. J.; Borwick, S.; Batsanov, A. S.; Watt,\8.; Clark, S. J.; Viney, C.;
Howard, J. A. K.; Clegg, W.; Marder, T. B. Mater. Chem2004 14, 413-420.
Watt, S. W.; Dai, C.; Scott, A. J.; Burke, J.; Nlhomas, R. L.; Collings, J. C;
Viney, C.; Clegg, W.; Marder, T. BAngew. Chem. Int. EQ004 43, 3061-3063.
Petrukhina, M. ACoord. Chem. Re007, 251, 1690-1698.

Cotton, F. A.; Dikarev, E. V.; Petrukhina, M. A Am. Chem. So2001 123
11655-11663.

Dikarev, E. V.; Li, B.; Rogachev, A. Y.; Zhangd.; Petrukhina, M. A.

Organometallic2008 27, 3728-3735.



83.

84.

85.

86.

87.

242

Sevryugina, Y.; Vaughn, D. D., ll; Petrukhid, A. Inorg. Chim. Acta2007,
360, 3103-3107.

Sevryugina, Y.; Rogachev, A. Y.; Petrukhina, M. Inorg. Chem.2007, 46,
7870-7879.

Nelson, T. D.; Crouch, R. rganic Reactions (Hoboken, NJ, United States),
Publisher: (John Wiley&Sons, In@2P04,63.

Sheldrick, G. M.SADABS, Version 2. Multi-Scan Absorption Correction
Program, University of Gottingen, Germarg01

Sheldrick, G. MSHELXTL, Version 6.14, Bruker AXS Inc., Madison,2004



243

Appendix

Appendix 1

Appendix 1.1 The following tables are supplementary material o x-ray crystal
structures of compounMB(MesNMe,), (43). Bond lengths and bond angles are listed

for MB(MesNMey), (43).

Crystal Data and Structure Refinement Details of MEMesNMe;)s.

MB(MesNM ), (43)
empirical Formula GoH41BN2
formula Weight 440.46
T, K 100(2)
Wavelength, A 1.54178
crystal system Orthorhombic
space group Pna2(1)

a, A a=11.0009(3)
b, A 19.9855(5) A
c, A 12.1466(3) A
a, deg 90

B, deg 90
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7, deg

v, A3

Section 1.01 Z
Peaica g CMT°

w, mmt

F(000)

crystal size, mm

Limiting indices

0 range, deg

reflns collected
independent reflns
absorption correction
refinement method
data/restraints/parameters
Goodness-of-fit o

Final R indices

[ > 25(1)] @

Rindices (all dat&y

Peak/hole (e &)

90
2670.53(12)
4
1.096
0.466
960
0.20x 0.16 x 0.05
—12<=h<=13,
—23<=k<=23,
—14<=I<=14
4.26 —67.30
20289
4645
Semi-empirical from equivéden
Full-matrix least-squared=0n
4645 /1 /309
1.039
R1 = 0.0429
wR2 = 0.1095
R1 =0.0472
wR2 =0.1129
0.259/-0.181




[a] R1 = 3||R|-|RlIZ]Rol; wRR = {S[w(Fo™Fc%) 4/ STw(Fo2) 3 2

Bond Lengths (A) and Bond Angles (deg) of MB(MesNMg; (43)

B(1)-C(8)
B(1)-C(14)
B(1)-C(3)
N(1)-C(1)
N(1)-C(26)
N(1)-C(27)
N(2)-C(4)
N(2)-C(30)
N(2)-C(28)
C(1)-C(10)
C(1)-C(7)
C(2)-C(16)
C(2)-C(8)

C(3)-C(5)

1.569(3)
1.573(3)
1.576(3)
1.404(3)
1.433(3)
1.434(3)
1.396(3)
1.436(4)
1.451(4)
1.391(3)
1.397(3)
1.379(3)
1.407(3)

1.403(3)

B(1)-C(8)
B(1)-C(14)
B(1)-C(3)
N(1)-C(1)
N(1)-C(26)
N(1)-C(27)
N(2)-C(4)
N(2)-C(30)
N(2)-C(28)
C(1)-C(10)
C(1)-C(7)
C(2)-C(16)
C(2)-C(8)

C(3)-C(5)

1.569(3)
1.573(3)
1.576(3)
1.404(3)
1.433(3)
1.434(3)
1.396(3)
1.436(4)
1.451(4)
1.391(3)
1.397(3)
1.379(3)
1.407(3)

1.403(3)
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C(3)-C(13)
C(4)-C(18)
C(4)-C(11)
C(5)-C(7)
C(8)-B(1)-C(14)
C(8)-B(1)-C(3)
C(14)-B(1)-C(3)
C(1)-N(1)-C(26)
C(1)-N(1)-C(27)
C(26)-N(1)-C(27)
C(4)-N(2)-C(30)
C(4)-N(2)-C(28)
C(30)-N(2)-C(28)
C(10)-C(1)-C(7)
C(10)-C(1)-N(1)
C(7)-C(1)-N(1)

C(16)-C(2)-C(8)

1.413(3)
1.392(3)
1.398(3)
1.396(3)
121.82(18)
115.02(17)
123.16(17)
118.96(19)
117.91(19)
115.8(2)
119.8(2)
118.5(3)
117.9(2)
117.54(18)
119.92(19)
122.5(2)

122.0(2)

C(3)-C(13)
C(4)-C(18)
C(4)-C(11)
C(5)-C(7)
C(8)-B(1)-C(14)
C(8)-B(1)-C(3)
C(14)-B(1)-C(3)
C(1)-N(1)-C(26)
C(1)-N(1)-C(27)
C(26)-N(1)-C(27)
C(4)-N(2)-C(30)
C(4)-N(2)-C(28)
C(30)-N(2)-C(28)
C(10)-C(1)-C(7)
C(10)-C(1)-N(1)
C(7)-C(1)-N(2)

C(16)-C(2)-C(8)

1.413(3)
1.392(3)
1.398(3)
1.396(3)
121.89)1
115.02(17)
123.1%(1
118.98)1
117.99)1
115.8(2)
119.8(2)
118.5(3)
117.9(2)
117.58)1
119.99)1
122.5(2)

122.0(2)
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C(5)-C(3)-C(13)
C(5)-C(3)-B(1)
C(13)-C(3)-B(1)
C(18)-C(4)-N(2)
C(18)-C(4)-C(11)
N(2)-C(4)-C(11)
C(7)-C(5)-C(3)
C(7)-C(5)-C(17)
C(3)-C(5)-C(17)
C(20)-C(6)-C(12)
C(5)-C(7)-C(1)
C(20)-C(8)-C(2)

C(20)-C(8)-B(1)

117.09(18)
120.74(17)
121.89(17)
121.2(2)
117.0(2)
121.9(2)
120.98(18)
118.19(18)
120.75(18)
121.5(2)
121.55(19)
116.06(18)

122.89(17)

C(5)-C(3)-C(13)
C(5)-C(3)-B(1)
C(13)-C(3)-B(1)
C(18)-C(4)-N(2)
C(18)-C(4)-C(11)
N(2)-C(4)-C(11)
C(7)-C(5)-C(3)
C(7)-C(5)-C(17)
C(3)-C(5)-C(17)
C(20)-C(6)-C(12)
C(5)-C(7)-C(1)
C(20)-C(8)-C(2)

C(20)-C(8)-B(1)
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117.08)1

120.74(17)
121.89(1
121.2(2)
117.0(2)
121.9(2)

120.98(18)

118.18)1
120.78)1

121.5(2)
121.55(19)

116.08)1

122.89(1
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Appendix 2.1 The following tables are supplementary material ttog X-ray crystal

structures of compound$Styryl).BTip (29) and(Styryl),.BHQ (30). Bond lengths and

bond angles are listed for (29-30).

Crystal Data and Structure Refinement Details of (§ryl) .BTip and(Styryl) ,.BHQ

(Styryl) .BTip (29)

(Styryl).BQ (30)

empirical Formula

formula Weight

T, K

Wavelength, A

crystal system
space group
a, A

b, A

c, A

a, deg

B, deg

7, deg

v, A3

eH44B
463.50
100(2)
1.54178
Monoclinic
P2(1)/c
18.3275(2)
9.93390(10)
16.5112(2)
90
104.0860(10)
90
2915.70(6)

CosH20BNO
361.23
100(2)
1.54178
Monoclinic
P2(1)/c
14.0629(3)
14.0772(3)
9.7274(2)
90
98.3180(10)
90
1900.56(7)
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Section 1.02 Z
Peaica g CMT°

w, mmt

F(000)

crystal size, mm

Limiting indices

0 range, deg
reflns collected
independent reflns

absorption correction
refinement method

data/restraints/parameters
Goodness-of-fit o

Final Rindices

[ > 25(1)]

Rindices (all dat&)

Peak/hole (e &)

4 4
1.056 1.262
0.429 (Cuk) 0.585 (Cuk)
1012 760
0.25x0.17x0.11 0.34 x 0.21240
—21<=h<=21 —16<=h<=16
—9<=k<=9 —16<=k<=15
—18<=I<=19 -11<=I<=11
4.98 - 67.27 3.18 -67.07
22780 14033
5007 3299
Semi-empirical fronsemi-empirical from
equivalents equivalents
Full-matrix  least-squaréaull-matrix  least-squares
on F? on F?
5007 /0/324 3299253
1.041 1.027
R1 =0.0366 R1 =0.0367
WR2 = 0.0925 wR2 = 0.0989
R1 =0.0408 R1 = 0.0401
WR2 = 0.0956 WR2 = 0.1022
0.237 /-0.153 0.237/-0.194

[a] R1 =3||R|-|RlIZ]Rol; wRR = {S[w(Fo™Fc%) 3/ STw(Fo?) 3 2



Bond Lengths (A) and Bond Angles (deg) of (StyryiBTip (29)

B(1)-C(7)
B(1)-C(13)
B(1)-C(1)
C(12)-C(11)
C(12)-C(7)
C(9)-C(8)
C(9)-C(10)
C(5)-C(4)
C(5)-C(6)
C(10)-C(11)
C(10)-C(28)
C(6)-C(1)
C(6)-C(25)
C(14)-C(15)
C(14)-C(13)

C(18)-C(17)

1.5627(17)
1.5631(17)
1.5823(16)
1.3819(17)
1.4054(16)
1.3828(16)
1.3955(17)
1.3909(16)
1.3977(16)
1.3958(17)
1.4717(17)
1.4070(15)
1.5245(15)
1.3788(16)
1.4077(16)

1.3840(17)

C(16)-C(30)
C(8)-C(7)
C(22)-C(4)
C(22)-C(24)
C(22)-C(23)
C(3)-C(2)
C(3)-C(4)
C(1)-C(2)
C(2)-C(19)
C(26)-C(25)
C(28)-C(29)
C(19)-C(21)
C(19)-C(20)
C(25)-C(27)
C(30)-C(31)

C(32)-C(33)

1.4741(17)
1.4048(16)
1.5183(15)
1.5261(16)
1.5304(16)
1.3884(16)
1.3954(15)
1.4113(15)
1.5230(15)
1.5257(16)
1.3196(19)
1.5277(17)
1.5290(17)
1.5258(17)
1.3150(19)

1.520(2)



C(18)-C(13)
C(16)-C(17)
C(16)-C(15)
C(7)-B(1)-C(13)
C(7)-B(1)-C(1)
C(13)-B(1)-C(1)
C(11)-C(12)-C(7)
C(8)-C(9)-C(10)
C(4)-C(5)-C(6)
C(9)-C(10)-C(11)

C(9)-C(10)-C(28)

C(11)-C(10)-C(28)

C(5)-C(6)-C(1)
C(5)-C(6)-C(25)

C(1)-C(6)-C(25)

C(15)-C(14)-C(13)

C(17)-C(18)-C(13)

1.4044(16)
1.3957(17)
1.4002(17)
121.24(10)
120.65(10)
118.10(10)
121.47(11)
120.76(11)
121.84(10)
117.71(10)
123.37(11)
118.92(11)
119.83(10)
119.56(10)
120.60(10)
122.17(11)

121.98(11)

C(32)-C(32)#1

C(33)-C(34)

C(18)-C(13)-C(14)

C(18)-C(13)-B(1)
C(14)-C(13)-B(1)
C(2)-C(3)-C(4)
C(5)-C(4)-C(3)
C(5)-C(4)-C(22)

C(3)-C(4)-C(22)

C(18)-C(17)-C(16)

C(6)-C(1)-C(2)
C(6)-C(1)-B(1)
C(2)-C(1)-B(1)
C(3)-C(2)-C(1)
C(3)-C(2)-C(19)

C(1)-C(2)-C(19)

251
1.521(3)

1.512(2)

11676)

120.40(1
123.20Y
121701
117.88(10

121.38(10

120172
121101)
118 B3
121.86(10)
119.58(9)

120.16(10

1191y
12qBY



C(17)-C(16)-C(15)
C(17)-C(16)-C(30)
C(15)-C(16)-C(30)
C(9)-C(8)-C(7)
C(4)-C(22)-C(24)
C(4)-C(22)-C(23)
C(24)-C(22)-C(23)
C(8)-C(7)-C(12)
C(8)-C(7)-B(1)
C(12)-C(7)-B(1)

C(12)-C(11)-C(10)

117.79(11)
119.53(11)
122.65(11)
122.19(11)
111.79(9)

111.01(9)

110.51(10)
116.37(10)
120.54(10)
123.08(10)

121.49(11)

