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Chapter 1

General Introduction



Organic synthesis has definitely influenced on nodeience and technology par-
ticularly pharmaceutical and material industry dmdught various innovations. It
should be noted that current organic synthesis ntguessible to transform straghtfor-
wardly by a variety of metal-catalyzed reactiongyiselectivity and efficiency are at-
tained by the well-designed catalytic reactions\gsipecific organometallic complexes
with appropriate ligands. Typical examples are asgtnic synthesis, metathesis, and
cross-coupling reactions, to which the Nobel PrizeChemistry was given in 2001,
2005, and 2010, respectively. However, along witbnemic and industrial develop-
ments, we are faced with environmental problem#$ siscglobal warming and energy
resource issues. Chemists are requested to sasge ffroblems. With the background
mentioned above, the author has struggled witretbesblems through studied on more
efficient and environmentally benign cross-coupliagction.

1. 1 Cross-Coupling Reaction

Cross-coupling reaction is the one that combinedeaphilic organometallic rea-
gents with electrophiles like organic halides ia firesence of transition metal catalysts
such as palladium, nickel, cobalt, or iron. Thectimm usually takes place at the original
position stereospecifically with retention of capfration. Thus, this reaction is consid-
ered now the most reliable and straightforward @aHsarbon bond forming transfor-
mation and is widely applied to synthesis of a wideety ofr-electron conjugated or-
ganic materials and pharmaceuticals. It should dtechthat many Japanese chemists
have contributed to the advances in the cross-oaupmaction as summarized in Figure
1.

Transition-Metal catalyst
RL-X + R2-M > R1-R?2

R1, R2 = alkyl, alkenyl, aryl, alkynyl

Organometallic reagents and Catalyatlditivel | Name Reaction

RMgX, Ni Kumada-Tamao-Corriu Coupling
RLi, Pd Murahashi Coupling

RZnX, RsZr, Pd Negishi Coupling

RSnYs, Pd Migita-Kosugi-Stille Coupling
RB(OY)2, Pd (OH) Suzumi-Miyaura Coupling
RSiYs3, Pd (F- OH) Hiyama Coupling

Figure 1. Cross-coupling reactions



Historically, the first protocol was disclosed 872 by the group of Kumada and
Tamao and by Corriu independently, using Grignaabents (RMgX) and nickel cata-
lysts. Shortly thereafter, Murahashi used orgahioiih reagents and palladium catalysts.
Negishi screend combination of various transitiord anain group metals to find in
1976 organozinc reagents and palladium catalyste the best. Next year the group of
Migita and Kosugi and two years later Stille repdrthat organotin reagents were supe-
rior in stability along with enough reactivity. Sud and Miyaura joined the game in
1979 to show that organoboron compounds are therbdandling and reactivity when
they are activated by a base. Silicon reagentsinemanapplicable for long time due to
lack of general reactivity, though they are consdeo be ideal in view of availability,
stability and nontoxicity. Hiyama and Hatanaka méga in 1988 that tetragonal organo-
silicon reagents participate in the palladium-gatedl cross-coupling reaction in the
presence of a fluoride activat®rThe reactivity of organometallics falls roughlytime
order of RLi >R?MgX >R?ZnX>R?SnR;>R?B(OR%), = R?SiR%. Namely, the less
nucleophilic reagents show the more chemoselegtiiat are preferable in view of
storage and selective use. From the viewpoint afufaturing, ready accessibility of
elements, stability of reagents, nontoxicity, aadyewaste recovery and storage are the
essentials of choice. In this respect, organosilieagents have advantages: rich natural
abundance, non- or low toxicity, and high chemagaigy. Thus, the cross-coupling
reaction with organosilicon reagents have attrastadh interest recently

Silicon is an element at the 14th group, right aetmrbon, in the Periodic Table.
Thus, saturated organosilicon compounds have ahedral structure which is ex-
tremely stable and inert under various conditi¢tswever, once a nucleophile like flu-
oride ion is present, some portion of the silicompound is converted to a pentacoor-
dinate silicate, to undergo transmetalation toditeon metals as disclosed by Hiyama
and Hatanaka. Scheme 1 summarizes the well-accemedanism of the silicon-based
cross-coupling reaction: oxidative addition of Pdfdmplex to electrophile 'RX to

R2-SiY, + OF

R:-X R-Pd-X
F
10
R2-Si'Y
Y R1 = ¥
Pd(0 M ba=RE Oy
0) Pd\x/ iy
oy Y
X=Sig
A
L-pd—R? Y
Rl_RZ

Scheme 1Catalytic cycle for silicon-based cross-coupliegation



give R-Pd(Il)-X, (2) transmetalation with a pentacoordeailicate, transferring or-
ganic group R from Si possibly via a 4-membereqdition stat® to give R-Pd-R, (3)
reductive elimination to give a coupled product aeproduce the starting Pd(0) com-
plex. In order to undergo the transmetalation smoothlis essential to make penta-
coordinate silicate more electrophilic. To this gade to three heteroatom substituents
like halogen or alkoxy are better present on silida the following sections, reactivity
of the organosilicon reagents is reviewed, dependim the kind of organic group to
react with.

1.2 Intermolecular Activation of Organosilicon Reagens
1. 2.1 Organohalosilanes

Electronegative halogens on silicon make the silicenter more electrophilic.
Accordingly, the reaction in Eq¥Ireported by Kumada and Tamao is not surprising:
alkenylpentafluorosilicate couples with allyl chite with the aid of palladium(ll) ace-
tate at room temperature. The hexacoordinate liwas considered to be nucleophilic
enough to undergo transmetalation. This is theé forshow highly coordinated silicate
can transmetalate to palladium to effect cross-logipreaction. However, a radical
mechanism via single electron-transfer may be tmredtive.

Pd(OAc), cat.

Kz [BU\/\S”:S + Choy Bu A~ (1)

THF, rt
71%

The same silicate cross-couples with phenyl io@itd&35 °C to givdrans-stilbene
and a cine-coupled product in a small amdu(itq 2). High reaction temperature was
necessary possibly for the porpose of the remowimg fluoride from the hexacoordi-
nate species. This reaction was not well-apprettidiecause synthesis of pentacoordi-
nate silicates is tedious and thus lacks the gepetantial.

Eg(hOAc)Q cat. Ph
cat.
Ky Ph \/\S":s + |—Ph 3 Ph\/\ph + \Pf )
Et3N, 135 OC 51 OA) 8%

Trimethylvinylsilane was first employed for the ssacoupling reaction, using
tris(dimethylamino)sulfonium difluorotrimethylsikide ((EtN)sS-FESiMes, TASF) acti-
vator in HMPA. To extend the scope of the reactmme to three fluorines were intro-



duced on silicon; tetrabutylammonium fluoride ¢BuF, TBAF) or potassium fluoride
was later used as a fluoride ion source; simple ablhe solvent was found satisfacto-
ry, all for the formation of pentacoordinate sities in-situ through the reaction of te-
tragonal silanes with a fluorine activatbr.An example is the coupling of
(E)-1-iodo-1-octene withK)-1-dimethylfluorosilyl-1-octene to give a coupléB-diene

in a high yield (Eq 3). The fluorine on the silic@ndefinitely making the silicon center
be more reactive for transmetalation than trimesihylas is shown in Eq 4.

[Pd(allyl)Cl], cat.

Hex |
\/\SiMezF + \/\Hex _ Hex\/\/\Hex ©)
(MezN)gs-F?,SlMez
THF, 50 C 83%

[Pd(allyl)ClI], cat.

MesSi . | i
3 \/\SIMGZF + \/\Hex . Me3SIWHex 4)
(MezN)gs'F3S|Mez
THF, 50 T 70%

Fluorine atoms on the silicon can be replaced bgricte atoms, and a fluoride acti-
vator may be replaced by a hydroxide ion as ilatstt by Eq %) This particular exam-
ple suggests a high potential of the silicon-baseds-coupling reaction for industrial
applications.

Pd(OAc), cat.

Br PPhs cat. Ph
Ph—SIE(Cl, + \©\ \©\ (5)
A NaOH AC

c
benzene, 80 T

Alkyl cross-coupling using alkylsilanes is achievasing trifluorosilyl reagents.
The next example demonstrates high chemoselecti¥/iitye coupling reaction.

. Br Pd(PPh3), cat.
Ac TBAF AC

THF, 100 T

1. 2. 2 Organoalkoxysilanes
Organoalkoxysilanes are more stable than halosilie equally applicable to the
cross-coupling reaction due to the enhanced Leuwiditg at the silicon center by oxy-



gen. Using inexpensive trialkoxyphenylsilanes and ehlorides’® tosylaté® or me-
sylate’® biaryls have become readily accessible (Eq 7).

Pd,(dba)s/

cl PCy,(2-biphenyl) cat. Ph
Ph—Si(OMe); + (7)
OMe TBAF, DMF, 85 C OMe

71%

Fu disclosed that a Ni/chiral diamine-catalyzedngiogelective cross-coupling re-
action of a-bromobutyrates with phenyl(trimethoxy)silane taab a-phenylbutyrates
with high enantioselectivity (Eq 8).

(0] . (0]

NiCl,-DME/L*

Ph—Si(OMe); + Et OAr - Et\i)J\o Ar 8)
TASF, dioxane, rt Ph

Br
Ph Ph 80%), 99%ee
(Ar =2,6't'BU2'4'CsH2)
MeHN NHMe
L*

1. 2. 3 Organosilanols and silanolates

Orgonosilanols are shown by Hiyama and Mori to headly effective for the
cross-coupling reaction. The reaction of aryl hedidvith arylsilanols in the presence of
a palladium catalyst and a silver oxide activat@kneylsilanols also are applicable to
the corresponding cross-coupling reaction (Eq9Y, 1

MeO Pd(PPh;), cat. MeO
+ |=Ph — ©)
SiMe,OH Ag,0 Ph

THF, 60 °C
80%
Br Hex. .~
Pd(PPhs), cat.
HexX "~ siMe,0H + \©\ e \/\©\ (10)
OMe Ag20 OMe
THF, 60 °C 95%

Meanwhile Denmark achieved the cross-coupling feaatsing organosilanof$)
which react with organic halides in the presenca phlladium catalyst and KOSikle
(KOTMS) as a base in place of a fluorine activdiey 11). It is worth to note that TBS
silyl ethers are tolerated under the conditions.



I Pd(dba), cat.  HEX\F
Pent 2
e giMe,oH + \:@ TBSO (11)
TBSO KOTMS

DME, rt, 80%

The reaction is considered to involve silanolatdsctv substitute X in RPd-X to
give R-Pd-OSiMeCH=CHR!. This Pd(ll) complex is attacked by another silateto
complete transmetalation (Scheme 2).

\Me\S:Me base Me Me X—Pd—R2 Me, Me

N x> Si. - e i

RLT 70K RY "0 M MX RS0 pg-R2

Me Me \Me\siMe
Si. _ 1IN

RN it R 6(13 ) 2

Sill\h//l,e . Rl/\/Pd—R — s R R
R]—//@S_RZ -Pd(0)

Scheme 2Plausible mechanism of the cross-coupling of allslanolates

Denmark later employed organolsilanolates direatythe coupling reagent and in
fact demonstrated that the cross-coupling reaciooothly proceeded with potassium
organosilanolates without an additional b&se.

1. 2. 4 Organo(trimethyl)silanes

As described in 1.2.1, tetraorganosilanes werdallyit employed for the sili-
con-based cross-coupling reactforfor instance, the reaction of 2-iodonaphthalene
with vinyl(trimethyl)silane in the presence of alpdium(ll)/triethylphosphite catalyst
and TASF produced 1-vinylnaphthalene in a quantéatield (Eq 12).

X

' [Pd(allyCl],
PO(OEt);
ZsiMes OO OO (12)
TASF

THF, 50 €

98%

1. 2.5 Masked silanols
More than 10 years later Denmark reported thatctbes-coupling reaction of aryl
iodides with 1-alkenyl-1-methylsilacyclobutanes qegeded smoothly to give sty-



renest®® However, the silacyclobutane reagents were sh@metompose by a con-
taminant water in TBAFTHF solution to give silanols or siloxanes, whiamied out to
be real active species for the cross-coupling rea¢Eq 13) 130

Hex\/\SiMe . |

<

Pd,(dba)s cat.

OMe TBAF, THF, 1t

Hex\%\Si/Me

j ‘ox
Me
X =H or SiR3

Hex

=
(13)

Ac
94%

Tetraorganosilanes with such substituent as 2-pyHd 2-thienyl!® allyl,®
3,5-bis(trifluoromethyl)phenyl”? and benzyf) are used for the Pd-catalyzed
TBAF-mediated cross-coupling: hereby these orgagioups are converted to
fluorosilanes or silanols before transmetalatiantiie@ cross-coupling.

1.3 Organo[2-(hydroxymethyl)phenyl]dimethylsilanes (HOMSi reagents)

As described above, the cross-coupling reactionls wiganosilicon reagents such
as halosilanes and silanols proceed successfullijes® heteroatoms assist pentacoor-
dinate silicate formation. Because tetraorgonasiliceagents are desirable in terms of
stability, easy handling and storage, the crosgloay reaction with tetraorganosilanes
has remained challenging for some time.

cat
Pd, Cu, Ni, Rh
R3 R3
base

(m= ng |_|) R2
1 p2 p3 h dro-

RLR%R sﬁlylatlon PGO 1) LiAIH,
1: alkenyl, Me, H 2) Protection
2: alyl, Me, H H-Si
3: Me, Me, Me R?,

4: 1°-alkyl, 'Pr, Me 7: PG = THP
5: 2°-alkyl, 2°-alkyl, Me 7 Ac

6

M—o

é.\

R? R?

Scheme 3Transition-metal catalyzed C-C bond formation wiktB@MSi reagent



In 2005, Hiyama and Nakao achieved the cross-cogplieaction with or-
gano[2-biydroxymethyl)phenyl]dimethydilanes, so called HOMSI reagent~b).
HOMSIi reagents react in the presence of a weak dadereadily form cyclic penta-
coordinate silicates by intramolecular nucleophiattack of a hydroxyl group.
Co-generated silicon residue is cyclic silyl etbemwhich can be used for synthesis of
the same or other HOMSi reagents as summarizedharte 3.

In the following sections, synthetic methods of HSMeagents and details of the
cross-coupling reaction with HOMSi reagents areussed.

Aryl substituted HOMSi reagents (Ar-HOMSI) can lasiéy prepared by the reac-
tion of such organometallic reagents as arylmagnesialides or aryllithiums with the
cyclic silyl ether (Eq 14)1%29 Alkenyl-HOMSi reagents are prepared by plati-
num-catalyzed hydrosilylation of alkynes with prital hydrosilanes derived from the
cyclic silyl ether or alternatively by the reactiof the cyclic silyl ether with alkenyl-
magnesium halides (Eq 15)?Y Ru-Catalyzed hydrosilylation is recently showrgiee
(2)-alkenyl-HOMS:i selectively (Eq 16}

ArMgXor ArLi HO
o{t@ /j© (14)
Si Et,O or THF Ar—Si

Me, Me,
R2
1_— p2 1) Pt(dvds)/ MgBr
R—="TR"" " p(au), cat
hexane, 0 °C to rt
PGO % 19

2) deprotection 92 Etzo or THF e

H-Si 0°Ctort 2

Me,

Ph—= 1) RUHCI(CO)[P(Pr)4] cat. HO
+ CH2C|2, rt
Si:E :> (16)
THPO/\/E) 2) deprotection ( Me;
Si

H—Si Ph
Me,

Kondo demonstrated a Pd-catalyzed dehydrohalogenadilylation of elec-
tron-deficient aryl iodides using protected H-HOM8agents (Eq 17§ Deprotection
provides the coupling active form of aryl-HOMSi geats.