C(14)-C(15)-C(16)
C(29)-C(28)-C(10)
C(2)-C(19)-C(21)
C(2)-C(19)-C(20)
C(21)-C(19)-C(20)
C(6)-C(25)-C(26)
C(6)-C(25)-C(27)
C(26)-C(25)-C(27)

C(31)-C(30)-C(16)

C(33)-C(32)-C(32)#1

C(34)-C(33)-C(32)

Bond Lengths (A) and Bond Angles (deg) of (StyrydBQ (30)

B(1)-O(1)
B(1)-C(9)
B(1)-C(1)

B(1)-N(1)

1.5233(15)
1.6054(17)
1.6093(17)

1.6365(16)

C(12)-C(13)
C(12)-C(15)
C(13)-C(14)

C(15)-C(16)

BAY11)
BH(13)
11210)
110.681
11113
11297(
1 1)
11qB3)
126 18
19414)
BIR12)

1.4056(17)
1.4708(17)
1.3829(17)

1.3193(18)
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C(1)-C(2)
C(1)-C(6)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(4)-C(7)
C(5)-C(6)
C(7)-C(8)
C(9)-C(10)
C(9)-C(14)
C(10)-C(11)

C(11)-C(12)

O(1)-B(1)-C(9)
0(1)-B(1)-C(1)
C(9)-B(1)-C(1)
O(1)-B(1)-N(1)

C(9)-B(1)-N(1)

1.3952(16)
1.4028(17)
1.3912(17)
1.3954(17)
1.4010(17)
1.4738(17)
1.3811(17)
1.3199(19)
1.3968(16)
1.4028(16)
1.3888(17)
1.3931(17)
110.52(9)
111.06(9)
116.29(10)
98.95(9)

110.56(9)

C(17)-N(1)

C(17)-C(18)
C(18)-C(19)
C(19)-C(25)
C(20)-C(21)
C(20)-C(25)
C(21)-C(22)
C(22)-C(23)
C(23)-0(1)

C(23)-C(24)
C(24)-N(1)

C(24)-C(25)

C(13)-C(12)-C(15)
C(14)-C(13)-C(12)
C(13)-C(14)-C(9)

C(16)-C(15)-C(12)

N(1)-C(17)-C(18)

1.3298(16)
1.4037(17)
1.3745(18)
1.4151(19)
1.3777(19)
1.4184(18)
1.4135(18)
1.3743(17)
1.3356(14)
1.4104(17)
1.3597(15)

1.3963(17)

122.965(1
120.58)1

122.4%)(1
127.50(12

120.00§11
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C(1)-B(1)-N(1)
C(2)-C(1)-C(6)
C(2)-C(1)-B(1)
C(6)-C(1)-B(1)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(3)-C(4)-C(5)
C(3)-C(4)-C(7)
C(5)-C(4)-C(7)
C(6)-C(5)-C(4)
C(5)-C(6)-C(1)
C(8)-C(7)-C(4)
C(10)-C(9)-C(14)
C(10)-C(9)-B(1)
C(14)-C(9)-B(1)
C(11)-C(10)-C(9)

C(10)-C(11)-C(12)

108.06(9)

116.41(11)
122.50(10)
121.00(10)
121.95(11)
120.99(11)
117.52(11)
120.38(11)
122.09(11)
120.94(11)
122.14(11)
126.79(12)
116.38(11)
123.93(10)
119.58(10)
121.73(11)

121.42(11)

C(19)-C(18)-C(17)
C(18)-C(19)-C(25)
C(21)-C(20)-C(25)
C(20)-C(21)-C(22)
C(23)-C(22)-C(21)
O(1)-C(23)-C(22)
O(1)-C(23)-C(24)
C(22)-C(23)-C(24)
N(1)-C(24)-C(25)
N(1)-C(24)-C(23)
C(25)-C(24)-C(23)
C(24)-C(25)-C(19)
C(24)-C(25)-C(20)
C(19)-C(25)-C(20)
C(17)-N(1)-C(24)
C(17)-N(1)-B(1)

C(24)-N(1)-B(1)

121.27)1

119 11
119 B3
123 58
118112)
129.30(1
112.52(1
118115

124.58(1

110.71)(1

124178
115 BB
1161R)
12812)
119.16)

133.58)

10795

254
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C(11)-C(12)-C(13)  117.49(11) C(23)-O(1)-B(1) 11096

C(11)-C(12)-C(15)  119.53(11)

Appendix 3

Appendix 3.1 The following tables are supplementary material e x-ray crystal
structures of compound&MePy-CuCsFs (18), 2-MePy-CuGsFs (19), 4-CIPy-CuCgFs

(20) and 2-CIPy-CuGsFs (21). Bond lengths and bond angles are listed1fé+21).

Crystal Data and Structure Refinement Details of 4MePy-CuCgsFs and 2-MePy-

CuCeFs
4-MePy-CuCsF5(18) 2-MePy-CuGFs(19)

empirical Formula @H;CuRN C12H/CuRN
formula Weight 323.73 323.73
T, K 100(2) 100(2)
Wavelength, A 0.71073 1.54178
crystal system Triclinic Monoclinic
space group P-1 P2(1)/c

a A 5.9779(4) 6.10850(10)
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b, A 7.2228(6) 7.5034(2)

c, A 13.4698(10) 25.0325(5)

a, deg 91.634(2) 90

B, deg 90.298(2) 95.5830(10)

y, deg 95.320(2) 90

v, A 578.83(8) 1141.91(4)

Section 1.03 Z 2 4

Pealed,g C> 1.857 1.883

g, mnit 1.935 (Moky) 3.228 (Cuk)

F(000) 320 640

crystal size, mm 0.30x 0.30x0.20 0.25x 0.210

Limiting indices —7<=h<=7 —7<=h<=7
—9<=k<=9 —7<=k<=8
—17<=I<=17 —29<=I<=29

0 range, deg 1.51 - 27.49 3.55-65.01

reflns collected 4730 8938

independent reflns 2463 1914

absorption correction Semi-empirical fronsemi-empirical from
equivalents equivalents

refinement method Full-matrix  least-squaréaull-matrix  least-squares
on F? on F?

data/restraints/parameters 2463 /0/ 172 191473

Goodness-of-fit ofF?

1.064

1.186
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Final Rindices R1=0.0422 R1 = 0.0260
[ > 25(1)]™ wR2 = 0.1168 wR2 = 0.0696
Rindices (all datd} R1 = 0.0464 R1=0.0263
WR2 = 0.1207 WR2 = 0.0699
Peak/hole (e &) 1.379/-0.721 0.246 / —0.472

[a] R1 =3||R|-|R|lIZ]Ro|; wRR = {S[w(Fo™F:%) 3/ STw(Fo?) T} 2

Bond Lengths (A) and Bond Angles (deg) of 4-MePy-QTxFs (18)

Cu(1)-C(1) 1.891(3) C(2)-C(1) 1.393(3)
Cu(1)-N(1) 1.900(2) C(6)-C(1) 1.380(4)
F(5)-C(5) 1.347(3) C(6)-C(5) 1.382(4)
F(4)-C(4) 1.348(3) C(12)-C(9) 1.501(4)
F(2)-C(2) 1.359(3) C(7)-C(8) 1.380(4)
F(6)-C(6) 1.363(3) C(5)-C(4) 1.383(4)
F(3)-C(3) 1.357(3) C(11)-C(10) 1.384(4)
N(1)-C(11) 1.345(3) C(9)-C(10) 1.393(4)
N(1)-C(7) 1.352(3) C(9)-C(8) 1.393(4)

C(2)-C(3) 1.376(4) C(4)-C(3) 1.378(4)
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C(1)-Cu(1)-N(1)  177.88(8) C(10)-C(9)-C(8) 117.1(2)
C(11)-N(1)-C(7) 118.0(2) C(10)-C(9)-C(12)  18(@)
C(11)-N(1)-Cu(1)  121.36(18) C(8)-C(9)-C(12) 12(P)
C(7)-N(1)-Cu(l)  120.64(18) F(4)-C(4)-C(3) 120.5(2)
F(2)-C(2)-C(3) 116.8(2) F(4)-C(4)-C(5) 120.0(2)
F(2)-C(2)-C(1) 119.5(2) C(3)-C(4)-C(5) 119.5(2)
C(3)-C(2)-C(1) 123.7(2) C(11)-C(10)-C(9)  120.1(2)
F(6)-C(6)-C(1) 119.6(2) C(6)-C(1)-C(2) 114.1(2)
F(6)-C(6)-C(5) 115.8(2) C(6)-C(1)-Cu(1) 121.36(19)
C(1)-C(6)-C(5) 124.7(2) C(2)-C(1)-Cu(1) 124.5(2)
N(1)-C(7)-C(8) 122.4(2) C(7)-C(8)-C(9) 120.1(2)
F(5)-C(5)-C(4) 119.6(2) F(3)-C(3)-C(2) 121.4(2)
F(3)-C(3)-C(4) 119.0(2)
C(2)-C(3)-C(4) 119.5(2)

Bond Lengths (A) and Bond Angles (deg) of 2-MePy-QTxFs (19)

Cu(1)-C(1) 1.897(2) C(6)-F(6) 1.367(2)

Cu(1)-N(1) 1.9078(16) C(7)-C(8) 1.392(3)



N(1)-C(11)
N(1)-C(7)
C(1)-C(2)
C(1)-C(6)
C(2)-F(2)
C(2)-C(3)
C(3)-F(3)
C(3)-C(4)
C(4)-F(4)
C(4)-C(5)
C(5)-F(5)
C(5)-C(6)
C(1)-Cu(1)-N(1)
C(11)-N(1)-C(7)
C(11)-N(1)-Cu(1)
C(7)-N(1)-Cu(1)

C(2)-C(1)-C(6)

1.349(3)
1.354(3)
1.383(3)
1.384(3)
1.363(2)
1.381(3)
1.351(2)
1.378(3)
1.346(2)
1.378(3)
1.349(2)
1.378(3)
174.66(8)
119.09(17)
120.77(13)
120.15(13)

113.73(18)

C(7)-C(12)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-H(11)
C(12)-H(12A)
C(12)-H(12B)

C(12)-H(12C)

C(5)-C(6)-C(1)
N(1)-C(7)-C(8)
N(1)-C(7)-C(12)
C(8)-C(7)-C(12)

C(9)-C(8)-C(7)
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1.497(3)

1.384(3)
0.9500
1.388(3)
0.9500
1.379(3)
0.9500
0.9500
0.9800
0.9800

0.9800

127(18)
120.63(18)
116.98(17)
122.39(18)

9192(18)



C(2)-C(1)-Cu(l)

C(6)-C(1)-Cu()

F(2)-C(2)-C(3)
F(2)-C(2)-C(1)
C(3)-C(2)-C(1)
F(3)-C(3)-C(4)
F(3)-C(3)-C(2)
C(4)-C(3)-C(2)
F(4)-C(4)-C(3)
F(4)-C(4)-C(5)
C(3)-C(4)-C(5)
F(5)-C(5)-C(6)
F(5)-C(5)-C(4)
C(6)-C(5)-C(4)
F(6)-C(6)-C(5)

F(6)-C(6)-C(1)

124.12(15)
122.15(15)
116.11(16)
119.68(17)
124.20(18)
119.22(17)
121.73(17)
119.04(18)
120.22(18)
120.11(18)
119.67(18)
121.83(17)
119.58(18)
118.59(18)
115.79(17)

119.44(18)

C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
N(1)-C(11)-C(10)
N(1)-C(11)-H(11)
C(10)-C(11)-H(11)
C(7)-C(12)-H(12A)

C(7)-C(12)-H(12B)

H(12A)-C(12)-H(12B)

C(7)-C(12)-H(12C)

H(12A)-C(12)-H(12C)

H(12B)-C(12)-H(12C)

260
120

120
119.15(19)
120.4
02
118.42(18)
120.8
o2
2120(18)
ala
1816
109.5
a6
189
919
ap

109.5
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Crystal Data and Structure Refinement Details of 42IPy-CuCgFs (20)and 2-CIPy-

CuCsFs (2 1)

4-Cl Py-CuCgFs (20)

2-CIPy-CuGFs(21)

empirical Formula
formula Weight
T, K
Wavelength, A
crystal system
space group

a, A

b, A

c, A

a, deg

p, deg

7, deg

v, A

Section 1.04 Z
Pealca, Mg M

u, mmit

F(000)

crystal size, mm

@H4CICuRN
344.15
100(2)
0.71073

Triclinic

P-1
5.9903(9)
7.2800(10)
13.0816(19)
88.434(2)
86.879(2)
83.596(2)
565.95(14)
2
2.019
2.214 (Moky)
336

0.20 x 0.20x 0.10

Ci11H4CICURN
344.15
100(2)
1.54178
Monoclinic
P2(1)/c
12.5523(2)
7.1538(2)
24.8910(5)
90
98.5210(10)
90
2210.46(8)
8
2.068
5.561 (Cuk,)
1344
0.18 x 0.16200
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Limiting indices

0 range, deg
reflns collected
independent reflns

absorption correction
refinement method

data/restraints/parameters
Goodness-of-fit o
FinalRindices

[1 > 26(1)]

Rindices (all datd}

Peak/hole (e &)

—7<=h<=7
—9<=k<=9
-16<=I<=16

2.82 -27.53
4782
2449
Semi-empirical
equivalents
F2
2449 /0/ 172

1.074
R1 =0.0275
wR2 = 0.0750
R1 =0.0296
wR2 = 0.0767
0.769 / -0.298

—14<=h<=14
—8<=k<=8
—29<=I<=28
5.42 — 64.44
13162
3535

fronsemi-empirical from

equivalents

Full-matrix least-squares &wll-matrix least-squares on
2

F
3535343
1.161
R1=0.0335
wR2 = 0.0882
R1 =0.0365
wR2 = 0.0906
0.566 / —0.348

[a] R1 =3||R|-|R|lIZ]Ro|; wRR = {S[w(Fo™F%) 3/ STw(Fo?) T} V2

Appendix 3.2 The following is ORTEP plot of the second molecote2-CIPy-CuCgFs

(21) (50% probability).



263

Cl2

Selected Bond Lengths (A) and Angles (deg): Cu2-€12899(3), Cu2-N2 = 1.909(2) ,

C18-Cl2 = 1.723(3), C12-Cu2-N2 = 176.19(10), (PYPF) = 43.13.

Bond Lengths (A) and Bond Angles (deg) of 4-CIPy-GTsFs (20)

Cu(1)-C(1) 1.8873(19) C(2)-C(3) 1.377(3)
Cu(1)-N(1) 1.8972(16) C(3)-C(4) 1.388(2)
CI(1)-C(9) 1.7212(18) C(4)-C(5) 1.384(2)
N(1)-C(11) 1.345(2) C(5)-C(6) 1.371(3)
N(1)-C(7) 1.354(2) C(7)-C(8) 1.381(3)
F(2)-C(2) 1.3649(19) C(7)-H(7A) 0.95

F(3)-C(3) 1.3487(19) C(8)-C(9) 1.384(3)
F(4)-C(4) 1.342(2) C(8)-H(8A) 0.95

F(5)-C(5) 1.347(2) C(9)-C(10) 1.388(2)



F(6)-C(6)
C(1)-C(2)
C(1)-C(6)
C(1)-Cu(1)-N(1)
C(11)-N(1)-C(7)
C(11)-N(1)-Cu(1)
C(7)-N(1)-Cu(1)
C(2)-C(1)-C(6)
C(2)-C(1)-Cu(1)
C(6)-C(1)-Cu(1)
F(2)-C(2)-C(3)
F(2)-C(2)-C(1)
C(3)-C(2)-C(2)
F(3)-C(3)-C(2)
F(3)-C(3)-C(4)
C(2)-C(3)-C(4)

F(4)-C(4)-C(5)

1.3676(19)
1.386(2)
1.389(2)
176.34(7)
117.74(16)
120.47(12)
121.74(13)
113.29(16)
126.00(14)
120.65(13)
116.08(15)
119.28(16)
124.63(16)
121.80(15)
119.10(16)
119.10(16)

120.81(16)

C(10)-C(11)
C(10)-H(10A)
C(11)-H(11A)
C(6)-C(5)-C(4)
F(6)-C(6)-C(5)
F(6)-C(6)-C(1)
C(5)-C(6)-C(1)
N(1)-C(7)-C(8)
N(1)-C(7)-H(7A)
C(8)-C(7)-H(7A)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8A)
C(8)-C(9)-C(10)
C(8)-C(9)-CI(1)
C(10)-C(9)-CI(1)

C(11)-C(10)-C(9)

264
1.379(3)

0.95
0.95
119.03(16)
116.19(15
118.86)
124.96(16
122.79(17)
118.6
118.6
118.13(17)
120.9
120.9
120.16(17

120.78)14

119.07)1
117.98)(1
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F(4)-C(4)-C(3) 120.20(16) C(11)-C(10)-H(10A) 121
C(5)-C(4)-C(3) 118.98(16) C(9)-C(10)-H(10A) 121
F(5)-C(5)-C(6) 121.58(16) N(1)-C(11)-C(10)  123.28)1
F(5)-C(5)-C(4) 119.38(16) N(1)-C(11)-H(11A)  118.4

C(10)-C(11)-H(11A) 118.4

Bond Lengths (A) and Bond Angles (deg) of 2-CIPy-GTeFs (21)

Cu(2)-C(12) 1.899(3) C(11)-C(10) 1.378(4)
Cu(2)-N(2) 1.908(2) C(11)-H(11) 0.9500
Cu(1)-C(1) 1.901(3) C(9)-C(8) 1.32)7(
Cu(1)-N(1) 1.917(2) C(9)-C(10) 1.395(4)
CI(1)-C(7) 1.726(3) C(9)-H(9) 0.9500
CI(2)-C(18) 1.723(3) C(19)-H(19) 0.9500
C(13)-F(13) 1.359(3) C(22)-N(2) 1.349(4)
C(13)-C(12) 1.381(4) C(22)-C(21) 1.3%7(4
C(13)-C(14) 1.387(4) C(22)-H(22) 0.9500

C(18)-N(2) 1.339(4) C(7)-N(1) 1.338(4)



C(18)-C(19)
C(2)-F(2)
C(2)-C(3)
C(2)-C(1)
C(17)-F(17)
C(17)-C(12)
C(17)-C(16)
C(20)-C(19)
C(20)-C(21)
C(20)-H(20)
C(6)-F(6)
C(6)-C(1)
C(6)-C(5)

C(11)-N(1)

C(12)-Cu(2)-N(2)

C(1)-Cu(1)-N(1)

1.379(4)
1.356(3)
1.384(4)
1.387(4)
1.360(3)
1.384(4)
1.386(4)
1.384(4)
1.389(4)
0.9500

1.356(3)
1.383(4)
1.385(4)

1.350(4)

176.19(10)

177.75(11)

C(7)-C(8)
C(14)-F(14)
C(14)-C(15)
C(10)-H(10)
C(4)-F(4)
C(4)-C(3)
C(4)-C(5)
C(21)-H(21)
C(3)-F(3)
C(8)-H(8)
C(16)-F(16)
C(16)-C(15)
C(5)-F(5)

C(15)-F(15)

C(8)-C(7)-Cl(1)

C(6)-C(1)-C(2)
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1.380(4)

1.347(3)
1.881
0.9500
1.352(3
158%)
1.376(4

0.950

1.351(3
0.9500
1383)
1.848
1.353(3)

1.347(3)

120.6(2)

1412(2)



F(13)-C(13)-C(12)
F(13)-C(13)-C(14)
C(12)-C(13)-C(14)
N(2)-C(18)-C(19)
N(2)-C(18)-CI(2)
C(19)-C(18)-Cl(2)
F(2)-C(2)-C(3)
F(2)-C(2)-C(1)
C(3)-C(2)-C(1)
F(17)-C(17)-C(12)
F(17)-C(17)-C(16)
C(12)-C(17)-C(16)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20)
C(21)-C(20)-H(20)
F(6)-C(6)-C(1)

F(6)-C(6)-C(5)

120.0(2)
115.9(2)
124.1(3)
124.1(3)
115.43(19)
120.5(2)
116.0(2)
120.1(2)
123.8(3)
120.1(2)
116.0(2)
123.8(3)
119.7(2)
120.2
120.2
119.7(2)

116.2(2)

C(6)-C(1)-Cu(1)
C(2)-C(1)-Cu(1)
F(14)-C(14)-C(15)
F(14)-C(14)-C(13)
C(15)-C(14)-C(13)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
F(4)-C(4)-C(3)
F(4)-C(4)-C(5)
C(3)-C(4)-C(5)
C(22)-C(21)-C(20)
C(22)-C(21)-H(21)
C(20)-C(21)-H(21)
F(3)-C(3)-C(4)
F(3)-C(3)-C(2)

C(4)-C(3)-C(2)

2019(2)
124.8(2)
119.7(2)
121.5(2)
118.9(3)
118.7(3)
120.7
120.7
120.1(2)
120.1(3)
119.8(2)
118.7(3)
120.7
120.7
119.6(2)
121.3(3)

119.1(2)
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C(1)-C(6)-C(5)
N(1)-C(11)-C(10)
N(1)-C(11)-H(11)
C(10)-C(11)-H(11)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(18)-C(19)-C(20)
C(18)-C(19)-H(19)
C(20)-C(19)-H(19)
N(2)-C(22)-C(21)
N(2)-C(22)-H(22)
C(21)-C(22)-H(22)
C(13)-C(12)-C(17)
C(13)-C(12)-Cu(2)
C(17)-C(12)-Cu(2)

N(1)-C(7)-C(8)

124.1(3)
122.5(3)
118.7
118.7
119.3(3)
120.3
120.4
117.5(3)
121.2
121.2
122.6(3)
118.7
118.7
114.4(2)
123.9(2)
121.6(2)

123.8(3)

C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
F(16)-C(16)-C(15)
F(16)-C(16)-C(17)
C(15)-C(16)-C(17)
F(5)-C(5)-C(4)
F(5)-C(5)-C(6)
C(4)-C(5)-C(6)
F(15)-C(15)-C(16)
F(15)-C(15)-C(14)
C(16)-C(15)-C(14)
C(7)-N(1)-C(11)
C(7)-N(1)-Cu(1)
C(11)-N(1)-Cu(1)
C(18)-N(2)-C(22)

C(18)-N(2)-Cu(2)
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118.1(3)

121
121
119.3(2)
121.5(2)
119.2(2)
119.6(2)
121.4(2)
118.9(3)
120.2(2)
120.2(2)
119.6(2)
117.5(2)
119.80(19)
122.62(18)
117.5(2)

120.46(19)



N(1)-C(7)-CI(1)

115.58(19)

C(22)-N(2)-Cu(2)

269
122.07(18)

Appendix 3.3 The following tables are supplementary material thog x-ray crystal

structures of compound@sNp, (27), 8-Bt;, (28), {8-Np}n (29), {8-Bt}, (30), 8-Anth, (31),

{8-Pyr}n (32),and 8-Pyrene (33). Bond lengths and bond angles are listedXé+33).

Crystal Data and Structure Refinement Details of INp, 1-Bt,and 1-Anth;

8-Np; (27) 8-Bb (28) 8-Anth, (31)
empirical Formula  ¢H16CwFo CaoH12CwF20S Cs2H20C W20
formula Weight 1178.73 1254.90 1278.84
T, K 100(2) 203(2) K 100(2)
Wavelength, A 1.54178 0.71073 1.54178
crystal system monoclinic Monoclinic Monoclinic
space group P(2)1/c P2(1)/c P2(1)/c
a, A 11.7660(5) 11.8629(15) 11.9453(3)
b, A 6.4260(3) 6.3870(8) 6.3138(2)
c, A 26.2579(10) 26.727(3) 28.3348(9)
o, deg 90 90 90
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p. deg

I, deg

v, A

Section 1.05 Z
peaca,Mg m >

u, mmit

F(000)

crystal size, mm

Limiting indices

0 range, deg
reflns collected
independent reflns

absorption
correction

refinement method

data/restraints/

parameters

Goodness-of-fit on 1.236

F2

FinalR indices

102.9340(10) 97.690(2)
90 90
1934.94(14) 2006.8(4)
2 2
2.023 2.077
3.701 2.426
1152 1224
0.24 x0.18 x0.12 0.37 x 0.100¢0
—13<=h<=14 —15<=h<=15
—7<=k<=6 —8<=k<=3
-31<=I<=30 —33<=|<=35
3.85-68.08 1.54 — 28.26
12142 13608
3440 4762
Numerical Multi-scan
Full-matrix  leastFull-matrix  least-

squares oif* squares off’

3440/0/308 4762 /0/312
1.076
R1 =0.0356 R1 =0.0305

94.131(2)
90
2131.47(11)
2
1.993
3.427
1256
0.44 x 0.09 x 0.08
—14<=h<=14
—7<=k<=7
-31<=I<=26
3.13 -64.98
9822
3336

Semi-empirical
from equivalents

Full-matrix  least-

squares offr?