With the limited number of synthetic methods for MSi reagents, it is desirable to



exploit novel straightforward preparation of HOM®agents starting with disilanes or
hydrosilanes. This is the target of the presents®uion and will be discussed in
Chapter 2.

/@/ THpo/j© Pd(OAC), cat.  PTSAH,0 HO/\/©
+ - . (17)

pyridine, LiCl Me.
Me, DMI rt 2
R =CN, 59%
R =Ac, 58%

In the presence of a palladium catalyst and a vbeak, the cross-coupling reaction
of aryl iodides with HOMSI reagents proceeds smigoth give coupled products in
good yields®?Y For example, mTBSoxymethylphenyl iodide react with a
1-octenyl-HOMSIi reagent to give an octenylated pesityl ether and the cyclic silyl
ether in an excellent yield using PdQP(2-furyls and KCOs (Eq 18). The silyl pro-
tecting group is tolerated under the conditions.

TBSO PdCl, cat. TBSO
HO/D P(2- furyl)3 cat.
7 K,COs, DMSO \Si (18)
2 | 35°C Hex” X Me,
98%

For the reaction of 1-iodo-1-octene, a dcpa ligendffective for the reaction and
the coupled 1,3-diene is obtained regio- and sseleotively (Eq 19).

Ho/\/© PdCl, cat.
t.
ch(i\/\“sﬂi dpoa N GNP O/D 19
e \
2 K,CO3, DMSO NC? /> Hex S;

+ ° Me
¥%C 73% 2
A Hex X
1 NCy
PPh2
dpca
PdCl, cat. Me
HO dpca cat.
Ph + o\/\/© (20)
Ph—Si K,COs aq., DMSO S
€2 50 °C Me M62

94%
Aryl-HOMSI reagents also react with iodoarenesite dpiaryls. Sterically hindered
2,6-dimethyliodobenzene gives 2,6-dimethylbiary®#9o yield (Eq 20).

10



Cross-coupling with HOMSi has recently been appleethe synthesis of vitamin A
by Lépez (Scheme 4§) An alkenyl-HOMSi reagent was prepared by the Ralgaed
hydrosilylation of 1,3-eneyne with a protected HH8i reagent followed by deprotec-
tion. The tetraene skeleton of vitamin A was cardtd by the Pd-catalyzed
cross-coupling of 1-iodo-1,3-diene with the alkeRDMSi reagent. The coupling yield
is 70% and is compared favorably with the Suzukyddira coupling or Mig-
ita-Kosugi-Stille coupling. The reaction conditioase the mildest among these, and
thus the silicon-based coupling is evaluated tthieebest.

1) Pt(dvds) cat.

/\/\ P(‘Bu); cat.
AcO THF, rt /\)\/\
X > ™
OTHP + ,
Z H_/Sij© 2)K,COs, H,OMeOH ST~ 3 OTHP
Me, 57%
HO
| —%—Sl
Me,
Pd,(dba)s cat. « o R = THP, 70%
= N OR | T™sCI, H,0, MeOH
TBAF, THF |

R = H (vitamin A), 74%

Scheme 4Vitamin A synthesis via cross-coupling reactionhAHOMSi reagent

Because regioselectivity in hydrosilylation of imtal alkynes is hardly controlled,
synthesis of alkenyl-HOMSis by hydrosilylation ramed restricted to terminal and
symmetrical internal alkynes. Recently, howevegiagelective hydrosilylation of un-
symmetrical alkynes is attained to facilitate tigpteesis of alkenyl-HOMSi reagerits.
Hydrosilylation of 2-alkanoates with hydrosilanesdemonstrated to proceed high re-
gioselectively to givex-silylalkanoates. The resulting functionalized HOM8agent
can be converted inte-arylalkanoates by the cross-coupling with arylided. An ex-
ample is shown in Eq 21

oM RO CN

+ € Pt(dvds) cat. Pd(PPhj), cat.

-, Sj -,
Bu X Bu™ XX 21)
THPO CH,Cl,, 1t ! Me, Ag,0
Hesi 0% OMe dioxane, 50 °C 0~ “OMe

Mes PTSA'H,0 R = THP, 92% (o:p =11:1) 96%
cat. C
MeOH R =H, 99%

11



The HOMSi-based cross-coupling reaction is applealso to aryl bromide®) For
example, 3-bromotoluene is cross-coupled with Pivi30Owith the aid of a Pd/Cu cat-
alyst mixture to give the corresponding biaryl d@nel cyclic silyl ether (Eq 22).

[Pd(allyl)CI], cat.
Me  Ruphos cat.

Me
HO/\/© Cul cat.
| v o § - P § : o{j@ @2)
Ph—=Si K,CO3, THF/DMF Sj

©2 75°C Me
639 349 - - 299, 87% 319 91%
O (90% purity)
PCY2
Pro l O'Pr
L Ruphos a

Whereas HOMSis are excellent coupling reagenteptimin of the hydroxyl group
as a silyl ether, acetate ester, or THP or MOM rethagkes the silicon moiety totally in-
active; deprotection under different conditionsduees specifically activated HOMSI
reagent being ready for cross-coupling (Scheme 5)

Coupling Active Coupling Inactive
HO/\/© protection PG Ow
R-Si deprotection R-Si
Me2 MeZ
R-Si R-Si(PG)

PG = THP, Ac, TBDPS

Scheme 50rthogonal protection and deprotection of HOMSigents

Using various protected halo-aryl-HOMSi reagentsjaaety of oligo-arenes can
readily be prepared according to a blue print ofaltossynthesis by repeating
cross-coupling and deprotectidfiz’ An example is illustrated in Scheme 6.

Repeating the procedure of protection/cross-cogpéind protection/halogenation,
oligothiophenes are readily prepared. Scheme 7 dsiraies a convergent synthesis of
a quinquethiophene with silyl groups on the botdsernThe material has an excellent
character for three-dimensional holographic recaydi2"

12



Ph,N Oct. Oct a O O
[ Si(THP
\©\3' ' BrSi(THP) oy O . Si( ))
)] o
Oct Oct b, 93%
Si(Ac) ,
Si(Ac)

B
N O Br&sm\c)
a

Br.

: Qi
87% PhoN O Q NEt 78%

Oct Oct

Br.

i
Pent,
d

80%

Si = [2-(HOCH,)CgH,4]SiMe,; Si(THP) = [2-(THPOCH,)CgH,]SiMe,; Si(Ac) = [2-(AcOCH,)CgH,]SiMe,
(a) [Pd(ally)ClI], (1 or 5 mol% Pd), Ruphos (2 or 11 mol%), Cul (3 or 5 mol%), K,CO5 (2.5 eq), THF/DMF, 75 °C;

(b)PTSA-H,0 (2 mol%), MeOH/CH,Cly, rt, overnight; (c)DIBAL-H (1.1 eq), CH,Cly, ~78 °C, 2h: (d)PdCl,(dppf)-CH,Cl,
(5 mol%), Cul (5 mol%),K,CO; (2.5 eq), THF/DMF, 75 °C, 24 h.

Scheme 6lterative cross-coupling—deprotection sequence

2 %Si —
S\
[ M s _si(rhp) 89% o U N s AN s simmp) 9.
S\ sc S W/ S \J
b o / S\ S<_Si(THP) _ 82%
90%

se A\ s/ \_ s

C

Si(THP) (t-Bu)Me,Si Si(THP)
BT 8T oC Y Y-y
90% 80%
B
(t—Bu)MeZSi/Q\Si

(a) PPTS (20 mol%), MeOH, 40 C, 2 h; (b) n-BuLi, TMEDA, THF, -40 Ttort, 1 h, then BrCF ,CF,Br, -40 C, 1 h;
(c) PdCl,(dppf)-CH,ClI, (3 or 5 mol%), Cul (9 or 5 mol%), K,COs3 (2.5 eq), THF-DMF; (d) n-BuLi, TMEDA, THF,
-78 T, 5 min, then BrCF ,CF,Br, -40 C, 1 h.

Scheme 7Convergent synthesis of disilylated quinquethioghe
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Orthogonally protected HOMSI reagents are useditmect any desirent-electron
systems as demonstrated in Scheme 8

Si
_ b, 7%
SHTEDPS) Br@SI(AC) (Si(TBDPS) Br/Q\Si(TBDPS)
: ® :
89%

(THP)SI Si 70% (THP)SI O
Si(Ac)
Oct_ Oct
Si(TBDPS)
= Br O'O Si(THP)
S
d
. 73%
(THP)Si
c80% (g O )
Si(Ac) (THP)Si

Si(TBDPS) = [2-(t-BuPh,SiOCH,)CgH,4ISiMe,
(a) [Pd(ally)Cl], (5 mol% Pd), Ruphos (11 mol%), Cul (5 mol%), K,COj3 (2.5 eq), THF/DMF, 50 °C; (b)TBAF (2.0 eq),

THF, rt, 1h; (c)PPTS (20 mol%), MeOH, 40 °C, overnight; (d)PdCly(dppf)-CH,Cl, (5 mol%), Cul (5 mol%),K;CO5
(2.5 eq), THF/DMF, 50 °C, 24 h.

Scheme 8Stepwise synthesis of trisilylated Oligoarene

A modification of the HOMSi coupling is recorded Wjlliams who used aryl sul-
famate as an electrophile. The electrophile alltwsin the HOMSI coupling without a

copper co-catalyst (Eq 23§

- OMe
O\S\/N\//N O
3o PdCI,(dppf) cat. OO
) (23)
* K,COs, H,0 (0.1 eq) 99%
HO/\/© DMSO, 65 T +
MeO@Si O{j@
M62 Si
Me,

Cross-coupling of Ar-HOMSI reagents with benzyllrarates proceeds in the ab-
sence of a base, as a methoxide ion is producexxidgtive addition of the benzyl-O
bond to palladium catalyst followed by decarboxglat giving rise to diarylmethanes

(Eq 247,
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Cp(allyl)Pd cat.
dppf cat.

Ho/\/© o CuOACc cat. o

i " L P At (24)
Ph—Si ™ Si

Ve, MeO”~ ~O” “Ar THF,50<C Me,

Ar = 4-MeOCgHy4, 92%
2,4,6-Me3CgH,, 87%
3-Pyridyl, 78%
2-Furyl, 75%
2-Thienyl, 71%

Alkyl-aryl coupling using alkylsilanes was attaingdtially by means of alkyltri-
fluorosilanes? In contrast, modification of HOMSi reagents byragucing a dime-
thylmethylene in place of the benzylic methylend diisopropyl in lieu of the dimethyl
on silicon, made it more facif® For example, bromobenzonitrile is alkylated using
various functionalized primary alkyl-HOMSi reage(iEs) 25).

Pd(OAc), cat.
B dppf cat.
HO r [Cu(hfacac),] cat.
+ N (\©\ (25)
FG~ s CN  KsPO,, THF, 100 °C FG CN

iPr, )
FG = vinyl, 93%
= CH,OH, 76%
= CH,0SiMe,'Bu, 73%
= COMe, 86%
= CO,Me, 92%

Secondary alkyl coupling is achieved with the samyl modified HOMSi reagents.
Use oft-butyl alcohol as the solvent allowed alkylationaoyl halides with triisopropyl-
tricyclopentyl-, and tricyclohexyl-HOMSi reagentsq 26).

Pd(OAc), cat.

dppf cat.
HO Br [Cu(hfacac),] cat. (2°-alkyl)
+ Y
(2°-alkyl),Si CN  K4PO,, ‘BUOH, 100 °C CN
2°-alkyl = i-Pr, 78% (50 °C)

= ¢-Pent, 84%
=Cy, 78%
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NiCl,-dme (5 mol%)
Zn (10 mol%)

dppf (5 mol%)
Cl
Ph—Si* CO.Et
e, 2 CO,Et

Cs,CO3, DME/DMF
75°C 820

Ni(PPhz),Cl, (5 mol%)
Zn (10 mol%)

PPh3 (5 mol%)
T 3
HO . sO PCys (15 mol%) Ph
(28)
Ph—Si COz2Me  ¢s,C0,, acetone/DMF CO,Me
Mes 80 °C

83%

[(@lly)PdCI] (5 mol%)
HO . NC PMes (20 mol%) Ph
Ph—Si* (29)
—ol
b, CO,Me

COMe  k.po,, toluene, 110 °C

78%

Robust HOMSi reagents are prepared based on thecolal design based on a cy-
clohexane ring in place of the benzene moiety. idn@ HOMSi reagents allow the use
of nickel catalyst and aryl chlorides (Eq 27) olfeuates (Eq 28)%? This sort of
HOMSIi reagents can undergo cross-coupling with aygnides in the presence of a
palladium-trimethylphosphine catalyst (Eq Z8).

As discussed above, the silicon residue is recovasea cyclic silyl ether after the
cross-coupling reaction. Smith, 1, took advantafi¢he characteristic features and ap-
plied to a silicon-mediated cross-coupling of orgahium reagents with aryl halides
using various cyclic silyl ethers listed in Fig*®)

Bu Ph
Si Si i Si
Et, Et, Et,
siloxane 8 siloxane 9 siloxane 10 siloxane 11
Recoverable via Recoverable via
flash chromatography acid-base extraction

Figure 2. Recoverable siloxanes

One of these cyclic silyl ethers is allowed to tdast with aryllithium reagents to
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generate pentacoordinate form of a HOMSi reagehiclwreadily couples with aryl
iodides to give biaryls*®) The cyclic silyl ether is easily separated frore ttoupled
product by acid/alkaline extraction and/or chrorgaaphy (Scheme 9).

R
PhLi ( (1.5 eq)
O\
Si THF or Et,0
Et, -78°Ctort, 1h

(1.8 eq) (via cannula)
s
PdCl, cat. THF rt
dcpa cat. + 0
Cul cat. O 'si

rt, 30 min I
\@\ Et2
OMe OMe
Recovered via siloxane 8 (R = Bu) 96% 81%
flash chromatography  gjloxane 9 (R = Ph) 08% 85%
Recovered via siloxane 10 (R = 3-Py) 98% 76%
acid-base extraction  gjjoxane 11 (R = 4-Me,NC¢H,) 98% 96%

Scheme 9Cross-coupling reaction using recoverable silesan

Recovery of the cyclic silyl ether is facilitayegt supporting on polystyrerié®The
cross-coupling reaction is repeated three time$owit loss of the high efficiency
(Scheme 10).

n

I@OMe
i 1)
Si PdCl, cat.

Me, dcpa cat.
(3.0eq) Cul cat. recovered
PhLi O +  polymer
(2.5 eq) THF, -78 °C to rt, 3h THF, rt
OMe
cycle coupling product recovered polymer

0 (Mn = 63500, PDI = 1.2)

1 98% 98% (Mn = 73000, PDI =1.6)

2 91% 99% (Mn = 104400, PDI = 2.3)

3 81% 99% (mn = 94600, PDI = 2.6)

Scheme 10Recyclability of polymer-supported HOMSi reagents
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As discussed above, the carbon—carbon bond formaiiin organosilicon reagents
is almost established. However, its applicatiopatymer synthesis or manufacturing
is still rare due possibly to inefficiency of theaction. Thus, it is essential to truly es-
tablish the best conditions for stoichiometric teac by the organosilicon reagents.
This problem as well as some solutions will be ubsed will be discussed in Chapter 3.

1.4 Additional Carbon—Carbon Bond-Forming Reactims with HOMSi Reagents

HOMSIi reagents undergo transmetalation to tramsitn@tals other than palladium
catalysts to effect synthetic transformations ctiaréstic of the metal. For example, a
(hydroxo)rhodium(l) complex catalyzes alkenylrhadat of internal alkynes by
alkenyl-HOMS:i to give 1,3-dienes stereoselecti &y 30).

HO/j@ Pr Eth(bOH)(de)]z cat. Hex
P ppbz cat. N pr o\/@ 30
He)(\/\si + Pr/ _ \/\Pr(\ + '\S/Ii (30)
€2

Me tol 100 °C
2 oluene, 97%

Under similar conditions, 1,6-diynes react with F@MSi to induce cyclization to
give 1,2-bismethylenecyclopentanes (Eq 31). Thehaeism of the cyclization is
considered in a following way: after transmetalatiphenylrhodium is produced, which
undergoes phenylrhodation at one of the alkyne tiesie The resulting alkenylrho-
dium attacks another alkyne intramolecularly, nanmagkenylrhodation proceeds. Fi-
nally, the resulting dienylrhodium is protonatedthg HOMSi reagent to provide with
the final product.

Me
HO/D EtOzCCMe [Rh(OH)(cod)]; cat.  Et0,c ~Ph
i ' - 31)
Ph_I\Slllez EtO,C =——Me toluene, 35 °C EtO,C X H
Me

78%

These reactions are considered to proceed thraaghnbetalation of HOMSi to the
Rh catalyst to give an alkenyl- or aryl-Rh whichdargo carbometalation of alkynes.
The resulting alkenylrhodium intermediates are thmtonated by another molecule of
HOMS:i to generate the Rh(l) catalyst (Scheme391).

18



Si

/' '\\: -/4 FARERN
« RhL,
/l Ve, wa

</ R——R
: : RhL,
HO \__ RhL —> \__
(/

‘o Mez

Scheme 11Plausible reaction mechanism

Rhodium(l) complexes catalyze the Michael additioh HOMSi reagents to
a,f-unsaturated substrateln particular, using a chiral diene ligand, asynmet
1,4-addition of extremely high enantioselectiviyattained and applied to the synthesis
of pharmaceutical intermediates (Egs 32 and®33).

o)
o} [Rh(OH)(C2Hy)2l2 cat.
HO (R,R)-Ph-bod* cat. NH
F Sj N (32)
Ve, 1 M KOH (15 mol%)
THF, 50 T
F
929, 96% ee
; Ph
Ph
(R,R)-Ph-bnd*
o)
o} [Rh(OH)(C2Hy)2l2 cat.
HO/\/© fﬁ (R,R)-Bn-bod* cat. ME
. + 33)
FQ& | N
e 1 M KOH (15 mol%)
2 THF, 50 T COzBn

F
Ph 94%, 91% ee
J
Ph

(R,R)-Bn-bnd*

a-Substituted vinyl-HOMSis achieve a high level ofatioselective conjugate ad-
dition in sharp contrast to the corresponding \Boybnic acids which fail to give the
corresponding adduct. When applied tosailyl enone in Eq 34, a highly enan-
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tio-enriched allylic silane is producéd.

o}
N
PhMeZSI/\)H/ [RhCI(C,H,),], cat. Me
(S,S)-Ph-bod* cat. (0]
* (34)
HO 1 M KOH (15 mol%) PhMe,Si
Me @ THF, 50 T
)/.,Si 95%, 97% ee

Mez
The rhodium catalysis also enables 1,2-additioRl©OMSi reagents to imines also.

Alkenyl-HOMS:i reagents provide allylamines in higields and high enantioselectivity
(Eq 35).3®

MH07© wrs  [RNOHI(S.S)Phond), NHNs
o .
. * H)J\Ph ﬁ/Lph (35)

Si
//\ Me, THF, 60 T Me
68%, 91% ee
Ph >
Ph
(S,S)-Ph-bnd*

HOMSi reagents can be applicable to copper-catdlgagbon-nitrogen bond form-
ing reactions. Miura has used aryl-HOMSi for traetaation to copper to give aryl-
copper intermediates which react with BzO-NBua give arylamines. As aryltrime-
thylsilanes and -trimethoxysilanes fail to reacansmetalation with HOMSI reagents
through intramolecular activation is definitelyedfive (Eq 36§

HO Cul cat.
Johnphos cat.
NC@—Si + BzO-NBn, NC@NBnQ (36)

Me, LiOt-Bu, dioxane, rt
— - 88%

‘ Pt-Bu,

Johnphos

In a similar manner, a copper(ll) salt catalyzesrgmction of HOMSi reagents with
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DMF and ammonia in an aerobic atmosphere to giememarbonitriles (Eq 37
Cyanide ion, derived from DMF, ammonia, and oxygsenconsidered to couple with
aryl-HOMS:i reagents with the aid of the copper lyata

Q0
aF

Me,

Cu(NO3), 3H,0 (2.0 eq) C
+ NHJ + DMF Q o @
(2.0 eq) 0, (balloon), 140 °C

80%

As discussed above, the organic groups in HOMSjeet can be readily transferred to
transition metals to effect synthetic reactionshsag cross-coupling and conjugate addi-
tion depending on the catalyst metal. This desmrcept of reaction will lead to inven-
tion of novel synthetic methods characteristic loé tmetal in the future. Since the
HOMSIi reagent has a character appropriate to G&wemistry, the chemistry with
HOMSis will play important role in organic synthgsit should be noted that the con-
cept of intramolecular activation of C-Si bonddiscussed also by Taked&,Shin-
do/? Tamacd®® and Browrf¥

1. 5 Carbon—Heteroatom Bond-Forming Reaction with Heteratom-Silicon Re-
agents

Silicon-based cross-coupling reaction is applicatdeonly to carbon-carbon bond
formation but also carbon-heteroatom bond formation

Hartwig attained the cross-coupling of TIPS thieetbf benzenethiol, derived from
bromobenzene and triisopropylsilyimercaptan by Blaehwald-Hartwig reaction, with
p-bromotoluene in the presence of Pd(ll)/CyBu catalyst, and cesium fluoride to
give unsymmetrical diaryl sulfides (Eq 38).

)

@Br Pd(OAc), cat. Pd(OAc), cat.
CyPF-t-Bu cat. . t _
A yl uca S TIPS CyPF-t-Bu cat N S 38)
LiIHMDS CsF, DME, 70 °C
N toluene, 90 °C
Fe “PCy,
CyPF-t-Bu
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Barluenga et al. foundl-TMS-aldimines to undergo coupling with aryl hakdim
the presence of a Pd/BINAP catalyst and NBO to giveN-arylaldimines, which upon
hydrolysis were transformed to primary amines, destrating thaiN-TMS-aldimines
are a synthetic equivalent of ammonia (Eq*9).

MeO@—Br
Pd,(dba); cat.
. BINAP cat. MGOQN\
\—@OMe (39)

NaOt-Bu

TMS—N
\ PhMe, 90 °C

The C—N coupling usingN-TMS-imines followed by the Catallani reaction ig-a
plied to synthesis of phenanthridines (Eq 40).

TMS. Pd(OAc), cat.
Ly e OF°
* /
O é@ Cs,COg3, norbornene Q Q
cl MeCN, 90 °C

85%
Arl O norbornene 0
o, — e Q) Pl e () ‘

I

n
product

! PdCIL,

N\TMS T™MS

CSQCO3
0 CsHCO, + Csl
Pd
Shy W Y O
| norbornene @N\ ArCl Pd

Ln
Scheme 12C-N coupling via Catallani type reaction
Simple CN coupling is achieved wittN-TMS secondary amines with aryl bro-
mides using a palladium(ll) catalyst/Johnphos,westarbonate in supercritical carbon

dioxides (scC@. The same coupling carried out in a common salfats to give the
C-N coupled products (Eq 4.
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Pd(OAc), cat.
(OAC), -

Ph Johnphos cat. /
MeOZCOBr + TMS-N —_— MeOZC~©7N\ (40)
CSQCO3 Me

Me .
scCO,, 100 °C 84%

Pt-BUz

Johnphos

In view that the study on the carbon-heteroatonpting using silyl-heteroatom re-
agents is relatively rare and this approach isreaigsignificance, the author has con-
sidered more precise examination will lead to irien of a highly efficient and
straightforward strategy.

1.6 Cross-Coupling Polycondensation

Cross-coupling polycondensation has been an impiotteol for the synthesis of
various polymer materials, and thus, much atterti@s been focused on preparation of
n-conjugated polymer materials for light-emittingodes, photovoltaics. Various types
of cross-coupling reaction have been employed dmdensation reaction. Notably, the
reaction which involves boron, stannane, and magmeseagents are often employed
for these polymer synthesis. However, these orgetait reagents have disad-
vantages in stability, toxicity, and waste problevhshe co-produced metallic salt. Thus,
innovation in the cross-coupling reaction with atbeganometallic reagents is request-
ed for cross-coupling polymerization. In this rejathe silicon-based cross-coupling
reaction is ideal. However, only a few examplesehbgen employed for the polymeri-
zation. Ozawa reported that palladium-catalyzedsssmupling polycondensation of
diiodobenzene with bifunctionalEf- or (2)-alkenylsilane to give corresponding
poly(arylene-vinylene)s (Eq 419,

RO

ThMe,Si [Pd(alylCl], cat.
)\ —
SiMe,Th TBAF

41)

M, = 6300, M,, = 14500
M, /M, =2.3
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The cross-coupling polymerization of bifunctionaliz trimethylsilylalkynes with
arylene iodides in the presence of palladium-catadyd silver(l) oxide as an activator
is demonstrated by Mori (Eq 4%).

TMS——=—TMS
Pd(PPh3), cat.

+

Ag,0 (42)

THF, 60 °C
| Q.O | M, = 13600, M,, = 39400
MM, = 2.9

Although ary-aryl bond-forming cross-couplinglyamndensation with bifuntional
organometallic reagent is essential for synthek@otyarylenes for organic functional-
ized materials, silicon-based cross-coupling polyna¢ion has remained to be studied.

Cross-coupling polymerization is employied natyocarbon-carbon bond-forming
reaction but also carbon-heteroatom bond-forminactien. For example, Kanbara
demonstrated that palladium-catalyzed C-N-coupladgymerization. Cross-coupling
reaction ofm-dibromobenzene with piperazine in the presenc@®da€b[P(o-tolyl)s]-
and Na@Bu gave poly(aryleneamine) wittlw 1800 (Eq 43§ In a manner similar to
amines, primary and secondary phosphines are atpboged for the polymerization
with arylene dihalidé?

Hex Hex

PdCI,[P(o-tolyl)s],

/ N\ cat. N/ \N
+ HN NH > N (43)
Br Br _/ NaOt-Bu n

toluene, 100 °C

M, = 1700, M,, = 1800
M,J/M, = 1.1

Whereas carbon-carbon bond-forming cross-cogmimlymerizations with various
organometallic reagents are extensively studiedboreheteroatom coupling reaction is
limited to that which uses H-heteroatom reagent.efibance the efficiency of car-
bon-heteroatom cross-coupling polymerization, ndweteroatom nucleophiles likes si-
lylamines should be employed for polymerization.

1. 7 Outline of this Dissertation

In this Chapter the author has so far reviewed rdactions of carbon—carbon
cross-coupling and carbon-heteroatom coupling i@astwith organosilicon reagents. It
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is obvious that among many types of organosilicommounds, the HOMSi reagent has
an advantage in environmentally benign characteins;h will allow HOMSi reagents
find much more applications in manufacturing materand pharmaceuticals. Also he
has focused on the future possibility of carboretetom bond formation by means of
N-TMS-heteroatom reagents.

In Chapter 2 is described novel synthesis of HOKM&gents by the transition metal
catalysis, starting with disilane analogs of HOM8agents. Highly functionalized
HOMSi reagents are readily accessible by this ntetho

OPG [Pd(allyl)CI], (5 mol% Pd)
Ligand (10 mol%) PGO
@,Br . Cul (10 mol%) as
R™ = j Si
Si H,0O (4.0 eq), K,CO3 (2.2 eq) R\—= Me,
Me, 2 dioxane/NMP, 100 °C, 24 h

Chapter 3 is attributed to the study directed tabd® and multiple carbon—carbon
bond formation with HOMSi reagents and subsequeptiyarylene synthesis is
demonstrated to be accessible using double furadtzmd HOMSIi reagents.

Pd[P(o-tolyl)s]5 (56 mol%)

dppf (5.3 mol%)
CuBr-SMe, (7.5 mol%
X— Al —X + Si— A2—Si — 2 ) Al —  Ar?
Cs,CO3, MS 3A
n

PhMe/DME, 50 °C, 24 h

s

—Si
Me,

Chapter 4 describes the C—N coupling usgMS-diarylamines and -carbazoles
using palladium or nickel catalysts and a nucleloplictivator in common solvents.
The findings are further applied to polyarylamiyatbesis.

R-- cat. Pd of Ni R
@X . MeSSi_N: \:. cat. Ligand @Ni \\:
R= R-~ base R=" R-~

The final Chapter summarizes the chemistry disaisséhe Dissertation.
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Chapter 2
Novel Synthetic Method of HOMSI Reagents

Silylation of aryl bromides with disilanes of tyf@-(PGOCH,)CsHas}Me2Si]. (PG:
protecting group) is successfully found to takecplan the presence of a Pd/Ruphos or
Davephos/Cul catalytic system to give HOMSi reagearntaining various functional
groups in good vyields. BisHOMSi reagents also aspgred directly from the corre-
sponding arylene dibromides.



2.1 Introduction

Silicon-based cross-couplilng reaction is usefud anvironmentally bengine meth-
od for new carbon-carbon bond formation as disaigseChapter £) Particularly, or-
gano [(2-hydroxymethyl)phenyl]dimethylsilanes (HOMSi gemts) are superior to
other silicon reagents in nature regarding to hagdrecovery and reuse of the Si resi-
due?® In addition, HOMSi reagents are now commercialiyailable worldwide.
Ar-HOMSi reagents have a great potential for thattsgsis of various biaryls and func-
tionalized oligoarenes. A general synthetic metbhbdr-HOMSi reagents is the reac-
tion of organometallic reagents such as aryl-Grigmaagents and aryllithiums with the
cyclic silyl ether ¢f. Eq 14, Chapter 1). Therefore, it is not easyyttlgesize the func-
tionalized aryl[HOMSi reagents without problem. heaome this disadvantage, transi-
tion metal-catalyzed silylation of organic halideih disilane$® or hydrosilane® has
an advantage for the synthesis of complex organosilcompounds. Thus, Kondo re-
ported a preparative method of aryl HOMSi reagdmtsthe cross-coupling of bro-
moarenes with a hydrosilane. However, yields renoaily moderate and the scope is
limited to two example& In view that disilanes are also applicable to ssityiation,
in this chapter, the authour has focused on theotisisilanes for the silylation of aryl
halides and describes a new synthesis of Ar-HOM&igents by the palladi-
um/copper-catalyzed silylation of organic halides.