3336/0/344

1.054

R1 =0.0312
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[1 > 26(1)]™ wR2 = 0.0889 wR2 = 0.0849 wR2 = 0.0823
R indices (all R1=0.0424 R1 =0.0352 R1=0.0336
data}®!
wR2 = 0.1277 wR2 = 0.0880 wR2 = 0.0847
Peak/hole (e &) 0.696 / —0.905 0.589 / —0.452 0.695 and -0.363

[a] R1 =3||R|-|RlIZ]Rol; wRR = {S[w(Fo™Fc%) 3/ STw(Fo?) 3 2

Bond Lengths (A) and Bond Angles (deg) of 8-Ni§27)

C(1)-C(6) 1.392(6) C(10)-F(8) 1.330(4)
C(1)-C(2) 1.395(6) C(10)-C(11) 1.384(6)
C(1)-Cu(1) 2.008(4) C(11)-F(9) 1.338(5)
C(1)-Cu(2)#1 2.018(4) C(11)-C(12) 1.374(6)
C(2)-F(1) 1.337(5) C(12)-F(10) 1.349(5)
C(2)-C(3) 1.404(6) C(13)-C(14) 1.366(6)
C(3)-F(2) 1.331(5) C(13)-C(18) 1.417(6)
C(3)-C(4) 1.379(7) C(14)-C(15) 1.405(6)
C(4)-F(3) 1.348(5) C(15)-C(16) 1.427(6)
C(4)-C(5) 1.378(7) C(15)-C(19) 1.428(5)

C(5)-F(4) 1.345(5) C(16)-C(22) 1.410(6)



C(5)-C(6)
C(6)-F(5)

C(7)-C(8)
C(7)-C(12)
C(7)-Cu(1)
C(7)-Cu(2)
C(8)-F(6)

C(8)-C(9)

C(9)-F(7)
C(9)-C(10)
C(6)-C(1)-C(2)
C(6)-C(1)-Cu(1)
C(2)-C(1)-Cu(1)
C(6)-C(1)-Cu(2)#1
C(2)-C(1)-Cu(2)#1
Cu(1)-C(1)-Cu(2)#1

F(1)-C(2)-C(1)

1.351(6)
1.365(5)
1.378(6)
1.395(6)
1.987(4)
2.028(4)
1.348(4)
1.400(5)
1.336(5)
1.378(6)
114.3(4)
115.6(3)
120.7(3)
110.9(3)
114.2(3)
74.63(13)

120.8(4)

C(16)-C(17)
C(17)-C(18)
C(19)-C(20)
C(20)-C(21)
C(21)-C(22)
C(1)-C(2)#1
C(1)-C(2)
C(2)-C(1)#1
C(2)-C(1)#1
C(2)-C(2)#1
F(9)-C(11)-C(10)
C(12)-C(11)-C(10)
C(9)-C(10)-C(11)
F(10)-C(12)-C(11)
F(10)-C(12)-C(7)
C(11)-C(12)-C(7)

C(14)-C(13)-C(18)
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1.420(6)

1.376(6)
1.356(6)
1.414(6)
1.366(6)
2.4408(7)
2.4993(8)
2.018(4)
2.4408(7)
2.6343(11)
19@)
13@)
120.4(3)
118.4(4)
118.9(3)

122.7(4)

012(4)



F(1)-C(2)-C(3)
C(1)-C(2)-C(3)
F(2)-C(3)-C(4)
F(2)-C(3)-C(2)
C(4)-C(3)-C(2)
F(3)-C(4)-C(5)
F(3)-C(4)-C(3)
C(5)-C(4)-C(3)
F(4)-C(5)-C(6)
F(4)-C(5)-C(4)
C(6)-C(5)-C(4)
C(5)-C(6)-F(5)
C(5)-C(6)-C(1)

F(5)-C(6)-C(1)

C(8)-C(7)-C(12)
C(8)-C(7)-Cu(1)

C(12)-C(7)-Cu(l)

116.2(4)
123.0(4)
120.7(4)
121.5(4)
117.7(4)
120.4(4)
118.1(4)
121.5(4)
122.3(4)
119.7(4)
118.0(4)
116.9(4)
125.4(4)
117.6(3)
116.2(3)
117.6(3)

122.1(3)

C(13)-C(14)-C(15)
C(14)-C(15)-C(16)
C(14)-C(15)-C(19)
C(16)-C(15)-C(19)
C(22)-C(16)-C(17)
C(22)-C(16)-C(15)
C(17)-C(16)-C(15)
C(18)-C(17)-C(16)
C(17)-C(18)-C(13)
C(20)-C(19)-C(15)
C(19)-C(20)-C(21)
C(22)-C(21)-C(20)
C(21)-C(22)-C(16)
C(7)-Cu(1)-C(1)
C(7)-Cu(1)-Cu(2)#1
C(1)-Cu(1)-Cu(2)#1

C(7)-Cu(1)-Cu(2)

273
2018(4)

12@)
122.3(4)
1811(4)
2212(4)
1915(4)
1813(4)
2018(4)
oL2(4)
012(4)
112(4)
1917(4)
2019(4)
67172(16)
16166(11)
52.88(10)

52.23(10)



C(8)-C(7)-Cu(2)
C(12)-C(7)-Cu(2)
Cu(1)-C(7)-Cu(2)
F(6)-C(8)-C(7)
F(6)-C(8)-C(9)
C(7)-C(8)-C(9)
F(7)-C(9)-C(10)
F(7)-C(9)-C(8)
C(10)-C(9)-C(8)
F(8)-C(10)-C(9)
F(8)-C(10)-C(11)

F(9)-C(11)-C(12)

108.1(3)
105.2(3)
77.00(13)
120.0(3)
117.2(3)
122.8(4)
120.8(3)
120.7(4)
118.5(4)
119.5(4)
120.1(4)

121.8(4)
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C(1)-Cu(1)-Cu(2) 116.78(11)
Cu(2)#1-Cu(1)-Cu(2) 64.44(3)
C(L)#1-Cu(2)-C(7)  140.79(16)

C(L)#1-Cu(2)-Cu(1)#1 2.49(10)

C(7)-Cu(2)-Cu(l)#1  66128(12)
C(1)#1-Cu(2)-Cu(l)  5I183(11)
C(7)-Cu(2)-Cu(l) 0.36(11)

Cu(1)#1-Cu(2)-Cu(l) 15156(3)
C(1)#1-Cu(2)-Cu(2)#1 10186(11)
C(7)-Cu(2)-Cu(@#1  07146(12)
Cu(1)#1-Cu(2)-Cu(2)#%8.86(2)

Cu(1)-Cu(2)-Cu2#l  BR2)

Bond Lengths (A) and Bond Angles (deg) of 8-B{28)

Cu(1)-C(7)
Cu(1)-C(1)

Cu(1)-Cu(2)#1

1.975(2)

2.014(2)

2.4500(4)

F(12)-C(12) 1.350(3)
C(1)-C(6) 1.377(3)
C(1)-C(2) 1.387(3)



Cu(1)-Cu(2)

Cu(1)-C(13)

Cu(2)-C(7)

Cu(2)-C(1)#1
Cu(2)-Cu(L)#1

Cu(2)-Cu(2)#1

S(1)-C(13)
S(1)-C(16)
S(2)-C(20)
S(2)-C(17)
F(2)-C(2)
F(3)-C(3)
F(4)-C(4)
F(5)-C(5)
F(6)-C(6)
F(8)-C(8)

F(9)-C(9)

2.5013(4)
2.507(2)
2.021(2)
2.023(2)
2.4501(4)
2.5866(6)
1.705(3)
1.712(2)
1.666(4)
1.702(3)
1.355(3)
1.344(3)
1.335(3)
1.344(3)
1.348(3)
1.352(3)

1.340(3)

C(1)-Cu(2)#1
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
C(7)-C(8)
C(7)-C(12)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)

C(18)-C(19)

2.023(2)
1.377(3)
1.375(4)
1.367(4)
1.380(3)
1.381(3)
1.390(3)
1.381(3)
1.369(4)
1.377(4)
1.378(3)
1.363(4)
1.432(3)
1.416(3)
1.454(3)
1.523(3)

1.484(4)
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F(10)-C(10)
F(11)-C(11)
C(7)-Cu(1)-C(1)
C(7)-Cu(1)-Cu(2)#1
C(1)-Cu(1)-Cu(2)#1
C(7)-Cu(1)-Cu(2)
C(1)-Cu(1)-Cu(2)
Cu(2)#1-Cu(1)-Cu(2)
C(7)-Cu(1)-C(13)
C(1)-Cu(1)-C(13)
Cu(2)#1-Cu(1)-C(13)
Cu(2)-Cu(1)-C(13)
C(7)-Cu(2)-C(1)#1
C(7)-Cu(2)-Cu(1)#1
C(1)#1-Cu(2)-Cu(1)#1
C(7)-Cu(2)-Cu(1)

C(1)#1-Cu(2)-Cu(1)

1.340(3)
1.337(3)
166.96(9)
115.01(6)
52.81(6)
52.08(6)
115.36(6)
62.979(14)
100.14(8)
92.70(8)
143.64(6)
151.58(6)
139.56(8)
167.22(6)
52.45(6)
50.42(6)

167.52(6)

C(19)-C(20)

F(6)-C(6)-C(1)
F(6)-C(6)-C(5)
C(1)-C(6)-C(5)
C(8)-C(7)-C(12)
C(8)-C(7)-Cu(1)
C(12)-C(7)-Cu(1)
C(8)-C(7)-Cu(2)
C(12)-C(7)-Cu(2)
Cu(1)-C(7)-Cu(2)
F(8)-C(8)-C(7)
F(8)-C(8)-C(9)
C(7)-C(8)-C(9)
F(9)-C(9)-C(10)
F(9)-C(9)-C(8)

C(10)-C(9)-C(8)

1.330(5)

120.28(19)
116)3(2
123.4(2)

114.76(19

118.46)1
BR17)
109.38(1
104. 381
LY E:)
119.531

116.6(2)
123)8(2
170)2

121.4(2)

118)5(



Cu(1)#1-Cu(2)-Cu(l)
C(7)-Cu(2)-Cu(2)#1

C(1)#1-Cu(2)-Cu(2)#1

117.022(14)

107.91(6)

111.53(6)

Cu(1)#1-Cu(2)-Cu(2)#1 59.480(11)

Cu(1)-Cu(2)-Cu(2)#1

C(13)-S(1)-C(16)
C(20)-S(2)-C(17)
C(6)-C(1)-C(2)
C(6)-C(1)-Cu(1)

C(2)-C(1)-Cu(l)

C(6)-C(1)-Cu(2)#1
C(2)-C(1)-Cu(2)#1

Cu(1)-C(1)-Cu(2)#1

F(2)-C(2)-C(3)
F(2)-C(2)-C(1)
C(3)-C(2)-C(1)

F(3)-C(3)-C(4)

57.542(13)

92.15(12)
92.54(16)
114.8(2)
121.44(16)
114.27(17)
113.97(16)
110.84(16)
74.73(7)
117.1(2)
119.0(2)
123.9(2)

120.5(2)

F(10)-C(10)-C(9)
F(10)-C(10)-C(11)
C(9)-C(10)-C(11)
F(11)-C(11)-C(10)
F(11)-C(11)-C(12)
C(10)-C(11)-C(12)
F(12)-C(12)-C(11)
F(12)-C(12)-C(7)
C(11)-C(12)-C(7)
C(14)-C(13)-S(1)
C(14)-C(13)-Cu(1)
S(1)-C(13)-Cu(1)
C(13)-C(14)-C(15)
C(16)-C(15)-C(14)
C(15)-C(16)-C(17)
C(15)-C(16)-S(1)

C(17)-C(16)-S(1)
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9112)

¥i(Q)

B0)
119.8(2)
1722)

118)4(

112)5(
118.87(19)

123)6(2

112101
ER1I5)
10813)
112)1
109.4(2)
127.0(2)
112.25(16)

120.73(18)



F(3)-C(3)-C(2)
C(4)-C(3)-C(2)
F(4)-C(4)-C(5)
F(4)-C(4)-C(3)
C(5)-C(4)-C(3)
F(5)-C(5)-C(4)
F(5)-C(5)-C(6)

C(4)-C(5)-C(6)

121.1(3)
118.3(2)
119.8(3)
119.7(3)
120.4(2)
119.5(2)
121.4(2)

119.1(2)

C(16)-C(17)-C(18)
C(16)-C(17)-S(2)
C(18)-C(17)-S(2)
C(19)-C(18)-C(17)
C(20)-C(19)-C(18)

C(19)-C(20)-S(2)

Bond Lengths (A) and Bond Angles (deg) of 8-Ant{(31)

Cu(1)-C(1)
Cu(1)-C(7)
Cu(1)-Cu(2)#1
Cu(1)-Cu(2)
Cu(2)-C(1)
Cu(2)-C(7)#1

Cu(2)-Cu(L)#1

1.975(2)
2.006(2)
2.4441(5)
2.5093(5)
2.023(2)
2.030(2)

2.4441(5)

C(4)-F(3)
C(4)-C(3)
C(3)-F(2)
C(11)-F(9)
C(11)-C(10)
C(10)-F(8)

C(10)-C(9)
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125.0(2)

121.14(18)
113.79(16)
101.8(2)
117.6(3)

114.0(2)

1.338(3)
1.379(4)
1.342(3)
1.344(3)
1.385(4)
1.334(3)

1.375(4)



Cu(2)-Cu(2)#1

C(12)-F(10)
C(12)-C(11)
C(12)-C(7)
C(6)-F(5)
C(6)-C(5)
C(6)-C(1)
C(8)-F(6)
C(8)-C(9)
C(8)-C(7)
C(1)-C(2)
C(7)-Cu(2)#1
C(5)-F(4)
C(5)-C(4)
C(2)-F(2)

C(2)-C(3)

2.6159(7)
1.357(3)
1.377(4)
1.390(4)
1.355(3)
1.377(4)
1.388(3)
1.344(3)
1.382(4)
1.395(4)
1.392(4)
2.030(2)
1.337(3)
1.389(4)
1.351(3)

1.381(4)

C(9)-F(7)

C(20)-C(21)
C(20)-C(19)
C(24)-C(25)
C(24)-C(23)
C(24)-C(19)
C(21)-C(22)
C(18)-C(19)
C(18)-C(17)
C(15)-C(16)
C(15)-C(14)
C(25)-C(26)
C(13)-C(14)
C(13)-C(26)
C(17)-C(16)
C(17)-C(26)

C(23)-C(22)

1.341(3)
1.361(4)
1.430(4)
1.397(4)
1.426(4)
1.434(4)
1.417(4)
1.391(4)
1.402(3)
1.366(4)
1.432(4)
1.399(3)
1.364(4)
1.429(3)
1.425(3)
1.438(4)

1.359(4)
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C(1)-Cu(1)-C(7) 167.38(10)
C(1)-Cu(l)-Cu@@#1  115.70(7)
C(7)-Cu(1)-Cu@#1  53.19(7)
C(1)-Cu(1)-Cu(2) 52.00(7)
C(7)-Cu(1)-Cu(2) 116.35(7)
63.738(15)
Cu(2)#1-Cu(1)-Cu(2)
C(1)-Cu(2)-C(7)#1 140.63(9)
C(1)-Cu(2)-Cu(l)#1  166.38(7)
C(7)#1-Cu(2)-Cu(l)#1  52.27(7)
C(1)-Cu(2)-Cu(1) 50.26(7)
C(7)#1-Cu(2)-Cu(l)  166.20(7)

Cu(l#1-Cu(2)-Cu(l)  116.262(15)

C(1)-Cu(2)-Cu(2)#1 107.15(7)
C(7)#1-Cu(2)-Cu(2#1  111.09(7)
Cu(1)#1-Cu(2)-Cu(2)#1 59.343(15)

Cu(1)-Cu(2)-Cu(2)#1 56.919(14)
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F(1)-C(2)-C(3) 117.1(2)
F(1)-C(2)-C(1) 119)3(2
C(3)-C(2)-C(1) 123.6(2)
F(3)-C(4)-C(3)  2010(2)
F(3)-C(4)-C(5) 119.7(2)
C(3)-C(4)-C(5) 120.3(2)
F(2)-C(3)-C(4) 119.8(2)
F(2)-C(3)-C(2) 121)4(2
C(4)-C(3)-C(2) 118)8(

F(9)-C(11)-C(12) 121.4(2)
F(9)-C(11)-C(10)  12@)3
C(12)-C(11)-C(10) 18B(2)
F(8)-C(10)-C(9) 118)8(
F(8)-C(10)-C(11)  HI(9)
C(9)-C(10)-C(11)  120.3(2)

F(7)-C(9)-C(10) 119.4(2)



F(10)-C(12)-C(11)
F(10)-C(12)-C(7)
C(11)-C(12)-C(7)
F(5)-C(6)-C(5)
F(5)-C(6)-C(1)
C(5)-C(6)-C(1)
F(6)-C(8)-C(9)
F(6)-C(8)-C(7)
C(9)-C(8)-C(7)
C(6)-C(1)-C(2)
C(6)-C(1)-Cu(1)
C(2)-C(1)-Cu(1)
C(6)-C(1)-Cu(2)
C(2)-C(1)-Cu(2)
Cu(1)-C(1)-Cu(2)
C(12)-C(7)-C(8)

C(12)-C(7)-Cu(l)

116.9(2)
118.7(2)
124.4(2)
117.4(2)
118.7(2)
123.9(2)
116.9(2)
119.8(2)
123.3(2)
114.8(2)
122.09(18)
119.24(18)
104.37(17)
107.85(17)
77.74(8)
114.4(2)

114.57(18)

F(7)-C(9)-C(8)
C(10)-C(9)-C(8)
C(21)-C(20)-C(19)
C(25)-C(24)-C(23)
C(25)-C(24)-C(19)
C(23)-C(24)-C(19)
C(20)-C(21)-C(22)
C(19)-C(18)-C(17)
C(16)-C(15)-C(14)
C(24)-C(25)-C(26)
C(14)-C(13)-C(26)
C(18)-C(17)-C(16)
C(18)-C(17)-C(26)

C(16)-C(17)-C(26)

121.4(2)
119.2(2)
120)8(2
121.7(2)
119.4(2)
118.9(2)
120.7(2)
121.3(2)
120.2(2)
121.3(2)
122)0(

122)0(

119)3(

118)7(

C(18)-C(19)-C(20) 2212(2)

C(18)-C(19)-C(24)

C(20)-C(19)-C(24)

119.5(2)

118)2
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C(8)-C(7)-Cu(1) 122.24(18)
C(12)-C(7)-Cu(2)#1 110.17(17)

C(8)-C(7)-Cu(2)#1 113.92(17)

Cu(1)-C(7)-Cu(@#1  74.54(8)

F(4)-C(5)-C(6) 122.4(2)
F(4)-C(5)-C(4) 119.1(2)
C(6)-C(5)-C(4) 118.5(2)
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C(13)-C(14)-C(15)  12@)3(

C(22)-C(23)-C(24) mQ)

C(15)-C(16)-C(17)  1Z2)

C(23)-C(22)-C(21)
C(25)-C(26)-C(13)
C(25)-C(26)-C(17)

C(13)-C(26)-C(17)

120.4(2)
122.2(2)
119.2(2)

118.7(2)

Crystal Data and Structure Refinement Details of {8N\p},, {8-Bt},and {8-Pyr},

{8-Np}n (29)

{8-Bt}n (30)

{8-Pyr} (32)

empirical Formula  gHsCuwF»o

formula Weight 1050.56
T, K 100(2)
Wavelength, A 1.54178
crystal system Triclinic
space group P-1

a, A 9.2770(11)
b, A 9.2816(10)

c, A 10.6576(11)

CazHeCwF20S;
1088.65
100(2)
1.54178
Triclinic
P-1
11.0271(7)
11.5270(7)
14.6181(10)

CaaH28CUsF4cClg
2588.98
100(2)
1.54178
Triclinic
P-1
10.6450(2)
12.0190(2)
17.1415(3)
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a, deg

B, deg

y, deg

v, A3

Section 1.06 Z
Peaica Mg M

u, mmit

F(000)

crystal size, mm

Limiting indices

0 range, deg
reflns collected
independent reflns

absorption
correction

refinement method

69.563(3)
72.278(2)
74.354(3)
805.27(15)
1
2.166
4.334
508
0.39x0.35x0.29
—10<=h<=10
-10<=k<=10
-12<=I<=12
4.55 - 64.87
5335
2452

Semi-empirical
from equivalents

Full-matrix
squares OffF2

data/restraints/para 2452 /0 /263

meters

Goodness-of-fit on 1.175

F2

Final R indices

R1=0.0276

leastFull-matrix

86.590(3)
82.263(3)
61.462(2)
1617.46(18)
2
2.235
5.522
1052
0.34 x 0.30230
—13<=h<=13
—13<=k<=13
-17<=I<=11
4.37-67.78
13129
5277

Numerical

squares o2

52771017523
1.207

R1 =0.0283

least-

76.7070(10)
78.8590(10)
80.0390(10)
2075.08(6)
1
2.072
5.839
1260
0.60 x 0.52 x 0.52
-12<=h<=12
—14<=k<=14
—20<=I<=19
3.81-71.23
20200
6873

Numerical

Full-matrix  least-

squares o2

6873/0/631
1.180

R1=0.0294
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[1 > 26(1)]™ wR2 = 0.0724 wR2 = 0.0717 wR2 = 0.0727
dF; taBai]nolices (all R1=0.0276 R1 =0.0286 R1 = 0.0295
WR2 = 0.0724 wR2 = 0.0719 wR2 = 0.0728
Peak/hole (e &)  0.315/-0.282 0.395 / —0.366 0.619 / —0.485
[a] R1 = 3]|Rel- Rl 2]Fol; wR2 = {STw(Fo™Fc) °)/ STw (Fo’) T}
Bond Lengths (A) and Bond Angles (deg) of {8-Np)29)
Cu(1)-C(1) 1.978(3) C(1)-Cu()#1 2.025(3)
Cu(1)-C(7) 2.001(3) C(12)-F(10) 1.344(3)
Cu(1)-Cu(2) 2.4611(5) C(12)-C(11) 1.375(4)
Cu(1)-Cu(2)#1 2.4695(6) C(11)-F(9) 1.339(3)
Cu(2)-C(7) 2.015(3) C(9)-F(7) 1.341(3)
Cu(2)-C(1)#1 2.025(3) C(3)-F(2) 1.345(3)
Cu(2)-Cu(1)#1 2.4695(5) C(3)-C(4) 1.378(4)
Cu(2)-Cu(2)#1 2.6779(8) C(5)-F(4) 1.336(3)
F(6)-C(8) 1.355(3) C(5)-C(6) 1.378(4)
F(3)-C(4) 1.334(3) C(5)-C(4) 1.383(4)
C(2)-F(1) 1.354(3) C(14)-C(15) 1.378(4)
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C(2)-C(3) 1.369(4) C(14)-C(13) 1.417(4)
C(2)-C(1) 1.397(4) C(14)-H(14) 0.95
F(5)-C(6) 1.351(3) C(16)-C(17) 1.361(4)
C(10)-F(8) 1.334(3) C(16)-C(15) 1.408(4)
C(10)-C(11) 1.382(4) C(16)-H(16) 0.95
C(10)-C(9) 1.386(4) C(13)-C(17)#2 1.416(4)
C(7)-C(8) 1.395(4) C(13)-C(13)#2 1.431(5)
C(7)-C(12) 1.400(4) C(15)-H(15) 0.95
C(8)-C(9) 1.377(4) C(17)-C(13)#2 1.416(4)
C(1)-C(6) 1.392(4) C(17)-H(17) 0.95
C(1)-Cu(1)-C(7) 169.48(11) Cu(1)-C(1)-Cu@#1  76.17(9)
C(1)-Cu(1)-Cu(2) 118.55(7) F(10)-C(12)-C(11) 11@)8(
C(7)-Cu(1)-Cu(2) 52.46(7) F(10)-C(12)-C(7)  119.5(2)
C(1)-Cu()-Cu@@#1  52.76(7) C(11)-C(12)-C(7) 123.7(2)
C(7)-Cu(l)-Cu@@#1  117.95(8) F(9)-C(11)-C(12) 172)8
Cu(2)-Cu(1)-Cu(2#1  65.791(18) F(9)-C(11)-C(10) 119.0(2)

C(7)-Cu(2)-C(1)#1 142.66(11) C(12)-C(11)-C(10) 7(9)



C(7)-Cu(2)-Cu(1)

C(1)#1-Cu(2)-Cu(1)
C(7)-Cu(2)-Cu(1)#1
C(1)#1-Cu(2)-Cu(1)#1
Cu(1)-Cu(2)-Cu(1)#1
C(7)-Cu(2)-Cu(2)#1
C(1)#1-Cu(2)-Cu(2)#1

Cu(1)-Cu(2)-Cu(2)#1

51.96(7)
165.28(8)
165.12(7)
51.07(7)
114.209(18)
108.96(7)

108.02(8)

57.255(16)

Cu(1)#1-Cu(2)-Cu(2)#1 56.954(17)

F(1)-C(2)-C(3)
F(1)-C(2)-C(1)
C(3)-C(2)-C(1)
F(8)-C(10)-C(11)
F(8)-C(10)-C(9)
C(11)-C(10)-C(9)
C(8)-C(7)-C(12)

C(8)-C(7)-Cu(2)

117.3(2)
118.9(2)
123.7(3)
120.1(3)
119.9(2)
119.9(2)
114.3(2)

117.75(19)

F(7)-C(9)-C(8)
F(7)-C(9)-C(10)
C(8)-C(9)-C(10)
F(2)-C(3)-C(2)
F(2)-C(3)-C(4)
C(2)-C(3)-C(4)
F(4)-C(5)-C(6)
F(4)-C(5)-C(4)
C(6)-C(5)-C(4)
F(3)-C(4)-C(3)
F(3)-C(4)-C(5)
C(3)-C(4)-C(5)
F(5)-C(6)-C(5)
F(5)-C(6)-C(1)
C(5)-C(6)-C(1)
C(15)-C(14)-C(13)

C(15)-C(14)-H(14)

286
2114(2)

119)7(
118)9(
128)5(
B(Q2)
119)0(3
172)5
119.7(2)
118.7(3)
120.0(3)
119.7(3)
120.3(2)
117.1(2)
119.3(2)
123.6(3)
120.8(3)

119.6



C(12)-C(7)-Cu(1)
C(8)-C(7)-Cu(2)
C(12)-C(7)-Cu(2)
Cu(1)-C(7)-Cu(2)
F(6)-C(8)-C(9)
F(6)-C(8)-C(7)
C(9)-C(8)-C(7)
C(6)-C(1)-C(2)
C(6)-C(1)-Cu(1)
C(2)-C(1)-Cu(1)
C(6)-C(1)-Cu(2)#1

C(2)-C(1)-Cu(2)#1

117.62(19)
117.14(19)
108.34(18)
75.58(9)
116.9(2)
119.2(2)
123.9(3)
114.7(2)
117.52(19)
121.50(19)
109.51(18)

109.29(19)
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C(13)-C(14)-H(14) 119.6
C(17)-C(16)-C(15) 128)3(
C(17)-C(16)-H(16) 119.8

C(15)-C(16)-H(16)  119.8
C(17)#2-C(13)-C(14)  122)5(3
C(17)#2-C(13)-C(13)#2 118)4

C(14)-C(13)-C(13)#2  118)2(3

C(14)-C(15)-C(16) 120.5(3)
C(14)-C(15)-H(15) 119.8
C(16)-C(15)-H(15) 119.8

C(16)-C(17)-C(13)#2  0m3)

C(16)-C(17)-H(17) H9.