2.2 Results and discussions

Bisarylated tetramethyl disilane protected by THE&ug 1tvp was prepared by the
reaction of 1,2-dichlorotetramethyldisilane withetB-Li-CsH4CH.O-THP prepared by
the lithiation of THP-protected 2-bromobenzylalcbkath butyllithium in 83% vyield
(Scheme 1). In a similar way, MOM-protected dis#aftimom) was prepared in 90%
yield. Other protected disilanes having acelyk), and TBDPS Irspps) were synthe-
sized in high yields by the deprotection Intir mediated byp-toluenesulfonic acid,
followed by acetylation and silylation, &f with corresponding electrophiles.

QPG electro PG
1) B“'—' -78°C PTSAH,0 phile
MeOH
Br 2) (SlMe Cl), PG = THP
2 €2 2
PG = THP: 1THP 0% PG Ac: 1Ac
83% 91%
PG = MOM: 1yom PG = TBDPS: 11gpps
90% 99%

Scheme 1. Preparation of Disilanek
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First, the author applied the reported condititl¥é"4 to the silylation of
p-bromotoluene2a using 1tHp in the presence of a base and was disappointéddo
that no trace or small amounts of the desired pdlsilyltoluene 8a) was formed.
Thus, he searched other activation methods to u$eas the silylation reagent. To this
end, silylcopper reagents were formed under thetimmaof disilanes with Cu(OTf) re-
ported by Hosonfi.He considered a HOMSi copper reagent is procebgédtie treat-
ment of disilyl reagent& with Cu(l) for the silylation of organo halid&€f many cat-
alysts and additives examined, he found that reactonditions consisting of
[Pd(allyl)Cl]2, Ruphos (2-Dicyclohexylphosphind:Z-diisopropoxybiphenyl), Cul,
K2COs and THP/DMF (3:1) as a solvent are patented tovsihe catalytic activity to
give 3ain 34% NMR yield together with the generation ibdxane4 in 92% vyield (Ta-
ble 1,entry 1). Other copper reagents such as G- SMe and CuCl were less ef-
fective. In the absece of Cul, palladium or

Table 1 Reaction oRawith 1tnp?

OTHP Eg‘é(ﬂ‘é'll/f)'b OTHP
e+ | | i oy Y s
Me, b Me,
2a 11hP 3a 4
(1.2eq) Si = {2-(THPOCH,)CgH}Me,Si
Entry Additive Solven Temp. Time  Yield (%)°
(°C) (h) 3a 4°
1 Cul (10 mol%) THF/DMF 80 24 34 92
2 - THF/DMF 80 24 0 71
3®  Cul (10 mol%) THF/DMF¢ 80 24 0 72
4" Cul (10 mol%) THF/DMF 80 24 0 13
5 Cul (10 mol%) dioxane/NMP 100 24 80 85
6 - dioxane/NMF 100 24 52 76
7 Cul (10 mol%) dioxane/NMP 100 2 83 11
H20 (4 eq)
8 Cul (10 mol%) dioxane/NMP 100 24 87 77
H.0 (4 eq) (73

aUnless otherwise noted, a mixture2# 1mvp (1.2 eq), [Pd(allyl)CH (2.5 mol%), ligand (10 mol%),
Cul (10 mol%), KCOz (2.2 eq) and solvent (0.36 M) was heated at 802TDONMR yield. ¢ Yields
based orirrp. 9 3:1.ewithout [Pd(allyl)Clk. f without K2COs. 9 4:1." Isolated yield.
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K2CQs, 3awas not produced, wherdsvas generated (entries 1, 3 and 4). These results
indicate that the silyl copper reagent is formeaa®ctive silyl nucleophile via the re-
action of2(THP) with Cul maybe in the presence of®0s. To enhance yield &a, he
examined various solvents and found dioxane/NMP) @t 100 °C3a was obtained in
80% vyield (entry 5). In the absence of Cul, yiefd3a was in 52% vyield (entry 6).
These results suggest that highly polar solventsueres the silylation efficiency: as is
evidenced by the additive of28 increased the yield in a shorter reaction tinmr{e7).
Finally, under the reaction in the presenc®©Hat 24 h the yield was improved upto
87% (entry 8).

Of note, deprotection a mediated bypara-toluenesulfonic acid in methanol gave
active HOMSi reagen®, 4-tolyl-2-(hydroxymethyl)phenyl}dimethylsilanenihigh
yield (Eq 1).

OTHP OH
0l
- M
Si MeOH, rt, 15 h Si
M62 MeZ
3a 5, 80% (NMR)

Scope and limitations of the reaction under thentiped conditions are summa-
rized in Table 2. Protected disilan&gom, 1ac and 1rsppsreacted with2a smoothly to
give the corresponding produds, 7a and8a in moderate to high yields (entries 1-3).
Using 1twp as a silylation reagent, the reaction of variorganic bromides was exam-
ined. Electron-donating groups suchpaseO, p-NHBoc andp-PheN did not hamper
the reaction in the presence of Ruphos, and thegmonding HOMSI reagen8b-3d
were isolated in moderate to good yields (entri€g.4n the case of 3,5-xylyl bromide
2e, H.O did not show any advantagée was isolated in 63% yield in the absence of
H2O (entries 7). On the contrary, when electron-ra¢w@nd electron-deficient aryl bro-
mides were used under the conditions with Ruphescorresponding silylarenes were
obtained but in very low yieldS'he author further screened ligands for the silyfat
using these bromides and found that Davephos,
2-dicyclohexylphosphino‘AN,N-dimethylamino)biphenyl, led to improvement in the
catalytic activity. Bromobenzerg upon this reaction using Davephos gave Ph-HOMSI
reagent3g in 64% yield (entry 8). Electron-deficient aryloonides preferred the reac-
tion in the absence or in the presence of 1 eguieunt of HO (entries 9-15). The re-
action of 1-bromo-4-fluorobenzer2g gave 4-F-GHs-HOMSI reagenBg in 60% vyield
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(entry 9). Other electron-deficient groups sucleldsro, phenyl, acetyl, cyano, trifluo-
romethyl and formyl tolerated well the

Table 2. Silylation of organobromides 2 using disilane 12

[Pd(allyl)Cl], (2.5 mol%) P
QPG ligand (10 mol%) QPG
Cul (10 mol%)
Ar—Br + >

2 A, ) ot s
. dioxane/NMP (4:1), 100 °C
Entry 1 2 ligand H:0 (xeq) time (h) Product (%)?

1 Imom 2a L1 4 24 6a, 80%
2 1ac 2a L1 4 24 Ta, 60%

1teDPs 2a L1 4 24 8a, 54%

R
T,

4 ltue 2b: R = OMe L1 4 24 3b, 75%
5 Itrp 2¢:R=NH(Boc) L1 4 13 3¢, 74%
6 ltep 2d: R = NPh: L1 4 16 3d, 67%
7 lrme 2e:R=3,5xylyl L1 0 24 3e, 63%
8 e 2f:R=H L2 4 24 3f, 64%
9e lrep 2g'R=F L2 0 24 3g, 60%
10¢ 1rwp 2h:R=Cl L2 0 16 3h, 63%
11 lrue 21 R=Ph L2 0 24 3i, 710%
12 Imom 2j:R=Ac L2 0 48 6j, 35%
13¢  1rap  2k:R=CN L2 1 31 3k, 26%
144 1rup 21: R=CF3 L2 1 23 31, 63%
15 ltee 2m: R = CHO L2 0 48 3m, 27%

16 1rap L2 0 24 3n, 70%
Br 2n

17 dme L1 4 24 30, 42%

Br 20
@ Unless otherwise noted® (0.5 mmol),1 (0.6 mmol), [Pd(allyl)C} (0.0125 mmol), ligand (0.05

mmol),Cul (0.05 mmol), KCOs (1.1 mmol), and 1,4-dioxane/NMP (4:1, 1.4 mL) whaated at 100 °C.
blsolated yield® 120 °C9 80 °C.L1 = RuphosL2 = Davephos.
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silylation with 1t4p and1vom to give the corresponding HOMSi reage8ks3i, 6j and
3k-3m in 26-70% yields (entries 10-15). The reactiorRdfromonapthalene()) gave
3nin 70% vyield (entry 16). 3-Bromothiopherof was silylated witHLtup in the pres-

ence of Ruphos and 4 equiv. ofHto afford 3-thienyl-HOMSI reageBb in 42% vyield
(entry 17).

[Pd(allyl)Cl], (5 mol%)
Ruphos (20 mol%)
Cul (20 mol%)
Br—Ar—Br + 14p Si—Ar—Si @)
9 02eq KeCOs (44 eq). H,0 (8 eq) 10
' dioxane/NMP (4:1), 100°C, 48 h

Oct

10a, 64% 10b, 65%
Si = {2-(THPOCH,)CgH,}Me,Si

This silylation can be applied to the synthesibisfHOMSi reagent40 by the reac-
tion of dibromoarene8. For example, 4,4’-dibromobiphenydd) reacted with 2.2 equiv.
of 1tnp under the optimized conditions using Ruphos t@ dnissilylated biphenylOa
in 64% vyield (Eq 2). Similarly, 2,7-dibromo-9,9-diyl-9H-fluorene @b) was double
silylated to form the corresponding prod@6b in 65% yield.

Y Cu—Si

Pd(0O)L K,COs

—_ Si~-Si
LPd_ —oY ~o”
4
S|{2 (PGOCH2)06H4}M92
X=Br,| Y =K, CO,K

Ar—Si

Figure 1. Proposed reaction mechanism

The author proposes a reaction mechanism illustrismtd-igure 1. Oxidative addi-
tion of aryl bromide2 to palladium(0) complex forms an Ar-Pd-Br complexhich
transmetalates to the silylcopper(l) reagent ddrivem the reaction of disilank with
Cu-X and KkCOzs to give Ar-PdS complex with the generation of an oxysilageQY)
and Cu-X. Finally, reductive elimination of Ar-F&il-complex produces HOMSi rea-
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gents3 and regenerates palladium(0) to complete the ytatatycle. The coproduced
oxysilane appears to be converted readily intoxait@4.'9 The effect of the additive
H-O may be attributed to enhancement of solubilit)Kg€Os to promote the reactivity
of 1 toward Cu(l) and KCOs.

In conclusion, the author has demonstrated thasitiilation of aryl bromides with
disilanes is a powerful and straightforward apprtahthe preparation of aryl-HOMSi
reagents. This method allows us to synthesize wslydunctionalized aryl-HOMSi re-
agents useful for the C-C bond-forming cross-cauplivith aryl bromides after depro-
tection. Furthermore, bisHOMSi reagents also aealihg prepared and conveniently
used for polyarylene synthesis.
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Experimental

General. The following apparatus and purification proceduseply to all the experi-
ments described in this Dissertaion. All manipwias of oxygen- and mois-
ture-sensitive materials were conducted with adsieth Schlenk technique or in a dry
box under an argon atmosphere. Flash column chogreggthy was performed using
Kanto Chemical silica gel (spherical, fn), silica gel neutral (spherical, 50n) or
Merck aluminium oxide 90 active neutral. AnalyticALC was performed on Merck
Kieselgel 60 F254 (0.25 mm) plates. Preparative &3 carried out using Wakogel
B-5F silica gel. Visualization was accomplishedhwitV light (254 nm).

Apparatus. *H and**C NMR spectra in CDGland benzends were recorded with
Varian Mercury 400 spectrometer. The chemical shiftthe!H NMR spectra were rec-
orded relative to MSi as an internal standard, and the chemical shifise3C NMR
spectra were recorded relative to CEHE@ 77.16).'H NMR data are reported as fol-
lows: chemical shift, multiplicity (s = singlet,=ldoublet, t = triplet, q = quartet, quint =
quintet, sext = sextet, sept = septet, br = broad, multiplet), coupling constants (Hz),
and integration. The IR spectra were measured §CIA FT/IR-4200. GCMS were
measured on Agilent 6890N/5975B. High-resolutiorssngpectra (HRMS) were meas-
ured by JEOL JMS-T100LC AccuTOF. Melting points eneasured by a MPA100
Optimelt Automated Melting Point System.

Preparation of 1,2-bis[2-{(2-tetrahydropyranyloxy)methyl}phenyl]-1,1,2,2-tetra-
methyldisilane (Irup). (Tetrahydropy-
O/on ran-2-yloxy)methylbromotoluene (27.2 g, 100 mmo§swdissolved in
the ERO (250 mL) and cooled to —78 °C. After the additioha
D solution of BuLi in hexane (2.69 M, 37.2 mL, 100 winover 30
Si minutes, the solution was stired at —-78 °C for 3 h
1,2-Dichlorotetramethylsilane (9.3 mL, 50 mmol) veakled dropwise
over 10 minutes, and the resulting mixture wagestimt room temperature overnight.

Mez 2

After the addition of water, the mixture was exteacwith hexane, washed with brine,
dried over MgS@®, evaporated and dried vacuo. The residue was purified by flash
column chromatography on silica gel using hexarteethyl acetate (10:1) as an eluent
to give Itvp (20.7 g, 83%), as a colorless oik. ®R21 (hexane—ethyl acetate = 101H.
NMR (400 MHz, CDC}) 6 0.38 (s, 6H), 0.39 (s, 6H), 1.51-1.73 (m, 10H3011.88 (m,
2H), 3.50 (dddJ = 4.0, 6.4, 11.2 Hz, 2H), 3.87 (ddb= 2.8, 8.0, 11.2 Hz, 2H), 4.22 (d,
J=12.0 Hz, 1H), 4.23 (d] = 12.0 Hz, 1H), 4.50 (1] = 3.6 Hz, 2H), 4.59 (d] = 12.0
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Hz, 1H), 4.60 (dJ) = 12.0 Hz, 1H), 7.22 (ddd,= 1.2, 7.2, 7.6 Hz, 2H), 7.34 (dddi=
1.2,7.2, 7.6 Hz, 2H), 7.39 (dd= 1.2, 7.6 Hz, 2H), 7.45 (ddd= 1.2, 7.6 Hz, 2H)}3C
NMR (101 MHz, CDC4) & -1.81, -1.68, 19.5, 25.6, 30.7, 62.3, 69.3, 9825.9, 127.9,
129.1, 134.6, 137.0, 137.6, 144.0; IR (neat) 32884, 1439, 1349, 1249, 1200, 1117,
1077, 1031, 976, 870, 793, 748, 466, 455, 428.0WiS (E, 70 eV)Mz (%) 296 (M -
2(THPO), 0.5), 193 (6), 179 (13), 165 (48), 147)(3B3 (26), 105 (8), 85 (100), 67 (9),
57 (9). HRMS calcd for HsNaQSi, (M + Na) 521.2519, found 521.2503.