C(13)#2-C(17)-H(17)  119.5

Bond Lengths (A) and Bond Angles (deg) of {8-Bt}(30)

C(1)-C(6)

C(1)-C(2)

1.385(4)

1.401(4)

C(17)-F(14)

C(17)-C(18)

1.337(3)

1.382(4)



C(1)-Cu(1)
C(1)-Cu(2)
C(2)-F(2)
C(2)-C(3)
C(3)-F(2)
C(3)-C(4)
C(4)-F(3)
C(4)-C(5)
C(5)-F(4)
C(5)-C(6)
C(6)-F(5)
C(7)-C(12)
C(7)-C(8)
C(7)-Cu(3)
C(7)-Cu(2)
C(8)-F(6)

C(8)-C(9)

2.002(3)
2.018(3)
1.344(3)
1.378(4)
1.349(3)
1.373(4)
1.338(3)
1.385(4)
1.334(3)
1.385(4)
1.354(3)
1.392(4)
1.395(4)
2.010(3)
2.011(3)
1.348(3)

1.383(4)

C(18)-F(15)
C(19)-C(20)
C(19)-C(24)
C(19)-Cu(1)
C(19)-Cu(4)
C(20)-F(16)
C(20)-C(21)
C(21)-F(17)
C(21)-C(22)
C(22)-F(18)
C(22)-C(23)
C(23)-F(19)
C(23)-C(24)
C(24)-F(20)
C(25)-C(26)
C(25)-S(1)

C(26)-C(27)

1.352(3)
1.389(4)
1.394(4)
1.996(3)
2.020(3)
1.353(3)
1.383(4)
1.341(3)
1.376(4)
1.334(3)
1.382(4)
1.344(3)
1.380(4)
1.345(3)
1.351(5)
1.726(3)

1.429(4)
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C(9)-F(7)
C(9)-C(10)
C(10)-F(8)
C(10)-C(11)
C(11)-F(9)
C(11)-C(12)
C(12)-F(10)
C(13)-C(18)
C(13)-C(14)
C(13)-Cu(4)
C(13)-Cu(3)
C(14)-F(11)
C(14)-C(15)
C(15)-F(12)
C(15)-C(16)
C(16)-F(13)

C(16)-C(17)

1.349(3)
1.368(4)
1.344(3)
1.378(4)
1.339(3)
1.387(4)
1.349(3)
1.386(4)
1.398(4)
2.023(3)
2.032(3)
1.343(3)
1.382(4)
1.349(3)
1.369(4)
1.340(3)

1.387(4)

C(27)-C(28)
C(28)-C(29)
C(28)-S(1)
C(29)-C(30)
C(29)-S(2)
C(30)-C(31)
C(31)-C(32)
C(32)-S(2)
Cu(1)-Cu(2)
Cu(1)-Cu(4)
Cu(1)-S(1)
Cu(2)-Cu(3)
Cu(2)-Cu(4)
Cu(3)-Cu(4)
Cu(3)-S(2)#1

S(2)-Cu(3)#2

1.361(4)

4744)
1.742(3)

ney
1.745(3)
1.416(4)
1.351(4)
1.732(3)
2.4549(5)
2.4884(5)
2.5389(8)
2.4549(5)
2.6556(5)
2.4611(5)
2.5356(7)

2.5356(7)
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C(6)-C(1)-C(2)
C(6)-C(1)-Cu(1)
C(2)-C(1)-Cu(1)
C(6)-C(1)-Cu(2)
C(2)-C(1)-Cu(2)
Cu(1)-C(1)-Cu(2)
F(1)-C(2)-C(3)
F(1)-C(2)-C(1)
C(3)-C(2)-C(1)
F(2)-C(3)-C(4)
F(2)-C(3)-C(2)
C(4)-C(3)-C(2)
F(3)-C(4)-C(3)
F(3)-C(4)-C(5)
C(3)-C(4)-C(5)
F(4)-C(5)-C(6)

F(4)-C(5)-C(4)

114.9(2)
117.94(19)
119.8(2)
112.38(18)
108.93(19)
75.26(9)
118.1(2)
119.0(2)
122.9(3)
119.2(2)
121.2(3)
119.6(3)
120.2(2)
119.4(3)
120.4(3)
122.5(2)

119.3(2)

C(21)-C(20)-C(19)
F(17)-C(21)-C(22)
F(17)-C(21)-C(20)
C(22)-C(21)-C(20)
F(18)-C(22)-C(21)
F(18)-C(22)-C(23)
C(21)-C(22)-C(23)
F(19)-C(23)-C(24)
F(19)-C(23)-C(22)
C(24)-C(23)-C(22)
F(20)-C(24)-C(23)
F(20)-C(24)-C(19)
C(23)-C(24)-C(19)
C(26)-C(25)-S(1)

C(25)-C(26)-C(27)
C(28)-C(27)-C(26)

C(27)-C(28)-C(29)

123.7(3)
120.2(2)

2019(2)
118.8(3)
120.2(3)

1917(2)
120.0(2)
121.2(3)
119.3(2)
119.4(3)
117.4(2)
119.7(2)
122.9(3)
111.4(2)
113.0(3)
113.2(3)

130.1(2)
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C(6)-C(5)-C(4)
F(5)-C(6)-C(1)
F(5)-C(6)-C(5)
C(1)-C(6)-C(5)
C(12)-C(7)-C(8)
C(12)-C(7)-Cu(3)
C(8)-C(7)-Cu(3)
C(12)-C(7)-Cu(2)
C(8)-C(7)-Cu(2)
Cu(3)-C(7)-Cu(2)
F(6)-C(8)-C(9)
F(6)-C(8)-C(7)
C(9)-C(8)-C(7)
F(7)-C(9)-C(10)
F(7)-C(9)-C(8)
C(10)-C(9)-C(8)

F(8)-C(10)-C(9)

118.2(3)
118.8(2)
117.1(3)
124.1(3)
114.4(2)
114.16(19)
123.4(2)
109.06(18)
113.3(2)
75.25(9)
116.6(2)
120.1(2)
123.4(3)
120.1(2)
120.4(3)
119.5(3)

120.0(3)

C(27)-C(28)-S(1)
C(29)-C(28)-S(1)
C(30)-C(29)-C(28)
C(30)-C(29)-S(2)
C(28)-C(29)-S(2)
C(29)-C(30)-C(31)
C(32)-C(31)-C(30)
C(31)-C(32)-S(2)
C(19)-Cu(1)-C(1)
C(19)-Cu(1)-Cu(2)
C(1)-Cu(1)-Cu(2)
C(19)-Cu(1)-Cu(4)
C(1)-Cu(1)-Cu(4)
Cu(2)-Cu(1)-Cu(4)
C(19)-Cu(1)-S(1)
C(1)-Cu(1)-S(1)

Cu(2)-Cu(1)-S(1)

291
110.4(2)

119.6(2)
129.1(3)
109.8(2)
1)
113.6(3)
314(3)
111.2(2)
69136(10)
16175(7)
52.67(7)
52.16(7)
117.21(7)
4.985(15)
98.87(8)
2A(7)

44134(2)



F(8)-C(10)-C(11)
C(9)-C(10)-C(11)
F(9)-C(11)-C(10)
F(9)-C(11)-C(12)
C(10)-C(11)-C(12)
F(10)-C(12)-C(11)
F(10)-C(12)-C(7)
C(11)-C(12)-C(7)
C(18)-C(13)-C(14)
C(18)-C(13)-Cu(4)
C(14)-C(13)-Cu(4)
C(18)-C(13)-Cu(3)
C(14)-C(13)-Cu(3)
Cu(4)-C(13)-Cu(3)
F(11)-C(14)-C(15)
F(11)-C(14)-C(13)

C(15)-C(14)-C(13)

119.8(3)
120.2(3)
120.0(3)
121.3(3)
118.7(3)
117.1(3)
119.1(2)
123.8(3)
114.5(2)
118.25(19)
109.06(19)
111.74(19)
122.8(2)
74.73(9)
117.3(2)
119.8(2)

122.9(3)

Cu(4)-Cu(1)-S(1)
C(7)-Cu(2)-C(1)
C(7)-Cu(2)-Cu(1)
C(1)-Cu(2)-Cu(1)
C(7)-Cu(2)-Cu(3)
C(1)-Cu(2)-Cu(3)
Cu(1)-Cu(2)-Cu(3)
C(7)-Cu(2)-Cu(4)
C(1)-Cu(2)-Cu(4)
Cu(1)-Cu(2)-Cu(4)
Cu(3)-Cu(2)-Cu(4)
C(7)-Cu(3)-C(13)
C(7)-Cu(3)-Cu(2)
C(13)-Cu(3)-Cu(2)
C(7)-Cu(3)-Cu(4)
C(13)-Cu(3)-Cu(4)

Cu(2)-Cu(3)-Cu(4)

292
01R(2)

3185(10)

59118(8)
52.07(7)
52.35(7)
162.75(8)
115.257(19)
105.81(8)
109.80(7)
58.116(15)
57.416(14)
159.61(11)
52.39(7)
117.70(7)
113.28(7)
52.47(7)

65.395(15)



F(12)-C(15)-C(16)
F(12)-C(15)-C(14)
C(16)-C(15)-C(14)
F(13)-C(16)-C(15)
F(13)-C(16)-C(17)
C(15)-C(16)-C(17)
F(14)-C(17)-C(18)
F(14)-C(17)-C(16)
C(18)-C(17)-C(16)
F(15)-C(18)-C(17)
F(15)-C(18)-C(13)
C(17)-C(18)-C(13)
C(20)-C(19)-C(24)
C(20)-C(19)-Cu(1)
C(24)-C(19)-Cu(1)
C(20)-C(19)-Cu(4)

C(24)-C(19)-Cu(4)

119.6(2)
120.5(3)
119.9(3)
120.8(3)
119.3(3)
119.9(2)
121.9(3)
119.7(2)
118.4(3)
116.2(3)
119.4(2)
124.3(3)
115.1(2)
118.84(19)
116.7(2)
111.97(19)

111.18(19)

C(7)-Cu(3)-S(2)#1
C(13)-Cu(3)-S(2)#1
Cu(2)-Cu(3)-S(2)#1
Cu(4)-Cu(3)-S(2)#1
C(19)-Cu(4)-C(13)
C(19)-Cu(4)-Cu(3)
C(13)-Cu(4)-Cu(3)
C(19)-Cu(4)-Cu(1)
C(13)-Cu(4)-Cu(1)
Cu(3)-Cu(4)-Cu(1)
C(19)-Cu(4)-Cu(2)
C(13)-Cu(4)-Cu(2)
Cu(3)-Cu(4)-Cu(2)
Cu(1)-Cu(4)-Cu(2)
C(25)-S(1)-C(28)
C(25)-S(1)-Cu(1)

C(28)-S(1)-Cu(1)

293
102.70(7)

2Z7)

147.90(2)
143.92(2)
142.09(11)
165.02(8)
52.80(7)
51.27(7)
163.79(8)
113.820(19)
107.83(8)
109.84(7)
57.189(15)
56.898(14)
91.95(14)
98.31(10)

113.61(9)



Cu(1)-C(19)-Cu(4)  76.57(9) C(32)-S(2)-C(29)  91.98(14)
F(16)-C(20)-C(21)  116.9(2) C(32)-S(2)-Cu(3)#2 82.87(9)
F(16)-C(20)-C(19)  119.4(2) C(29)-S(2)-Cu(3)#2 112.69(9)

Bond Lengths (A) and Bond Angles (deg) of {8-Pyr}32)

Cu(1)-C(1) 1.970(2) C(18)-C(13) 1.390(4)
Cu(1)-C(19) 2.015(2) C(13)-C(14) 1.397(4)
Cu(1)-Cu(4) 2.4588(5) C(14)-F(14) 1.352(3)
Cu(1)-Cu(2) 2.5042(5) C(14)-C(15) 1.377(4)
Cu(1)-Cu(3) 2.6563(5) C(17)-F(17) 1.346(3)
Cu(3)-C(13) 1.986(3) C(17)-C(16) 1.377(4)
Cu(3)-C(7) 2.008(3) C(16)-F(16) 1.336(3)
Cu(3)-Cu(2) 2.4490(5) C(16)-C(15) 1.375(4)
Cu(3)-Cu(4) 2.4782(5) C(15)-F(15) 1.347(3)
Cu(2)-C(7) 2.053(3) C(22)-F(22) 1.339(3)
Cu(2)-C(1) 2.126(3) C(22)-C(23) 1.377(4)
Cu(2)-C(25) 2.274(3) C(22)-C(21) 1.378(4)

Cu(2)-C(26) 2.482(3) C(24)-F(24) 1.353(3)
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Cu(4)-C(19)
Cu(4)-C(13)
Cu(4)-C(35)
Cu(4)-C(34)
CI(1)-C(41)
CI(2)-C(41)
CI(3)-C(42)
F(12)-C(12)
C(12)-C(11)
C(12)-C(7)
C(1)-C(2)
C(1)-C(6)
C(7)-C(8)
C(6)-F(6)
C(6)-C(5)
C(5)-F(5)

C(5)-C(4)

2.055(2)
2.098(2)
2.323(2)
2.328(3)
1.773(4)
1.745(4)
1.757(3)
1.350(3)
1.379(4)
1.386(4)
1.389(4)
1.390(4)
1.387(4)
1.353(3)
1.384(4)
1.343(3)

1.374(4)

C(24)-C(23)
C(24)-C(19)
C(20)-F(20)
C(20)-C(21)
C(20)-C(19)
C(21)-F(21)
C(23)-F(23)
C(31)-C(30)
C(31)-C(32)
C(29)-C(32)#1
C(29)-C(28)
C(29)-C(29)#1
C(27)-C(26)
C(27)-C(28)
C(30)-C(28)
C(32)-C(25)#1

C(32)-C(29)#1

1.384(4)
1.395(4)
1.359(3)
1.374(4)
1.385(4)
1.346(3)
1.340(3)
1.346(4)
1.428(4)
1.420(4)
1.422(4)
1.426(5)
1.392(4)
1.395(4)
1.441(4)
1.416(4)