1,2-Bis{(2-methoxymethoxymethyl)phenyl}-1,1,2,2-teamethyldisilane (lvom). A

o o~ colorless oil. R0.32 (hexane—ethyl acetate = 10 :'H.NMR (400

MHz, CDCbk) 6 0.39 (t,J = 3.2 Hz, 12H), 3.36 (s, 6H), 4.34 (s, 4H),
D 4.54 (s, 4H), 7.23 (ddd,= 1.2, 7.2, 7.2 Hz, 2H), 7.34 (ddil= 1.2,

7.2, 7.6 Hz, 2H), 7.38-7.41 (m, 4HC NMR (101 MHz, CDQ) §
2 -1.80, 55.5, 69.7, 96.0, 127.1, 128.1, 129.1, 13137.1, 143.5; IR
(neat) 3056, 2948, 2886, 2822, 1467, 1437, 1402718249, 1209, 1150, 1123, 1102,
1076, 1046, 919, 834, 794, 751, 477, 463, 444, 428, 420, 408 cm. MS (El, 70 eV)
m/z (%) 357 (M - OCHOCHs, 0.002), 209 (17), 180 (17), 179 (100), 163 (419
(53), 133 (20), 105 (17), 89 (13). HRMS calcd feskzsNaQsSi (M + Na) 441.1893,
found 441.1888.

Si
Mez

Preparation of 1,2-bis{2-(hydroxymethyl)phenyl}-1,12,2-tetramethyldisilane ().
OH To a solution oflrnp (8.31 g, 16.7 mmol) in methanol (85 mL)
4-toluenesulfonic acid monohydrate (0.15 mg, 0.84at) was added
at room tempreture, and the resulting solution wstsed for 3 h.
After the addition of sat. NiCI at 0 °C, the mixture was extracted
2 with diethyl ether, washed with brine, dried oveg®Q;, evaporated
and driedin vacuo. The residue was purified by flash column chromgedphy on silica
gel using hexane and ethyl acetate (3:1) as amtetoegive 14 (4.97 g, 90%), as a
colorless solid. R0.13 (hexane—ethyl acetate = 3:1). mp 82.9-83.2FONMR (400
MHz, CDCk) & 0.43 (s, 12H), 1.08 (s, 2H), 4.24 (s, 4H), 7.2897(m, 2H), 7.33-7.35
(m, 4H), 7.45 (ddJ = 0.8, 8.0 Hz, 2H)*C NMR (101 MHz, CDQ) § -1.90, 65.5,
127.1, 127.2, 129.4, 134.5, 136.5, 146.9; IR (KB3)2, 3057, 2952, 2893, 1434, 1407,
1251, 1200, 1251, 1200, 1121, 1074, 1035, 1001, 884, 742, 687, 638, 453, 423
cnrt. MS (El, 70 eV)m/z (%) 299 (M - 2CHs- H, 2.3), 207 (29), 179 (28), 165 (62),
164 (15), 163 (18), 150 (16), 149 (100), 148 (347 (70), 145 (36), 135 (14), 133 (39),
131 (11), 105 (14). HRMS calcd fori826NaGSiz (M + Na) 353.1369, found

Si
Mez
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353.1365.

Preparation of 1,2-bis{(2-acetoxymethyl)phenyl}-1,P,2-tetramethyldisilane (lc).
/g Unprotected disilan&x (1.65 g, 5.00 mmol) was dissolved in theCEt
o X0 (10 mL) and cooled to 0 °C. 4-Dimethylaminopyridifi@MAP) (6.1
mg, 0.050 mmol), pyridine (8.0 mL, 10 mmol) and tgcehloride
D (0.40 mL, 5.5 mmol) were added to the solution, #mel resultant
S mixture was stirred for 5 h at room temperatureeeAfLM HCI was
added, the reaction mixture was extracted withhgleether. The
organic phase was washed with brine, dried over ®gand concentrateth vacuo.
The residue was purified by flash column chromaipgy on silica gel using hexane
and ethyl acetate (5:1) as an eluent to dive (1.89 g, 91%), as a colorless solid. R
0.29 (hexane—ethyl acetate = 10 : rhp 54.4-55.C°C. *H NMR (400 MHz, CDCY) §
0.41 (s, 12H), 2.03 (s, 6H), 4.75 (s, 4H), 7.2597(®, 4H), 7.33 (ddJ = 1.6, 7.2 Hz,
2H), 7.41 (ddJ = 1.6, 7.2 Hz, 2H)¥*C NMR (101 MHz, CDGJ) § -1.87, 21.2, 66.8,
127.8, 129.2, 129.3, 135.0, 137.8, 141.0, 170.§KBY) 3441, 3080, 3069, 3012, 2960,
2941, 2902, 2332, 1946, 1732, 1470, 1436, 13836,10024, 963, 925, 882, 838, 792,
761, 737, 686, 651, 637, 607, 588, 525, 469, 4289, 411 cm'. MS (El, 70 eV)m/z
(%) 399 (M - CHs, 0.001), 208 (10), 207 (60), 166 (15), 165 (1a@7 (36), 145 (14),
133 (10). HRMS calcd for £2HsoNaQsSiz (M + Na) 437.1580, found 437.1588.

M62 2

Preparation of 1,2-bis{2-(-butyldiphenylsiloxymethyl)phenyl}-1,1,2,2-tetra-
O/SitBUth methyldisilane (Irsops). Unprotected disilandn (1.32 g, 4.00
mmol) and imidazole (1.10 g, 16.0 mmol) were digsdlin DMF
D (7.0 mL). After the additon of a solution of
chlorot-butyldiphenylsilane (2.40 g, 8.73 mmol), the résmoil
2 Solution was stirred for 5 min at room temperatuddter the
addition of water, the mixture was extracted withl>Cl,. The organic phase was
washed with brine, dried over Mg®Cand concentrateth vacuo. The residue was
recrystalized with CECl>-hexane to givérspes (3.20 g, 99%), as a colorless solid. R
0.24 (hexane—ethyl acetate = 10 : 1). mp 139.35139.'H NMR (400 MHz, CDCJ) §
-0.032 (s, 12H), 1.08 (s, 18H), 4.45 (s, 4H), 7(0dd,J = 1.2, 6.8, 7.6 Hz, 2H), 7.12
(dd,J = 1.6, 7.6 Hz, 2H), 7.26-36 (m, 10H), 7.39-7.43 4H), 7.59-7.62 (m, 10H)}>C
NMR (101 MHz, CDC¥) 6 -2.01, 19.2, 19.4, 26.7, 27.0, 66.0, 121.3, 125%3%.3,
127.8, 129.1, 129.7, 129.8, 133.6, 134.2, 134.3,13135.8, 146.5. IR (KBr) 3134,
3051, 2932, 2895, 2857, 1964, 1894, 1587, 1472714290, 1372, 1362, 1253, 1203,

Si
Mez
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1188, 1115, 1087, 1060, 1107, 940, 837, 822, 780, 702, 688, 622, 507, 494, 476,
449, 435 cmt. HRMS calcd for GoHs20-Sis (M + Na) 829.3725, found 829.3746.

Examination of Silylation of Haloarenes under trepBrted Conditiorf§49:4".4

[Pd(allyl)CI], (5 mol%)
O P(2-OH-CgH4)Ph, (10 mol%)
NaOH (1.2 eq)

\Q O H,0 (2 eq) o 0
N D THF/H,O (L:1), 100 C, 24 h \Q
2a si si

+

Me, 2 Me,
1THF’ 3a, 22%
l.1leq

Pd,(dba)s (3 mol%)
PPh,pyridyl (9 mol%)
K2C03 (5 eq)
H,O (2 e
2a + 1THP 2 ( q) 3a, 0%
DMPU, 100 C, 24 h

l.1leq

PdClI, (5 mol%)
P(2-PhCgH,4)(tBu), (10 mol%)

iPr,EtN (3 e
2a + lrp 2EtN (3 eq) 3a, 29%
NMP, 100 C, 24 h

l.1leq
Pd,(dba)s (1.5 mol%)
AN P(2-PhCgH4)Cy, (9 mol%) AN
o0 KF (5 eq) o 0
\©\ H,0 (2 eq)
+
cl . dioxane, 100 C, 17 h \©\ .
Si Si
MeZ > MeZ
1vom 6a, 6%
1.2 eq

Silylation of p-tolyl bromide (2a) using Trhp to give
4-tolyl-(2-tetrahydropyranyloxy)methylphenyldimethylsilane (3a) (Table 1).A
general procedure for the synthesis of protected HOMSI reagents. An aryl bromide
(0.50 mmol), disilane (0.55 mmol) and®0s (1.1 mmol) were added sequentially to
a solution of [Pd(allyl)CH{ (12.5 umol), ligand (50umol) and Cul (0.10 mmol) in
1,4-dioxane and NMP (4:1, 1.4 mL) placed in a 3 wdl-in a dry box. The vial was
closed with a screw PTFE septum cap, taken outhelelry box. HO was added to
the mixture via syringe and the resultant mixtuesweated at 80-100 °C for the time
specified in Table 1. The resultant mixture wateféd through Celite, and the filtrate
was evaporated and driedvacuo. The desired products were isolated in yieldgdist
in Table 1by Preparative TLC and HPLC.
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4-Tolyl[2-(2-tetrahydropyranyloxymethyl)phenyl]dimethylsilane (3a). a yellow oil.
O Rr 0.15 (hexane—ethyl acetate = 20 : ‘H. NMR (400 MHz,
o o CDCl) 6 0.57 (s, 3H), 0.58 (s, 3H), 1.43-1.66 (m, 5H) 511784
(m, 1H), 2.34 (s, 3H), 3.41 (ddd,= 4.8, 5.2, 11.2 Hz, 1H), 3.76
\©\ D (ddd,J =5.2, 8.4, 11.2 Hz, 1H), 4.38 (@= 12.0 Hz, 1H), 4.44 (t,
I\S/liez J = 3.6 Hz, 1H), 4.66 (d) = 12.0 Hz, 1H), 7.15 (d] = 7.6 Hz,
2H), 7.27 (dddJ =1.2, 7.2, 7.6 Hz, 1H), 7.38 (d~ 7.6 Hz, 2H),
7.40 (ddd, J=1.2, 7.2, 7.6 Hz, 1H), 7.49 @,1.2, 7.6 Hz, 1H), 7.52 (dd,= 1.2, 7.6
Hz, 1H);3C NMR (101 MHz, CDGJ) § -0.88, -0.75, 19.5, 21.6, 25.6, 30.6, 62.1, 68.9,
98.0, 126.9, 128.7, 128.8, 129.7, 134.2, 135.3,6,3636.5, 139.0, 144.3. IR (neat)
2945, 2924, 2870, 1489, 1259, 1250, 1200, 11278,11106, 1078, 1055, 1027, 976,
906, 870, 836, 821, 797, 773, 754, 509, 497, 483, 466, 453, 440, 420, 404 Tm
MS (El, 70 eV)m/z (%) 326 (M -CHy, 0.3), 241 (43), 239 (21), 224 (13), 223 (57), 165
(14), 164 (12), 163 (46), 149 (38), 91 (16), 8501055 (10). HRMS calcd for
C21H28NaOG:Si (M + Na) 363.1756, found 363.1773.

1,3-Bis[2-{(2-Tetrahydropyranyloxy)methyl}phenyl]-1,1,3,3-tetramethylsiloxane
(4). A colorless oil. R0.22 (hexane—ethyl acetate = 10 : .
O/Q NMR (400 MHz, CDC¥) 6 0.41 (s, 12H), 1.50-1.74 (m, 10H),
1.84-1.87 (m, 2H), 3.49 (ddd,= 5.2, 5.2, 11.6 Hz, 2H), 3.88 (ddd,
D J=2.0, 6.8, 11.6 Hz, 2H), 4.62 (d= 12.0 Hz, 2H), 4.62 (s, 2H),
O1—Si 4.87 (d,J =12.0 Hz, 2H), 7.26 (dd,= 7.2, 7.6 Hz, 2H), 7.38 (dd,
Me, , =7.2,7.6 Hz, 2H), 7.50 (d = 7.6 Hz, 2H), 7.58 (d) = 7.2 Hz,
2H); 13C NMR (101 MHz, CDGQJ) § 2.31, 19.6, 25.6, 30.7, 62.3,
68.7, 98.0 (d, 2.2 Hz), 126.8, 128.1, 129.7, 1343%.7, 143.5. IR (KBr) 3448, 3057,
2944, 2871, 1627, 1627, 1591, 1466, 1454, 1439%,1B850, 1323, 1284, 1258, 1201,
1182, 1155, 1128, 1119, 1079, 1054, 1028, 976, 954, 906, 870, 834, 817, 792, 753,
701, 688, 649, 504, 494, 482, 471, 458, 429, 416,eh1*. MS (El, 70 eV)m/z (%)
399 (M" -CH,OTHP, 0.05), 237 (8), 165 (8), 164 (20), 163 (ZHO (14), 149 (100),
133 (9), 85 (37), 84 (11). HRMS calcd fopsH42NaG:Siz (M + Na) 537.2469, found
537.2448.

Deprotection of 3a.4-Toluenesulfonic acid monohydroxide (3.2 mg, @.0dmol) was
added to a solution o08a (102 mg, 0.300 mmol) in methanol (1.0 mL) at room
tempreture, and the resulting solution was stirfed 16 h. The mixture was
concentratedn vacuo to give4-Tolyl(2-hydroxymethyl)phenyldimethylsilane (5)
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CAS registry number: 1217863-38-1.

4-Tolyl(2-methoxymethoxymethyl)phenyldimethylsilane(6a). A colorless oil. R0.38
~o ™Mo (hexane—ethyl acetate = 10 : 31 NMR (400 MHz, CDCJ) &
0.57 (s, 6H), 2.34 (s, 3H), 3.29 (s, 3H), 4.472(8), 4.50 (s, 2H),
\©\ D 7.15 (d,J = 8.0 Hz, 2H), 7.29 (ddd,= 1.2, 7.2, 7.6 Hz, 1H), 7.38
I\S/Iie (d,J=8.0 Hz, 2H), 7.40 (ddd, = 1.2, 7.2, 7.6 Hz, 1H), 7.45 (d,
2 J=7.2 Hz, 1H), 7.54 (d] = 7.2 Hz, 1H);*C NMR (101 MHz,
CDCl) 6 -0.80, 21.6, 55.5, 69.4, 95.9, 127.1, 128.6, 12828.7, 134.1, 135.2, 135.7,
136.6, 139.0, 143.8; IR (neat) 2951, 2927, 2884514438, 1392, 1379, 1257, 1250,
1149, 1105, 1047, 920, 836, 821, 797, 773, 754, 485, 463, 455, 442, 426, 414, 404
cnrl. MS (El, 70 eV)m/z (%) 300 (M, 0.02), 255 (26), 239 (28), 224 (12), 223 (48),
209 (16), 179 (32), 165 (13), 164 (12), 163 (719 146), 105(100). HRMS calcd for
C1gH24NaOG,Si (M + Na) 323.1443, found 323.1439.

4-Tolyl(2-acetoxymethyl)phenyldimethylsilane (7a). A colorless oil. R 0.20
A (hexane—ethyl acetate = 10 : 31 NMR (400 MHz, CDCJ) &
0O~ O 0.59 (s, 6H), 1.93 (s, 3H), 2.34 (s, 3H), 4.98¢8), 7.16 (dJ =
= 8.0 Hz, 2H), 7.31-7.43 (m, 5H), 7.58 @= 7.2 Hz, 1H);**C
QSi NMR (101 MHz, CDCY) 6 -0.89, 21.0, 21.6, 66.7, 127.7, 128.9,
Me, 129.6, 129.8, 134.1, 135.9, 137.6, 139.1, 141.8,8.TR (neat)
3011, 2956, 2925, 2860, 2373, 2351, 2323, 17388,12438,
1378, 1027, 1248, 1234, 1105, 1027, 835, 820, 794, 756, 539, 512, 498, 486, 480,
472, 465, 453, 439, 418, 404 Tm283 (M - CHs, 8.2), 241 (5), 223 (100), 207 (34),
195 (6), 179 (6), 165 (24), 163 (22), 149 (8). HRb&Hcd for GgH22NaO:Si (M + Na)
321.1287, found 321.1301.

4-Tolyl(2-t-butyldiphenylsiloxymethyl)phenyldimethylsilane (89. A colorless solid.
tBuPh,Si-. Rr 0.28 (hexane—ethyl acetate = 10:1). mp 113.6-11@.6'H
NMR (400 MHz, CDC4) 8 0.37 (s, 6H), 1.04 (s, 9H), 2.28 (s,
\QD 3H), 4.58 (s, 2H), 7.00 (dl = 7.6 Hz, 2H), 7.18 (d) = 7.6 Hz,
Si 2H), 7.25 (ddJ = 6.0, 7.2 Hz, 1H), 7.30-7.34 (m, 4H), 7.38-7.47
(m, 3H), 7.48 (ddJ = 1.2, 7.2 Hz, 1H), 7.538 (d,= 8.0 Hz, 2H),
7.542 (d,J = 8.0 Hz, 2H), 7.73 (d) = 7.6 Hz, 1H);®*C NMR (101 MHz, CDGJ) §

-1.36, 19.4, 21.6, 27.0, 65.7, 125.6, 126.2, 12128.8, 129.7, 129.8, 133.6, 134.0,
134.2,134.7, 135.0, 135.6, 138.8, 147.1. IR (n@é@%p6, 3012, 2958, 2930, 2857, 1906,

Mez
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1821, 1590, 1471, 1428, 1390, 1250, 1204, 11067,1882, 742, 702, 622, 616, 603,
591, 506, 497, 488, 480, 471, 463&nMS (El, 70 eV)miz (%) 437 (M - tBu), 359
(100), 345 (69), 285 (17), 267 (48), 223 (15), 706), 197 (13), 181 (12), 165 (15),
149 (28), 135 (20), 105 (20). HRMS calcd faridssNaOSh (M + Na) 517.2359, found
517.2352.

4-Methoxyphenyl[2-(2-tetrahydropyranyloxymethyl)phenyl]ldimethylsilane (3b). A
O yellow oil. R 0.23 (hexane—ethyl acetate = 20 : 'H.NMR
o o (400 MHz, CDC¥) 6 0.567 (s, 3H), 0.571 (s, 3H), 1.45-1.67 (m,
MeO. 5H), 1.75-1.81 (m, 1H), 3.42 (ddd,= 4.0, 6.0, 11.2 Hz, 1H),
@\ D 3.77 (dddJ = 3.2, 8.8, 11.2 Hz, 1H), 3.79 (s, 3H), 4.39J¢;

Si 12.0 Hz, 1H), 4.46 (1) = 3.6 Hz, 1H), 4.66 (d) = 12.0 Hz,
1H), 6.88 (d,J = 8.8 Hz, 2H), 7.27 (dddl = 1.2, 7.2, 7.6 Hz,
1H), 7.38-7.43 (m, 3H), 7.49 (d,= 7.6 Hz, 1H), 7.52 (d) = 7.6 Hz, 1H);*C NMR
(101 MHz, CDC%) 6 -0.77, -0.66, 19.5, 25.6, 30.6, 55.1, 62.1, 6880, 113.7, 126.9,
128.6, 129.69, 129.74, 135.6, 136.6, 144.3, 168R5neat) 3056, 2949, 1594, 1564,
1503, 1464, 1440, 1396, 1349, 1310, 1279, 12480,12P82, 1112, 1078, 1031, 976,
906, 870, 818, 774, 756, 688, 660, 607, 526, 5688, 473, 458, 450, 431, 419 Tm
MS (El, 70 eV)m/z (%) 341 (M - CHs, 1.2), 257 (32), 239 (20), 225 (12), 165 (14),
164 (14), 163 (41), 149 (48), 108 (16), 85 (100),(&4), 55 (21). HRMS calcd for
C21H2eNaGsSi (M + Na) 379.1705, found 379.1696.

Me2

4-t-Butoxycarbonylaminophenyl[2-(2-tetrahydropyranyloxymethyl)phenyl]di-
O methylsilane (3c). A vyellow viscous oil. R 0.17
o o (hexane—ethyl acetate = 10 : 4 NMR (400 MHz,
BocHN “ CDCls) 6 0.560 (s, 3H), 0.563 (s, 3H), 1.46-1.71 (m, 14H),
\Qﬁg 1.78-1.81 (m, 1H), 3.43 (ddd, = 4.8, 5.2, 11.2 Hz, 1H),
'\S/liez 3.78 (dddJ = 2.8, 8.0, 11.2 Hz, 1H), 4.38 (@= 12.0 Hz,
1H), 4.47 (tJ = 3.6 Hz, 1H), 4.66 (d] = 12.0 Hz, 1H), 6.56
(s, 1H), 7.22 (ddJ = 6.4, 7.6 Hz, 1H), 7.32 (d,= 8.0 Hz, 2H), 7.34-7.41 (m, 3H), 7.48
(d, J = 8.0 Hz, 1H), 7.50 (d) = 8.4 Hz, 1H);®*C NMR (101 MHz, CDQ) § -0.89,
-0.77, 19.5, 25.5, 28.4, 30.6, 62.1, 68.9, 80.99,9717.9, 126.9, 128.6, 129.7, 132.7,
135.0, 135.7, 136.4, 139.3, 144.2, 15X (neat) 3295, 3163, 3052, 2941, 1732, 1589,
1520, 1391, 1317, 1254, 1323, 1157, 1111, 10513,1926, 910, 868, 834, 813, 782,
754, 691, 521, 488, 461, 424 TmHRMS calcd for @GHssNNaQiSi (M + Na)
464.2233, found 464.2230.

42



4-Diphenylaminophenyl[2-(2-tetrahydropyranyloxymethyl)phenyl]dimethylsilane

O\ (3d). A colorless viscous oil. R0.43 (hexane—ethyl acetate =

o o 10 : 1).*H NMR (400 MHz, CDCJ) § 0.568 (s, 3H), 0.574 (s,

PN 3H), 1.49-1.65 (m, 5H), 1.78-1.86 (m, 1H), 3.47dddi= 4.8,

©\ D 5.2,11.2 Hz, 1H), 3.83 (ddd,= 2.8, 8.4, 11.2 Hz, 1H), 4.45 (d,

S J=12.0 Hz, 1H), 4.53 (1] = 3.6 Hz, 1H), 4.70 (d] = 12.0 Hz,

1H), 6.99-7.04 (m, 4H), 7.10 (d,= 7.6 Hz, 4H), 7.22-7.33 (m,
7H), 7.40 (ddJ = 7.2, 7.6 Hz, 1H), 7.50 (d,= 8.0 Hz, 1H), 7.55 (d] = 7.2 Hz, 1H);
13C NMR (101 MHz, CDGJ) § -0.87, -0.69, 19.4, 25.6, 30.6, 62.0, 68.8, 9I22.5,
123.1, 124.7, 126.9, 128.4, 129.3, 129.6, 131.8,01335.5, 136.4, 144.2, 147.6, 148.6.
IR (neat) 3059, 2947, 2871, 2246, 1548, 1454, 13485, 1439, 1386, 1326, 1279,
1200, 1181, 1154, 1115, 1077, 1055, 1027, 976, 830, 774, 697, 665, 637, 621, 525,
500, 488, 480, 473, 465, 417, 406 ¢nHRMS calcd for GHssNNaQ:Si (M + Na)
516.2335, found 516.2329.

Me2

3,5-Xylyl[2-(2-tetrahydropyranyloxymethyl)phenyl]di methylsilane (3e). A yellow
(j oil. Rr 0.17 (hexane—ethyl acetate = 20 :*H.NMR (400 MHz,
o o CDCl) 6 0.568 (s, 3H), 0.572 (s, 3H), 1.43-1.67 (m, 5H),
1.75-1.85 (m, 1H), 2.28 (s, 6H), 3.41-3.43 (m, 181),5-3.80 (m,
D 1H), 4.39 (dJ = 12.0 Hz, 1H), 4.46 (s, 1H), 4.67 @7 12.0 Hz,
Si 1H), 6.99 (s, 1H), 7.10 (s, 2H), 7.28 (dds 7.2, 7.6 Hz, 1H), 7.40
(dd,J= 7.6, 7.6 Hz, 1H), 7.48-7.54 (m, 2HJC NMR (101 MHz,
CDCl) 6 -0.90, -0.75, 19.5, 21.5, 25.6, 30.6, 62.1, 69800, 126.9, 128.6, 129.7, 130.9,
131.9, 135.6, 136.6, 137.2, 138.6, 1443(neat) 3055, 3013, 2923, 2870, 1592, 1466,
1454, 1439, 1401, 1350, 1322, 1258, 1249, 120(2,11838, 1127, 1118, 1078, 1055,
1027, 976, 906, 864, 830, 817, 799, 774, 754, 697, 482, 463, 453, 447, 435, 421,
412, 407 cmt. MS (El, 70 eV)m/z (%) 339 (M - CHs, 0.3), 255 (40), 253 (27), 237
(35), 165 (11), 164 (11), 163 (56), 149 (55), 86011 67 (10), 55 (11). HRMS calcd for
C22H3oNaG:Si (M + Na) 377.1913, found 377.1916.

M82

Phenyl[2-(2-tetrahydropyranyloxymethyl)phenyl]dimethylsilane (3f). A colorless
oil. Rr 0.46 (hexane—ethyl acetate = 10:3)L NMR (400 MHz,
(oj\o CDCl) 6 0.588 (s, 3H), 0.593 (s, 3H), 1.43-1.64 (m, 5HY,711.80
(m, 1H), 3.40 (dddj = 4.8, 5.6, 11.2 Hz, 1H), 3.75 (ddbF 4.0, 8.4,
©\ D 11.2 Hz, 1H), 4.38 (d] = 12.0 Hz, 1H), 4.44 (11 = 3.2 Hz, 1H), 4.65
S

Si (d, J = 12.0 Hz, 1H), 7.25-7.35 (m, 4H), 7.39-7.42 (H)1
2
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7.47-7.50 (m, 3H), 7.53 (d,= 7.2 Hz, 1H)3C NMR (101 MHz, CDGJ) § -0.98, -0.85,
19.4, 25.5, 30.6, 62.0, 68.9, 97.9, 126.9, 12728,68, 129.1, 129.8, 134.1, 135.6, 136.2,
139.0, 144.3. IR (neat) 3051, 2946, 1428, 1349712300, 1116, 1078, 1026, 906, 835,
816, 776, 731, 701, 499, 484, 473, 467, 459, 438, 430, 414, 406 cth MS (El, 70
eV) m'z (%) 325 (M - H, 0.004), 227 (22), 225 (22), 210 (15), 209)(163 (36), 165
(28), 164 (13), 149 (26), 135 (11), 105 (11), 8BQ). 55 (13). HRMS calcd for
CaoH26Na0:Si (M + Na) 349.1600, found 349.1597.

4-Fluorophenyl[2-(2-tetrahydropyranyloxymethyl)phenyl]dimethylsilane (3g). A
colorless oil. R0.43 (hexane—ethyl acetate = 10 : *J.NMR
(oj\o (400 MHz, CDC}) 6 0.579 (s, 3H), 0.584 (s, 3H), 1.46-1.66 (m,
Fe 5H), 1.74-1.80 (m, 1H), 3.41 (ddd,= 4.8, 5.6, 11.2 Hz, 1H),
| 3.75 (dddJ = 4.8, 7.2, 11.2 Hz, 1H), 4.35 (@~ 12.0 Hz, 1H),
X Si 4.45 (t,J = 3.2 Hz, 1H), 4.64 (d] = 12.0 Hz, 1H), 7.02 (ddg =
2.0, 8.8, 9.2 Hz, 2H), 7.29 (ddf = 1.2, 7.2, 7.6 Hz, 1H),
7.40-7.47 (m, 3H), 7.49 (d,= 7.6 Hz, 1H), 7.52 (dd] = 1.6, 7.2 Hz, 1H)**C NMR
(101 MHz, CDC4) 6 -0.83, -0.72, 19.4, 25.5, 30.6, 62.1, 68.8, 981%.1 (d,J = 19.3
Hz), 127.0, 128.7, 129.9, 134.5 @~ 3.7 Hz), 135.6, 135.9, 136.1 (@= 7.4 Hz),
144.3, 163.8 (dJ = 247 Hz);!%F NMR (376 MHz, CDGJ) § -112.2-112.1 (m, 1F). IR
(neat) 3058, 2948, 2871, 1588, 1498, 1439, 1403718350, 1261, 1231, 1201, 1183,
1119, 1103, 1078, 1955, 1027, 975, 906, 870, 828, 876, 756, 825, 659, 516, 500,
494, 484, 472, 456, 445, 439, 423, 409crvS (EIl, 70 eV)m'z (%) 329 (M - CH,
0.1), 277 (38), 254 (21), 165 (43), 164(17), 163)(349 (51), 96 (21), 91 (14), 85
(100), 84 (16) , 79 (16), 77 (20), 55 (20). HRMScdafor GoH25FNaQSi (M + Na)
367.1506, found 367.1488.

Me,

4-Chlorophenyl[2-(2-tetrahydropyranyloxymethyl)phenyl]dimethylsilane (3h). A
O\ yellow oil. R 0.15 (hexane—ethyl acetate = 10 : 'H.NMR
o o (400 MHz, CDC%) 6 0.58 (s, 6H), 1.46-1.66 (m, 5H), 1.73-1.81
cl (m, 1H), 3.41 (dddJ = 4.4, 5.6, 11.2 Hz, 1H), 3.74 (ddil~
\©\ D 2.0, 7.6, 11.2 Hz, 1H), 4.35 (d,= 12.0 Hz, 1H), 4.44 (s, 1H),
Si 4.64 (d,J = 12.0 Hz, 1H), 7.27-7.31 (m, 3H), 7.39-7.44 (m,
3H), 7.49 (d,J = 7.2 Hz, 1H), 7.52 (d) = 7.6 Hz, 1H);*3C
NMR (101 MHz, CDC}) ¢ -0.98, -0.87, 19.4, 25.5, 30.6, 62.1, 68.8, 9847,.0, 128.2,

130.0, 135.4, 135.5, 135.6, 135.7, 137.5, 144.Zn#at) 3056, 2945, 1577, 1484, 1381,
1349, 1257, 1200, 1119, 1084, 1026, 809, 453, 454, 439, 434 cm. MS (El, 70 eV)

M62
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M/z (%) 345 (M - CHs, 0.04), 234 (11), 165 (16), 149 (15), 85 (100),(88), 57 (10),
55 (25). HRMS calcd for §HsCINaO:Si (M + Na) 383.1210, found 383.1220.