1.420(4)
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C(9)-F(9)
C(9)-C(10)
C(9)-C(8)
C(2)-F(2)
C(2)-C(3)
C(8)-F(8)
C(3)-F(3)
C(3)-C(4)
C(11)-F(11)
C(11)-C(10)
C(10)-F(10)
C(4)-F(4)
C(18)-F(18)

C(18)-C(17)

C(1)-Cu(1)-C(19)

C(1)-Cu(1)-Cu(4)

1.347(3) C(26)-C(25)
1.371(4) C(25)-C(32)#1
1.382(4) C(34)-C(35)
1.356(3) C(34)-C(33)
1.374(4) C(37)-C(36)
1.346(3) C(37)-C(33)#2
1.345(3) C(37)-C(37)#2
1.381(4) C(36)-C(38)
1.341(3) C(36)-C(35)
1.376(4) C(39)-C(40)
1.342(3) C(39)-C(38)
1.337(3) C(33)-C(40)#2
1.354(3) C(33)-C(37)#2
1.380(4) C(40)-C(33)#2
CI(4)-C(42)
155.88(10) F(10)-C(10)-C(9)
150.54(8) F(10)-C(10)-C(11)

1.391(4)
1.416(4)
1.357(4)
1.445(4)
1.421(4)
1.423(4)
1.424(5)
1.393(4)
1.447(4)
1.380(4)
1.387(4)
1.395(4)
1.423(4)
1.395(4)
1.768(4)
118)8(

128)(
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C(19)-Cu(1)-Cu(4)
C(1)-Cu(1)-Cu(2)
C(19)-Cu(1)-Cu(2)
Cu(4)-Cu(1)-Cu(2)
C(1)-Cu(1)-Cu(3)
C(19)-Cu(1)-Cu(3)
Cu(4)-Cu(1)-Cu(3)
Cu(2)-Cu(1)-Cu(3)
C(13)-Cu(3)-C(7)
C(13)-Cu(3)-Cu(2)
C(7)-Cu(3)-Cu(2)
C(13)-Cu(3)-Cu(4)
C(7)-Cu(3)-Cu(4)
Cu(2)-Cu(3)-Cu(4)
C(13)-Cu(3)-Cu(1)
C(7)-Cu(3)-Cu(1)

Cu(2)-Cu(3)-Cu(1)

53.58(7)
55.20(7)
133.90(8)
106.601(18)
93.79(8)
109.49(7)
57.803(14)
56.570(14)
159.51(10)
146.14(8)
53.74(7)
54.73(7)
136.35(7)
107.725(18)
89.55(8)
110.93(7)

58.578(14)

C(9)-C(10)-C(11)
F(4)-C(4)-C(5)
F(4)-C(4)-C(3)
C(5)-C(4)-C(3)
F(18)-C(18)-C(17)
F(18)-C(18)-C(13)
C(17)-C(18)-C(13)
C(18)-C(13)-C(14)
C(18)-C(13)-Cu(3)
C(14)-C(13)-Cu(3)
C(18)-C(13)-Cu(4)
C(14)-C(13)-Cu(4)
Cu(3)-C(13)-Cu(4)
F(14)-C(14)-C(15)
F(14)-C(14)-C(13)
C(15)-C(14)-C(13)

F(17)-C(17)-C(16)

297
120)0(3

120.6(3)
119.6(3)
119)8(
115)8(2
170)3
3)
BI(3)
11910)
1B{1B)
11088
1191)
7485
H18)
119)(
122)(

BI9)



Cu(4)-Cu(3)-Cu(d)
C(7)-Cu(2)-C(1)
C(7)-Cu(2)-C(25)
C(1)-Cu(2)-C(25)
C(7)-Cu(2)-Cu(3)
C(1)-Cu(2)-Cu(3)
C(25)-Cu(2)-Cu(3)
C(7)-Cu(2)-C(26)
C(1)-Cu(2)-C(26)
C(25)-Cu(2)-C(26)
Cu(3)-Cu(2)-C(26)
C(7)-Cu(2)-Cu(1)
C(1)-Cu(2)-Cu(1)
C(25)-Cu(2)-Cu(1)
Cu(3)-Cu(2)-Cu(d)
C(26)-Cu(2)-Cu(1)

C(19)-Cu(4)-C(13)

57.096(13)
141.01(10)
114.31(10)
102.81(10)
52.08(7)
96.12(7)
156.52(8)
110.03(10)
94.03(10)
33.66(10)
158.55(7)
115.45(7)
49.54(7)
118.59(7)
64.851(15)
134.51(7)

137.18(10)

F(17)-C(17)-C(18)
C(16)-C(17)-C(18)
F(16)-C(16)-C(15)
F(16)-C(16)-C(17)
C(15)-C(16)-C(17)
F(15)-C(15)-C(16)
F(15)-C(15)-C(14)
C(16)-C(15)-C(14)
F(22)-C(22)-C(23)
F(22)-C(22)-C(21)
C(23)-C(22)-C(21)
F(24)-C(24)-C(23)
F(24)-C(24)-C(19)
C(23)-C(24)-C(19)
F(20)-C(20)-C(21)
F(20)-C(20)-C(19)

C(21)-C(20)-C(19)

298
X2)
112)2(
170)3
119)9
119)8(2
119)6(2
172)3
119)1
118)8(
118)9
170)3
11@)6(
119)6(2
173)8
BI(a)
119)4

1H3)



C(19)-Cu(4)-C(35)
C(13)-Cu(4)-C(35)
C(19)-Cu(4)-C(34)
C(13)-Cu(4)-C(34)
C(35)-Cu(4)-C(34)
C(19)-Cu(4)-Cu(1)
C(13)-Cu(4)-Cu(1)
C(35)-Cu(4)-Cu(1)
C(34)-Cu(4)-Cu(1)
C(19)-Cu(4)-Cu(3)
C(13)-Cu(4)-Cu(3)
C(35)-Cu(4)-Cu(3)
C(34)-Cu(4)-Cu(3)
Cu(1)-Cu(4)-Cu(3)
F(12)-C(12)-C(11)
F(12)-C(12)-C(7)

C(11)-C(12)-C(7)

106.65(9)
104.23(9)
112.93(9)
109.31(10)
33.92(10)
52.08(7)
92.62(7)
158.35(7)
149.63(7)
115.11(7)
50.62(7)
136.43(7)
112.93(7)
65.101(15)
116.8(2)
119.3(2)

123.9(3)

C(20)-C(19)-C(24)
C(20)-C(19)-Cu(1)
C(24)-C(19)-Cu(1)
C(20)-C(19)-Cu(4)
C(24)-C(19)-Cu(4)
Cu(1)-C(19)-Cu(4)
F(21)-C(21)-C(20)
F(21)-C(21)-C(22)
C(20)-C(21)-C(22)
F(23)-C(23)-C(22)
F(23)-C(23)-C(24)
C(22)-C(23)-C(24)

C(30)-C(31)-C(32)

299
1x2)4

11(¥B)
117q18)
PI18)
15(¥D)
7484
12B)5(
119)4
119)0
119)9
12B)6(
118)5

123)4

C(32)#1-C(29)-C(28) 0B2)

C(32)#1-C(29)-(29)#1 HBI9)

C(28)-C(29)-C(29)#1

C(26)-C(27)-C(28)

128)0

120)1(3



C(2)-C(1)-C(6)
C(2)-C(1)-Cu(1)
C(6)-C(1)-Cu(1)
C(2)-C(1)-Cu(2)
C(6)-C(1)-Cu(2)
Cu(1)-C(1)-Cu(2)
C(12)-C(7)-C(8)
C(12)-C(7)-Cu(3)
C(8)-C(7)-Cu(3)
C(12)-C(7)-Cu(2)
C(8)-C(7)-Cu(2)
Cu(3)-C(7)-Cu(2)
F(6)-C(6)-C(5)
F(6)-C(6)-C(1)
C(5)-C(6)-C(1)
F(5)-C(5)-C(4)

F(5)-C(5)-C(6)

114.5(2)
114.62(19)
124.4(2)
116.94(18)
103.82(17)
75.26(9)
114.4(2)
112.09(18)
116.14(19)
121.91(19)
112.14(19)
74.18(9)
116.4(2)
120.2(2)
123.4(3)
119.5(3)

121.2(3)

C(31)-C(30)-C(28)
C(27)-C(28)-C(29)
C(27)-C(28)-C(30)
C(29)-C(28)-C(30)
C(25)#1-C(32)-(29)#1
C(25)#1-C(32)-C(31)
C(29)#1-C(32)-C(31)
C(25)-C(26)-C(27)
C(25)-C(26)-Cu(2)
C(27)-C(26)-Cu(2)
C(26)-C(25)-C(32)#1
C(26)-C(25)-Cu(2)
C(32)#1-C(25)-Cu(2)
C(35)-C(34)-C(33)
C(35)-C(34)-Cu(4)
C(33)-C(34)-Cu(4)

C(36)-C(37)-C(33)#2

121.3(3)
118)6(
121.9(3)
118)5(
H18)
173)5
119)1(
173)2
64 B8
16K 1)
6)
81.47Y1
10178

121.4(2)
72.85(15)
109.06(16

119)3(2
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C(4)-C(5)-C(6)
F(9)-C(9)-C(10)
F(9)-C(9)-C(8)
C(10)-C(9)-C(8)
F(2)-C(2)-C(3)
F(2)-C(2)-C(1)
C(3)-C(2)-C(1)
F(8)-C(8)-C(9)
F(8)-C(8)-C(7)
C(9)-C(8)-C(7)
F(3)-C(3)-C(2)
F(3)-C(3)-C(4)
C(2)-C(3)-C(4)
F(11)-C(11)-C(10)

F(11)-C(11)-C(12)

C(10)-C(11)-C(12)

119.2(3)
119.9(3)
121.0(3)
119.1(3)
116.5(2)
119.5(2)
124.1(3)
116.5(2)
119.9(2)
123.6(3)
121.2(3)
119.9(2)
118.9(3)
119.2(3)
121.9(3)

118.9(3)

C(36)-C(37)-C(37)#2
C(33)#2-C(37)-(37)#2
C(38)-C(36)-C(37)
C(38)-C(36)-C(35)
C(37)-C(36)-C(35)
C(40)-C(39)-C(38)
C(34)-C(35)-C(36)
C(34)-C(35)-Cu(4)
C(36)-C(35)-Cu(4)
C(39)-C(38)-C(36)
C(40)#2-C(33)-(37)#2
C(40)#2-C(33)-C(34)
C(37)#2-C(33)-C(34)
C(39)-C(40)-C(33)#2
CI(3)-C(42)-CI(4)

CI(2)-C(41)-CI(1)

301
12012(3

178)5
119.2(2)
122.4(2)
118.4(2)
120.6(3)
121.3(2)
73.23(15)
109.00(16
120.9(3)
119)5(
122)4(2
118)2(2
B16)
111(20)

112(39)



Crystal Data and Structure Refinement Details of &yrene,
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8-Pyrene (33)

empirical Formula

formula Weight
T, K
Wavelength, A
crystal system
space group

a, A

b, A

c, A

a, deg

B, deg

y, deg

v, A

Section 1.07 Z
peaca,Mg m

u, mmit

F(000)

crystal size, mm

Limiting indices

&2H20CUsF25
1557.48
208(2)
0.71073
Monoclinic
P2(1)/c
20.198(2)
12.9529(14)
20.522(2)
90
98.0300(10)
90
5316.2(10)
4
1.946
2.100
3048

0.40 x 0.40 x 0.08

—24<=h<=24



303

0 range, deg

reflns collected
independent reflns
absorption correction

refinement method

data/restraints/parameters
Goodness-of-fit o
FinalRindices

[1 > 26(1)]

Rindices (all datd}

Peak/hole (e &)

—15<=k<=15
—21<=I<=25
1.86 — 26.00
53143
10143
Absorption correctionMultasc

Refinement  methodFull-matrix
squares o2

10143 /0/909
1.036
R1 =0.0367
wR2 = 0.0893
R1 =0.0550
wR2 = 0.1029
0.703 and —0.555

tteas

Bond Lengths (A) and Bond Angles (deg) of 8-Pyrené33)

Cu(1)-C(11) 2.018(4)
Cu(1)-C(51) 2.110(3)

Cu(1)-C(85) 2.379(4)

C(25)-C(26) 1.374(5)
C(31)-C(32) 1.393(5)
C(31)-C(36) 1.393(5)



Cu(1)-C(84)
Cu(1)-Cu(s)
Cu(1)-Cu(2)
Cu(2)-C(11)
Cu(2)-C(21)
Cu(2)-Cu(3)
Cu(2)-Cu(4)
Cu(2)-Cu(s)
Cu(3)-C(21)
Cu(3)-C(31)
Cu(3)-Cu(4)
Cu(3)-C(61)
Cu(4)-C(41)
Cu(4)-C(31)
Cu(4)-Cu(s)
Cu(5)-C(41)

Cu(5)-C(51)

2.389(4)
2.4487(6)
2.4654(6)
2.020(3)
2.034(3)
2.4612(6)
2.6475(6)
2.6958(7)
2.000(3)
2.049(3)
2.4551(6)
2.465(4)
1.997(4)
2.018(3)
2.5024(6)
1.983(3)

1.994(3)

C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(41)-C(42)
C(41)-C(46)
C(42)-C(43)
C(43)-C(44)
C(44)-C(45)
C(45)-C(46)
C(51)-C(52)
C(51)-C(56)
C(52)-C(53)
C(53)-C(54)
C(54)-C(55)
C(55)-C(56)