Biphen-4-yl[2-(2-tetrahydropyranyloxymethyl)phenyl]dimethylsilane 31). A

Q colorless oil. R0.42 (hexane—ethyl acetate = 10 :'H.NMR
oo (400 MHz, CDC#)  0.62 (s, 3H), 0.63 (s, 3H), 1.43-1.64 (m,
O 5H), 1.72-1.81 (m, 1H), 3.40 (ddd= 4.8, 5.2, 11.2 Hz, 1H),
O b 3.74 (ddd,J = 2.8, 8.4, 11.2 Hz, 1H), 4.42 (d,= 12.0 Hz,
f,l‘eZ 1H), 4.45 (t,J = 3.6 Hz, 1H), 4.79 (d] = 12.0 Hz, 1H), 7.31

(ddd,J = 1.2, 7.6, 7.6 Hz, 1H), 7.35 (&1,= 2.0, 7.6 Hz, 1H),
7.41-7.46 (m, 3H), 7.50 (d, = 7.6 Hz, 1H), 7.56-7.60 (m, 7H¥C NMR (101 MHz,
CDCl) & -0.90, -0.78, 19.4, 25.5, 30.6, 62.1, 68.9, 9826.6, 127.0, 127.2, 127.5,
128.8, 128.9, 129.8, 134.6, 135.6, 136.2, 137.8,214141.8, 144.3. IR (neat) 3057,
3013, 2948, 2871, 1597, 1484, 1439, 1385, 14849,14385, 1254, 1200, 1182, 1153,
1117, 1077, 1182, 1026, 975, 906, 870, 815, 776, 687, 664, 636, 553, 516, 506, 498,
486, 468, 454, 438, 428 cMS (EI, 70 eV)miz (%) 387 (M - CHs, 0.4), 304 (21),
303 (79), 287 (14), 286 (81), 241 (18), 165 (1B} (31), 163 (55), 154 (22), 153 (19),
149 (62), 85 (100), 55 (15). HRMS calcd fofe0Na:Si (M + Na) 425.1913, found
425.1894.

4-Acetylphenyl[(2-methoxymethoxymethyl)phenyl]dimehylsilane (6j). A yellow oil.
o o o Rr 0.23 (hexane— ethyl acetate = 10 :’H.NMR (400 MHz,
CDCl) 6 0.62 (s, 6H), 2.60 (s, 3H), 3.27 (s, 3H), 4.402(3),
_ 4.46 (s, 2H), 7.32 (ddd,= 2.0, 6.8, 7.2 Hz, 1H), 7.41-7.47 (m,
,\S,:ez 2H), 7.55 (dJ = 8.0 Hz, 1H), 7.59 (d] = 8.0 Hz, 2H), 7.70 (d,
J = 8.0 Hz, 2H);**C NMR (101 MHz, CDGCJ) § -1.06, 26.8,
55.5, 69.3, 95.7, 127.3, 127.4, 128.9, 130.1, 13435.4, 135.7, 137.4, 143.7, 146.0,
198.5. IR (neat) 3055, 2925, 2853, 1726, 1685, 18949, 1436, 1388, 1357, 1258,
1209, 1149, 1106, 1105, 1042, 957, 920, 814, 738, 890, 657, 607, 514, 493, 446
cnrl. MS (El, 70 eV)m'z (%) 313 (M - CHg, 22), 283 (16), 267 (38), 251 (39), 251
(98), 209 (22), 179 (39), 163 (100), 149 (37), 33, 119 (8), 105 (13), 91 (9). HRMS
calcd for GeH24NaGsSi (M + Na) 351.1392, found 351.1386
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4-Cyanophenyl[2-(2-tetrahydropyranyloxymethyl)pheny]dimethylsilane (3k). A

yellow oil. R 0.23 (hexane—ethyl acetate = 10 : ‘. NMR
(oj\o (400 MHz, CDC}) 6 0.611 (s, 3H), 0.612 (s, 3H), 1.44-1.63 (m,
NC.__ “ 5H), 1.68-1.77 (m, 1H), 3.41 (ddd,= 4.4, 5.2, 11.2 Hz, 1H),
- \ | P 3.72 (dddJ = 2.8, 8.4, 11.2 Hz, 1H), 4.32 (@= 12.0 Hz, 1H),
I\Sﬂiez 4.43 (t,J = 2.8 Hz, 1H), 4.62 (d] = 12.0 Hz, 1H), 7.31 (di] =

1.2, 7.6 Hz, 1H), 7.44 (d§ = 1.2, 7.6 Hz, 1H), 7.49 (d,= 7.6
Hz, 1H), 7.52 (dJ) = 7.6 Hz, 1H), 7.58 (m, 4H}3C NMR (101 MHz, CDGJ) § -1.23,
-1.12, 19.4, 25.4, 30.5, 62.1, 68.8, 97.9, 11216,1, 127.2, 129.0, 130.2, 131.1, 134.57,
134.61, 135.6, 144.2, 146IR (neat) 2945, 2870, 2227, 1744, 1466, 1454, 14386,
1350, 1260, 1201, 1182,1119, 1078, 1028, 974, 806, 837, 826, 816, 778, 758, 689,
655, 554, 518, 507, 499, 448, 445, 427, 409'cMS (EI, 70 eV)nz (%) 351 (M, 0.1),
250 (89), 234 (100), 220 (9), 206 (6), 190 (115 {B5), 163 (28), 149 (15), 85 (87), 55
(14).HRMS calcd for GiH2sNaNO,Si (M + Na) 374.1552, found 374.1548.

4-Trifluoromethylphenyl[2-(2-tetrahydropyranyloxy)m ethylphenyl]dimethylsilane

O\ (3I). A yellow oil R 0.41 (hexane—ethyl acetate = 10 :'H.
N NMR (400 MHz, CDCY & 0.61 (s, 3H), 0.62 (s, 3H),
FiC 1.39-1.62 (m, 5H), 1.69-1.80 (m, 1H), 3.38 (ddd: 4.8, 5.2,
| 11.2 Hz, 1H), 3.74 (ddd, = 2.8, 8.4, 11.2 Hz, 1H), 4.33 (@=
Si 11.6 Hz, 1H), 4.41 (t) = 3.2 Hz, 1H), 4.63 (dJ = 11.6 Hz,
1H), 7.31 (dddy) = 1.2, 7.6, 7.6 Hz, 1H), 7.43 (ddbiz 1.2, 7.2,
7.6 Hz, 1H), 7.49 (dd] = 1.2, 7.6 Hz, 1H), 7.53 (dd,= 1.2, 7.2 Hz, 1H), 7.56 (d,=
8.8 Hz, 2H), 7.60 (d) = 8.8 Hz, 2H)*C NMR (101 MHz, CDQ) § -1.11, -1.01, 19.4,
25.5, 30.5, 62.1, 68.8, 97.9, 124.35 Jor 274 Hz), 124.42 (q) = 3.73 Hz), 127.2,
129.0, 130.1, 131.0 (d,= 32.3 Hz), 134.4, 135.2, 135.6, 144.2, 144B;NMR (376
MHz, CDCk) 6 -62.9 (s, 3F). IR (neat) 2943, 1439, 1401, 138491 1324, 1401, 1386,
1349, 1324, 1285, 1255, 1251, 1201, 1182, 11555,11201, 1182, 1155, 1032, 977,
906, 870, 834, 817, 793, 749, 687, 667, 652, 689, 646, 535, 520, 509, 496, 484,
479, 466, 449, 433, 417, 407 TmMS (EI, 70 eV)miz (%) 394 (M, 0.04), 293 (19),
277 (24), 215 (21), 196 (18), 165 (26), 163 (239 115), 137 (9), 127 (9), 85 (100), 55
(17). HRMS calcd for @H2sFsNa0,Si (M + Na) 417.1474, found 417.1474.

NN
MeZ
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4-Formylphenyl[2-(2-tetrahydropyranyloxymethyl)phenyl]dimethylsilane (3m). A
m colorless oil. R0.17 (hexane—ethyl acetate = 10 :'H.NMR
o o (400 MHz, CDC4) 6 0.626 (s, 3H), 0.633 (s, 3H), 1.41-1.62 (m,
OHC 5H), 1.70-1.79 (m, 1H), 3.39 (ddd,= 5.2, 5.6, 11.2 Hz, 1H),
@;@ 3.72 (dddJ = 2.0, 8.8, 11.2 Hz, 1H), 4.33 (@~ 12.0 Hz, 1H),
Me, 4.43 (t,J = 2.6 Hz, 1H), 4.63 (d] = 12.0 Hz, 1H), 7.31 (ddd,
=16, 7.2, 7.6 Hz, 1H), 7.44 (ddd,= 1.6, 7.2, 7.6 Hz, 1H),
7.49 (dd,J = 0.8, 8.0 Hz, 1H), 7.53 (dd,= 0.8, 8.0 Hz, 1H), 7.66 (d,= 8.0 Hz, 2H),
7.82 (d,J = 8.0 Hz, 2H), 10.0 (s, 1H)*C NMR (101 MHz, CDGJ) § -1.15, -1.02, 19.4,
25.5, 30.5, 62.1, 68.8, 97.9, 127.1, 128.8, 1283.1, 134.6, 135.1, 135.6, 136.6,
144.2, 148.0, 192.7. IR (neat) 2951, 2851, 1708619557, 1496, 1466, 1455, 1430,
1384, 1351, 1322, 1310, 1284, 1259, 1211, 12024,11753, 1127, 1119, 1100, 1078,
1055, 1026, 975, 906, 870, 834, 807, 777, 756, 34, 489, 458 cm. MS (El, 70 eV)
m/z (%) 339 (M - CHs, 0.4), 238 (13), 227 (18), 209 (17), 165 (10), (#3), 163 (13),
149 (59), 85 (100), 84 (18), 57 (21), 55 (30). HRiEcd for GiH26NaO:Si (M + Na)
377.1549, found 377.1556.

2-Naphthyl[2-(2-tetrahydropyranyloxymethyl)phenyl]d imethylsilane (3n).A yellow
O\ oil. R 0.16 (hexane—ethyl acetate = 20 : *H. NMR (400
o o MHz, CDCk) 6 0.668 (s, 3H), 0.672 (s, 3H), 1.35-1.55 (m, 5H),
1.67-1.76 (m, 1H), 3.27 (ddd,= 5.2, 5.2, 11.2 Hz, 1H), 3.64
D (ddd,J = 3.2, 8.4, 11.2 Hz, 1H), 4.36 @,= 3.6 Hz, 1H), 4.39
I\S/liez (d,J=12.0 Hz, 1H), 4.67 (d] = 12.0 Hz, 1H), 7.30 (ddd, =
1.6, 7.2, 7.6 Hz, 1H), 7.42 (ddd,= 1.6, 7.6, 7.6 Hz, 1H),
7.49-7.51 (m, 3H), 7.54 (dd] = 0.8, 8.0 Hz, 1H), 7.57 (dd, = 1.2, 7.6 Hz, 1H),
7.78-7.82 (m, 3H), 8.00 (s, 1HC NMR (101 MHz, CDGJ) § -0.89, -0.79, 19.4, 25.5,
30.5, 62.1, 68.9, 98.0, 126.0, 126.5, 127.0, 12¥27.8, 128.2, 128.8, 129.9, 130.4,
133.1, 133.8, 134.0, 135.7, 136.3, 136.5, 14R4neat) 3052, 2948, 2870, 2795, 2740,
2657, 1927, 1821, 1804, 1738, 1626, 1590, 15663,18465, 1454, 1439, 1385, 1350,
1324, 1257, 1200, 1182, 1153, 1119, 1081, 1023, ®0%, 869, 855, 833, 808, 777, 753,
688, 659, 631, 448, 472, 465, 454, 448, 436, 42@,¢h11. MS (El, 70 eV)m/z (%)
361 (M" - CHg, 0.6), 277 (33), 259 (30), 215 (24), 163 (22), 199), 128 (100), 85 (69),
67 (8), 55 (36). HRMS calcd foragH28NaG:Si (M + Na) 399.1756, found 399.17309.
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3-Thienyl[2-(2-tetrahydropyranyloxymethyl)phenyl]di methylsilane (30). A yellow
Q oil. Rr 0.39 (hexane—ethyl acetate = 10 : . NMR (400 MHz,
CDCl) 6 0.59 (s, 3H), 0.60 (s, 3H), 1.46-1.70 (m, 5H),711787 (m,
1H), 3.46 (dddJ = 4.0, 5.2, 11.2 Hz, 1H), 3.81 (dddl= 3.2, 8.4,
s@ D 11.2 Hz, 1H), 4.42 (d] = 12.0 Hz, 1H), 4.50 (1] = 3.6 Hz, 1H), 4.70
,\S/liez (d,J =12.0 Hz, 1H), 7.15 (dd] = 1.2, 4.4 Hz, 1H), 7.27 (ddd,=
1.6, 7.2, 7.6 Hz, 1H), 7.39 (ddd~ 0.8, 4.8, 4.8 Hz, 1H), 7.40 (ddd,
J=1.6, 7.2, 7.6 Hz, 1H), 7.45 (dd= 0.8, 2.4 Hz, 1H), 7.48-7.50 (m, 2HYC NMR
(101 MHz, CDC%) 6 -0.37, -0.28, 19.5, 25.6, 30.6, 62.2, 68.8, 982%.9, 127.0, 128.6,
129.8, 132.1, 132.8, 135.4, 136.4, 139.6, 144.2n#at) 3056, 2942, 1590, 1438, 1349,
1251, 1200, 1119, 1078, 1032, 900, 823, 772, 688, 484, 479, 473, 459, 452, 449
cnrl. MS (El, 70 eV)m/z (%) 332 (M, 0.04), 233 (17), 231 (18), 215(50), 163(54),
149(43) 141(21), 84(19), 85(100), 57(17), 55(12RME calcd for GgH24NaSQSi (M
+ Na) 355.1164, found 355.1154.

Cross-coupling of dibromoarene 9 with iup. A general procedure. Dibromoarene
(0.50 mmol), disilane (1.1 mmol) anck®0O;s (2.2 mmol) were added sequentially to a
solution of [Pd(allyl)CI} (0.025 mol), ligand (0.10 mol) and Cul (0.10 mah)
1,4-dioxane and NMP (4:1, 2.75 mL) prepared inmal3vial in a dry box. The vial was
closed with a screw cap, taken outside the dry bor, heated at 100 °C for 48 h. The
resultant mixture was filtered through Celite, dhd filtrate was evaporated and dried
in vacuo. The desired products were obtained by Preparati@and HPLC.