C(61)-C(62)

1.373(5)
1.373(6)
1.367(6)
1.377(5)
1.387(5)
1.395(5)
1.366(5)
1.374(5)
1.376(5)
1.371(5)
1.383(5)
1.394(5)
1.378(5)
1.379(6)
1.367(6)
1.372(5)

1.391(9)
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F(12)-C(12)
F(13)-C(13)
F(14)-C(14)
F(15)-C(15)
F(16)-C(16)
F(22)-C(22)
F(23)-C(23)
F(24)-C(24)
F(25)-C(25)
F(26)-C(26)
F(32)-C(32)
F(33)-C(33)
F(34)-C(34)
F(35)-C(35)
F(36)-C(36)
F(42)-C(42)

F(43)-C(43)

1.333(5)
1.344(5)
1.351(5)
1.335(5)
1.358(4)
1.353(4)
1.344(5)
1.346(4)
1.346(4)
1.354(4)
1.348(5)
1.339(5)
1.340(4)
1.345(5)
1.350(4)
1.358(4)

1.349(4)

C(61)-C(71)
C(62)-C(63)
C(63)-C(72)
C(64)-C(65)
C(64)-C(72)
C(65)-C(73)
C(66)-C(67)
C(66)-C(73)
C(67)-C(68)
C(68)-C(74)
C(69)-C(70)
C(69)-C(74)
C(70)-C(71)
C(71)-C(75)
C(72)-C(75)
C(73)-C(76)

C(74)-C(76)

1.391(8)
1.385(9)
1.380(6)
1.331(7)
1.433(6)
1.385(7)
1.349(9)
1.412(7)
1.353(9)
1.439(8)
1.334(8)
1.384(7)
1.495(8)
1.415(5)
1.419(6)
1.417(6)

1.407(7)
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F(44)-C(44)
F(45)-C(45)
F(46)-C(46)
F(52)-C(52)
F(53)-C(53)
F(54)-C(54)
F(55)-C(55)
F(56)-C(56)
C(11)-C(16)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(21)-C(22)
C(21)-C(26)

C(22)-C(23)

1.341(4)
1.346(4)
1.346(4)
1.357(4)
1.337(4)
1.343(4)
1.343(5)
1.351(4)
1.379(5)
1.416(5)
1.370(6)
1.333(7)
1.380(7)
1.404(6)
1.385(5)
1.396(5)

1.382(5)

C(75)-C(76)
C(81)-C(82)
C(81)-C(91)
C(82)-C(83)
C(83)-C(92)
C(84)-C(85)
C(84)-C(92)
C(85)-C(93)
C(86)-C(87)
C(86)-C(93)
C(87)-C(88)
C(88)-C(94)
C(89)-C(90)
C(89)-C(94)
C(90)-C(91)
C(91)-C(95)

C(92)-C(95)

1.428(6)
1.370(7)
1.390(6)
1.376(7)
1.405(5)
1.340(6)
1.439(5)
1.437(6)
1.376(7)
1.386(5)
1.373(8)
1.391(6)
1.336(8)
1.444(7)
1.427(7)
1.424(5)

1.415(5)
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C(23)-C(24)

C(24)-C(25)

C(11)-Cu(1)-C(51)
C(11)-Cu(1)-C(85)
C(51)-Cu(1)-C(85)
C(11)-Cu(1)-C(84)
C(51)-Cu(1)-C(84)
C(85)-Cu(1)-C(84)
C(11)-Cu(1)-Cu(5)
C(51)-Cu(1)-Cu(5)
C(85)-Cu(1)-Cu(5)
C(84)-Cu(1)-Cu(5)
C(11)-Cu(1)-Cu(2)
C(51)-Cu(1)-Cu(2)

C(85)-Cu(1)-Cu(2)

1.363(6)

1.371(6)

156.18(13)
107.01(14)
94.63(13)
106.47(13)
97.10(13)
32.65(13)
109.89(10)
51.23(9)
142.18(10)
124.61(11)
52.42(9)
103.77(9)

148.46(11)

C(93)-C(96)

C(94)-C(96)

C(95)-C(96)

C(32)-C(33)-C(34)

F(34)-C(34)-C(35)
F(34)-C(34)-C(33)
C(35)-C(34)-C(33)
F(35)-C(35)-C(34)
F(35)-C(35)-C(36)
C(34)-C(35)-C(36)
F(36)-C(36)-C(35)
F(36)-C(36)-C(31)
C(35)-C(36)-C(31)
C(42)-C(41)-C(46)
C(42)-C(41)-Cu(5)
C(46)-C(41)-Cu(5)

C(42)-C(41)-Cu(4)

307
1.426(5)

1.420(6)
1.420(5)
118.7(4)

1ne)
@)
178)3
¥na)
17a)2
118)3
()
118)3(
18)
BI(8)
119)7(
112)8

£C)



C(84)-Cu(1)-Cu(2)
Cu(5)-Cu(1)-Cu(2)
C(11)-Cu(2)-C(21)
C(11)-Cu(2)-Cu(3)
C(21)-Cu(2)-Cu(3)
C(11)-Cu(2)-Cu(1)
C(21)-Cu(2)-Cu(1)
Cu(3)-Cu(2)-Cu(d)
C(11)-Cu(2)-Cu(4)
C(21)-Cu(2)-Cu(4)
Cu(3)-Cu(2)-Cu(4)
Cu(1)-Cu(2)-Cu(4)
C(11)-Cu(2)-Cu(5)
C(21)-Cu(2)-Cu(5)
Cu(3)-Cu(2)-Cu(5)
Cu(1)-Cu(2)-Cu(5)

Cu(4)-Cu(2)-Cu(b)

158.03(9)
66.538(19)
138.96(15)
134.19(10)
51.77(9)
52.33(10)
142.52(9)
157.71(3)
110.31(11)
103.02(10)
57.307(16)
100.68(2)
101.02(11)
117.54(11)
103.34(2)
56.436(16)

55.843(16)

C(46)-C(41)-Cu(4)
Cu(5)-C(41)-Cu(4)
F(42)-C(42)-C(43)
F(42)-C(42)-C(41)
C(43)-C(42)-C(41)
F(43)-C(43)-C(42)
F(43)-C(43)-C(44)
C(42)-C(43)-C(44)
F(44)-C(44)-C(43)
F(44)-C(44)-C(45)
C(43)-C(44)-C(45)
F(45)-C(45)-C(46)
F(45)-C(45)-C(44)
C(46)-C(45)-C(44)
F(46)-C(46)-C(45)
F(46)-C(46)-C(41)

C(45)-C(46)-C(41)

308
113)8

A{2B)
118)
me)
128)0(
178)7
118)4
118)8
128)
nse)
128)
173)9
118)
me)
118)9
ns8)
3)



C(21)-Cu(3)-C(31)
C(21)-Cu(3)-Cu(4)
C(31)-Cu(3)-Cu(4)
C(21)-Cu(3)-Cu(2)
C(31)-Cu(3)-Cu(2)
Cu(4)-Cu(3)-Cu(2)
C(21)-Cu(3)-C(61)
C(31)-Cu(3)-C(61)
Cu(4)-Cu(3)-C(61)
Cu(2)-Cu(3)-C(61)
C(41)-Cu(4)-C(31)
C(41)-Cu(4)-Cu(3)
C(31)-Cu(4)-Cu(3)
C(41)-Cu(4)-Cu(5)
C(31)-Cu(4)-Cu(5)
Cu(3)-Cu(4)-Cu(5)

C(41)-Cu(4)-Cu(2)

159.02(13)
111.17(10)
52.28(10)
53.04(9)
106.01(10)
65.163(18)
106.71(15)
93.99(15)
134.83(16)
159.04(13)
145.18(15)
144.98(10)
53.44(10)
50.80(9)
162.43(10)
109.48(2)

113.84(9)

C(52)-C(51)-C(56)
C(52)-C(51)-Cu(5)
C(56)-C(51)-Cu(5)
C(52)-C(51)-Cu(1)
C(56)-C(51)-Cu(1)
Cu(5)-C(51)-Cu(1)
F(52)-C(52)-C(53)
F(52)-C(52)-C(51)
C(53)-C(52)-C(51)
F(53)-C(53)-C(54)
F(53)-C(53)-C(52)
C(54)-C(53)-C(52)
F(54)-C(54)-C(55)
F(54)-C(54)-C(53)
C(55)-C(54)-C(53)
F(55)-C(55)-C(54)

F(55)-C(55)-C(56)

309
18)

128)
112)8
108)1(
8)
RI1)
BI(8)
118)4
124)
BI(9)
Ba)
¥n8)
17@)2
118)5(
6)
118)4

174)5



C(31)-Cu(4)-Cu(2)
Cu(3)-Cu(4)-Cu(2)
Cu(5)-Cu(4)-Cu(2)
C(41)-Cu(5)-C(51)
C(41)-Cu(5)-Cu(1)
C(51)-Cu(5)-Cu(1)
C(41)-Cu(5)-Cu(4)
C(51)-Cu(5)-Cu(4)
Cu(1)-Cu(5)-Cu(4)
C(41)-Cu(5)-Cu(2)
C(51)-Cu(5)-Cu(2)
Cu(1)-Cu(5)-Cu(2)
Cu(4)-Cu(5)-Cu(2)
C(16)-C(11)-C(12)
C(16)-C(11)-Cu(1)
C(12)-C(11)-Cu(d)

C(16)-C(11)-Cu(2)

100.56(11)
57.530(17)
63.055(17)
147.36(15)
138.89(10)
55.57(10)
51.29(10)
159.65(11)
105.37(2)
112.38(10)
99.42(11)
57.026(17)
61.101(17)
114.0(4)
122.7(3)
115.0(3)

107.6(3)

C(54)-C(55)-C(56)
F(56)-C(56)-C(55)
F(56)-C(56)-C(51)
C(55)-C(56)-C(51)
C(62)-C(61)-C(71)
C(62)-C(61)-Cu(3)
C(71)-C(61)-Cu(3)
C(63)-C(62)-C(61)
C(72)-C(63)-C(62)
C(65)-C(64)-C(72)
C(64)-C(65)-C(73)
C(67)-C(66)-C(73)
C(66)-C(67)-C(68)
C(67)-C(68)-C(74)
C(70)-C(69)-C(74)
C(69)-C(70)-C(71)

C(61)-C(71)-C(75)

me)
(3)
118)
B8)
BL5)
88)6(
98)2(
125)
118)2
123)
175)9
116)
BT)
126Y4(
128)8(
126)5(

116)9(
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C(12)-C(11)-Cu(2)
Cu(1)-C(11)-Cu(2)
F(12)-C(12)-C(13)
F(12)-C(12)-C(11)
C(13)-C(12)-C(11)
C(14)-C(13)-F(13)
C(14)-C(13)-C(12)
F(13)-C(13)-C(12)
C(13)-C(14)-F(14)
C(13)-C(14)-C(15)
F(14)-C(14)-C(15)
F(15)-C(15)-C(14)
F(15)-C(15)-C(16)
C(14)-C(15)-C(16)
F(16)-C(16)-C(11)
F(16)-C(16)-C(15)

C(11)-C(16)-C(15)

115.8(3)
75.25(12)
117.2(4)
119.4(3)
123.4(4)
118.9(4)
119.5(4)
121.6(5)
121.5(5)
121.9(4)
116.6(5)
123.0(4)
119.5(5)
117.5(4)
118.2(3)
118.1(4)

123.7(4)

C(61)-C(71)-C(70)
C(75)-C(71)-C(70)
C(63)-C(72)-C(75)
C(63)-C(72)-C(64)
C(75)-C(72)-C(64)
C(65)-C(73)-C(66)
C(65)-C(73)-C(76)
C(66)-C(73)-C(76)
C(69)-C(74)-C(76)
C(69)-C(74)-C(68)
C(76)-C(74)-C(68)
C(71)-C(75)-C(72)
C(71)-C(75)-C(76)
C(72)-C(75)-C(76)
C(74)-C(76)-C(73)
C(74)-C(76)-C(75)

C(73)-C(76)-C(75)

126)8(
116)2

118)8(
128)3(
112)9(
125)3(
118)8(
118)8(
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12B)9(
118)0(
123)(
12@)1(
118)6(
118Y(
123)(

128Y(
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C(22)-C(21)-C(26)
C(22)-C(21)-Cu(3)
C(26)-C(21)-Cu(3)
C(22)-C(21)-Cu(2)
C(26)-C(21)-Cu(2)
Cu(3)-C(21)-Cu(2)
F(22)-C(22)-C(23)
F(22)-C(22)-C(21)
C(23)-C(22)-C(21)
F(23)-C(23)-C(24)
F(23)-C(23)-C(22)
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120.7(4)
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C(95)-C(91)-C(90)
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123)5(
73)3(2
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F(32)-C(32)-C(31)
C(33)-C(32)-C(31)
F(33)-C(33)-C(32)

F(33)-C(33)-C(34)

119.1(4)
117.3(3)
119.0(3)
123.7(4)
114.0(3)
109.1(3)
122.9(3)
119.3(3)
112.1(3)
74.27(12)
116.7(4)
119.1(3)
124.1(4)
121.3(4)
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C(88)-C(94)-C(89)
C(96)-C(94)-C(89)
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C(95)-C(96)-C(93)

C(94)-C(96)-C(93)

118)(
122)7(
118)(
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123)(
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128)5(
128)5(
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