4,4’ -Bis[2-{(2-tetrahydropyranyloxy)methyl}phenyldi methylsilyllbiphenyl  (10a).
\/ > A yellow oil. Rr 0.20 (hexane—ethyl acetate = 10 :
0

—~ Q 1). *H NMR (400 MHz, CDC)) & 0.617 (s, 6H),

o Q 0.623 (s, 6H), 1.40-1.64 (m, 10H), 1.72-1.81 (m,
QJ L@ 2H), 3.40 (ddd,J = 1.6, 5.2, 11.2 Hz, 2H), 3.74
MezSiSiMez (ddd,J = 3.2, 8.4, 11.2 Hz, 2H), 4.41 (d= 12.0

Hz, 2H), 4.45 (tJ = 3.2 Hz, 2H), 4.69 (d] = 12.0
Hz, 2H), 7.30 (ddd) = 1.2, 7.2, 7.2 Hz, 2H), 7.42 (dd#i= 1.2, 7.2, 8.0 Hz, 2H), 7.50
(dd,J = 0.8, 8.0 Hz, 2H), 7.55-7.58 (m, 10HFC NMR (101 MHz, CDG) § -0.93,
-0.81, 19.4, 25.5, 30.5, 62.0, 68.9, 97.9, 12626,0, 128.7, 129.8, 134.6, 135.6, 136.1,
137.9, 141.6, 144.2R (neat) 3057, 3014, 2946, 2246, 1922, 1594, 14384, 1350,
1322, 1256, 1182, 1116, 1078, 1026, 907, 870, 885, 775, 756, 733, 699, 645, 524,
493 cmt. HRMS calcd for GoHsoNaQuSi (M + Na) 673.3145, found 673.3165.
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3,7-Bis[2-{(2-tetrahydropyranyloxy)methyl}phenyldimethylsilyl]-9,9-dioctyl-9H-

fluorene (10b). A vyellow oil. R 0.22

(hexane—ethyl acetate = 10 : it NMR (400

MHz, CDCE) 6 0.64 (s, 12H), 0.83 (1 = 7.2

e2 e Hz, 6H), 0.997-1.23 (m, 20H), 1.45-1.65 (m,
b é 14H), 1.81-1.89 (m, 6H), 3.44 (ddd,= 4.4,

5.2, 11.2 Hz, 2H), 3.80 (ddd,= 2.8, 8.4, 11.2
Hz, 1H), 4.42 (dJ = 12.0 Hz, 2H), 4.51 (] =
3.2 Hz, 2H), 4.68 (dJ = 12.0 Hz, 2H), 7.23 (d] = 8.0 Hz, 2H), 7.40 (dd] = 7.2, 7.6
Hz, 2H), 7.44-7.50 (m, 8H), 7.67 (d,= 7.6 Hz, 2H):}3C NMR (101 MHz, CDGJ) &
-0.76, -0.67, 14.3, 19.4, 22.8, 25.6, 29.3, 29%1,330.6, 31.9, 40.1, 55.0, 62.0, 68.9,
97.9, 119.4, 126.9, 128.5, 128.7, 129.6, 132.8,813536.9, 137.7, 142.0, 144.3, 150.3.
IR (neat) 3054, 2026, 2853, 1730, 1591, 1462, 14896, 1385, 1350, 1322, 1259,
1250, 1200, 1182, 1119, 1090, 906, 870, 832, 832, 868, 498, 491, 482, 472, 461,
454, 434 cmt. HRMS caled for §Hs:NaQ:Si> (M + Na) 909.5649, found 909.5631.
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Chapter 3
Polyarylene Synthesis
by Cross-Coupling Reaction
with HOMSI Reagents

Cross-coupling reaction of diboromoarenes with HOk&&gents (namely, or-
gano(2-hydroxymethylphenyl)dimethylsilanes), oreaiatively, bromoarenes with ar-
ylene-bisHOMSi reagents, proceeds smoothly in tlesgnce of a Pd catalyst and a
weak base, and ter- or quarterarenes are prodaoextellent yields. The present reac-
tion is successfully applied to the polyarylene thgsis using a
2,7-fluorenylene-bisHOMSi reagent along 4,7-dibrewzothiadiazole or a
2,7-dibromofluorene derivative.



3.1 Introduction

Polymers containing conjugatedelectron systems play key roles in many elec-
tronic organic materials such as sensors, semiabody photovoltaic cells (PVC),
field-effect transistors (FET), and optical deviceg.g., organic light-emitting di-
odes)? Thus invention of efficient synthetic methods feiconjugated polymers has
grown to be an important issue in synthetic orgachiemistry. Metal catalyzed
cross-coupling reaction of dihaloarenes with ordgmmetallic reagents is a powerful
tool to synthesize polyarylenes straightforwardly. In  order to obtain
high-molecular-weight polymers, use of highly réaetcross-coupling reaction is es-
sential. To this end, the Suzuki-Miyaura coupliagktensively employed so far. How-
ever, the polymer synthesis is often accompaniedhbse than trace contaminant for-
mation attributed mainly to the boron reagéhitsin this sense, organosilicon-based
cross-coupling is considered to be advantageougaltticular, recently invented ar-
yl-HOMS:i reagents, smoothly cross-couple with ageaf haloarenes to give the cor-
responding biaryls in the presence of a Pd catalydtweak base in preference to the
coupling active groups like boryl and stannyl grefif Thus, it is reasonable to apply
the HOMSi-based cross-coupling to simultaneous ipialbond forming reactions and
polymer synthesis. Herein the author describestti@aPd catalyzed cross-coupling re-
action of dihaloarenes with HOMSi reagents, or aaoes with arylene-bisHOMSI re-
agents, work well to give ter- to quinuquaryl datives. The cross-coupling reaction is
finally shown to be applicable to polyarylene saHis.

3.2 Results and Discussions

It is well recognized that the polymer synthesisthg cross-coupling reaction re-
quests a careful design of a catalyst system inmgjutigand and base in addition to
stoichimetic ratio of dihaloarenes and organobihet@agents for the preparation of
high-molecular-weight polymers. In this regard, HSMeagents have advantages of
easy handing and purification as well as cycligl ®ther formation. On the other hand,
for a single carbon-carbon bond formation, HOM®igents are generally used slightly
in exces$) Thus, the author started his research by scrutigittie cross-coupling con-
ditions for the stoichiometric coupling of 4,7-ddonobenzothiadiazoléa with phe-
nyl-HOMSI reagena. Hiyama and Nakao employed [Pd(ally)ZRuphos/Cul cata-
lyst systems for the reaction b with 2.1 eq oRa. The reaction gav@aain 75% vyield,
a level of unstisfaction (Eq 1After screening various parameters of reaction tmms,
the author found that Pd[@&(olyl)s]o/DPPF/CuBr-SMe catalyst system is more effi-
cient for the reaction, givinBaain 88% yield (Eq 2). However, the reaction prodiice
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byproduct3aa’, a product derived from the cross-coupling of 2#oyxgmethylphenyl
group on the HOMSi reagent. The author envisagatidhpart of the Ph-HOMSI rea-
gent might have decomposed by a small amout of aomat water to produce

2-hydroxymethyldimethylsilan®l, which cross-coupled with the aryl bromide to givi
3aa’. Thus, he dried GEOs thoroghly with vacuum oven and added moleculaesiv
3A in the reaction mixture (Eq 3). Yield 8aa was much improved3aa’ formation

was almost suppressed. Based on these resultaytiher has concluded that uselaf

and2ain a molar ratio of 1.0 : 2.1 with Pdjé{olyl)s]2> (2.0 mol%), DPPF (2.1 mol%),
CuBr-SMe (3.0 mol%), CsCOs (4.2 eq), MS 3A (200 mg/mmol) in THF/NMP at
50 °C is the optimal reaction conditions.

(2.1eq)

[Pd(allyl)Cl], (0.5 mol%)
Ruhos (2 mol%)
Cul (3 mol%)

K,COs5
THF/DMF, 75 °C

Pd[P(o-tolyl)s], (2 mol%)
DPPF (2.1 mol%)
CuBr-SMe, (3 mol%)

CSZCO:;
THF/NMP, 50 °C

Pd[P(o-tolyl)s], (2 mol%)
DPPF (2.1 mol%)
CuBr-SMe, (3 mol%)

"dry"Cs,CO3, MS 3A
THF/NMP, 50 °C

(1)

N’ N
\

)

3aa’
11% (NMR)

~ /

O :
T

@)

S\ OH

N
OO °
3aa’

\ /
<4% (NMR)

The scope of dibromoarengsvas proved broad enough as demonstrated in Table 1
Substituted aryl electrophiles such as 1,4-dibré@yedihexylbenzene 1¢) and
2,7-dibromo-9,9’-dioctyl-fluorenel) gave the corresponding terphenyl and quarter-
phenyl derivatives3ba and3ca) in 94% and 92% yields respectively (entries 1 2nd
Dibromo derivative of triarylaminédd reacted with?a to afford 3da in a quantitative
yield (entry 3). Dibromoheteroaren&s and 1f also underwent the phenyl coupling in
excellent yields (entries 4 and 5).
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Table 1.Cross-coupling reaction of dihaloaredewith 2a.2

Pd[P(o-tolyl)3], (2.0 mol%)

DPPF (2.1 mol%)
HO CuBr-SMe, (3.0 mol%) g
Br—Ar—Br + ) Ph—Ar—Ph + .
Ph—Si Si

Cs,C0O3 (2.1 mmol)

Me, MS 3A Me,
1 2a THF/NMP, 50 C, 5 h 3 4
(0.50 mmol) (2.05 mmol) quant
Ent 1 3 Yield
ntr
g (%)
Hex Hex
1 Br Br 1b Ph Ph 3ba 94
Hex Hex
Oct. Oct Oct Oct
2 1c 3ca 92

BrBr
3 'BUON@&)Z 1d ’Bu@N@Ph)Z 3da 98

Et Et

. 1 - st 90

S S

5

aUnless otherwise noted, a mixturelof0.50 mmol).2a (1.05 mmol), Pd[R¥-tolyl)s]2 (0.010 mmol), DPPF (0.011
mmol), CuBr-SMg (0.015 mmol), C£0s (2.10 mmol), MS 3A (100 mg), THF (0.75 mL) and NNIP25mL) was
heated at 50 °C for 5 Aisolated yield. NMP N-methyl-pyrrolidone.

Having succeeded in the cross-coupling of dibromes with phenyl-HOMSI rea-
gent 2a, the author turned his attention to the reactibrother aryl and heteroar-
yl-HOMS:i reagents 2b-2f) with 2,7-dibromobenzothiadiazoléd) as a coupling part-
ner? As summarized in Table 2, the teraryl and quaryesynthesis proceeded without
any problem. Perturbation by artho substituent is minimum (entry 1). When fluorenyl
-HOMSi reagenc was used, the corresponding quinquaryl derivéa®was obtained
in 87% vyield (entry 2). Diphenylamino group did imatmper the reaction, but the isolated
yield of 3ad was slightly lower (entry 3). Heteroaryl groupsclsuas 2-thienyl and
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2-carbazoyl groups tolerated the coupling reaatmmditions to give8aeand3af in 91%
and 99% vyields, respectively (entries 4 and 5).the best of his knowledge, the
cross-coupling reaction of 4,7-dibromobenzothiagdli@zvith a 2-thienylsilane reagent
have never been performed before.

Table 2. Cross-coupling reaction df with 2

Pd[P(o-tolyl)s], (2.0 mol%)

s. DPPF (2.1 mol%) s.
NN HO@ CuBr-SMe, (3.0 mol%) NN O/Ij
T A—si T
1a 2 THF/NMP, 50 °C, 5-9 h 3 4
(0.50 mmol) (1.05 mmol) quant
Entry 2 3 Yield (%)°
Hex Hex N\/ \/N Hex
1 QSi 2b 3ab 99
Hex Hex Hex
Oct. Oct Oct Oct N N Oct Oct
2 Q.O g 2¢ O.Q .O 3ac 87
.S,
\
3 . 2d 3ad 76
Et Et N Et
NN
OO SO
N’S\N
T \
5 QS of - - 3af 99

aUnless otherwise noted, a mixture X (0.50 mmol),2 (1.05 mmol), Pd[Ry-tolyl)s]2 (0.010 mmol), DPPF (0.011
mmol), CuBr-SMe (0.015 mmol), C£0s (2.1 mmol), MS 3A (100 mg), THF (0.75 mL) and NM®25mL) was
heated at 50 °C for 5-9 hblsolated yield.

The scope of the reaction of bromoarenes with erdéiaylene-bisHOMSIi reageb
as an organobimetallic coupling partner is sumnedrim Table 3. The reaction 6f
(0.50 mmol) with bromobenzerta (1.05 mmol) proceeded smoothly in the presence of
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Pd[PE-tolyl)s]2 (5 mol%), DPPF (5.3 mol%), CuBr-SMé¢7.5 mol%), CsCOs (4.0

equiv.) and MS 3A (200 mg/mmol) in toluene/DME & % for 24 h to giv&a (iden-

tical to 3ca) in 91% vyield (entry 1). Dihexyl substituents immmobenzen&b did not
seriously hamper the reaction to give the corredpanbisarylated fluorene7p) in

72% vyield (entry 2). Heteroaryl electrophiles alsacted with6 to give the corre-
spondingquateraryléc and7d in good to excellent yields (entries 3 and 4).

Table 3. Cross-coupling reaction of bromoare®esith 6.

Pd[P(o-tolyl)3], (5.0 mol%)
Oct_ Oct DPPF (5.3 mol%)
CuBr-SMe,, (7.5 mol%)

Ar—Br + o ' .
S'S’ Cs,COs (2.0 mmol)
MS 3A

5 6 toluene/DME, 50 °C
(1.05 mmol) (0.50 mmol) 24-37 h

7 4
quant
Entry 5 7 Yield (%)
Oct Oct
7a
L O s Oy D) ey @
- (O s
Hex Hex Oct Oct Hex
2 er 5b Q Q.O O 7b 72
Hex
Oct Oct
s (e s "
/S\

N\ /N Oct Oct
4¢ O 5d 7d 94
: Q'O

aUnless otherwise noted, a mixture5of1.05 mmol)6 (0.50 mmol), Pd[R{-tolyl)s]2 (0.025 mmol), DPPF
(0.026 mmol), CuBr- SMg0.038 mmol), C£0s (2.0 mmol), MS 3A (100 mg), PhMe (0.75 mL) and DME
(0.25mL) was heated at 50 °C. DME = 1,2-dimethoxge#r*Reaction run on a 0.20 mmol scale.




Present cross-coupling reaction was applied to odiobarenesl and fluo-
renylene-bisHOMSIi reagestto give the corresponding conjugated polyarylgikes4
and 5). Co-polymerization dfa and6 in a strictly equimolar ratio under the optimized
conditions proceeded smoothly to give poly(9,9-tilfltiorene-co-benzothiadiazole)
(F8BT) with Mw of 23000 (PDI 2.97) (Eq 29)F8BT is attracting special interest as a
photovoltaic and light-emitting materidi8.4,7-Dibromo-9,9'-dioctylfluorenelc also
reacted with6 to give a polyfluorene with Mw of 17000 (PDI 3.78)almost quantita-
tive yield (eq. 3).

/S\

Oct. Oct Pd[P(o-tolyl)3], (5.0 mol%)
\ DPPF (5.3 mol%)
Br Br , Si QO Si  CuBr-SMe, (7.5 mol%)
Cs,CO5 (2.0 mmol)
1a 6 MS 3A
(0.50 mmol) (0.50 mmol) toluene/DME, 85 °C, 24 h
8 X =Br,H,Y =SiH 4
Mn = 7700, M,, = 23000 quant
M, /M, = 2.97
Oct. Oct Oct. Oct Pd[P(o-tolyl)s], (5.0 mol%)

Ruphos (10 mol%)

BrBr + Sis,' CuBr-SMe; (7.5 mol%)
Cs,CO3 (2.0 mmol)
1c 6 MS 3A
(0.50 mmol) (0.50 mmol) toluene/DME, 50 °C, 24 h

9X=Br,H,Y=S8iH 4
M,, = 4600, M,, = 17000 quant
M,/M,=17000 = 3.73

Co-polymerization of dihaloarelenes with bisHOMB&agents resulted in broad PDI.
For materials use, narrow PDI is suitable. Thus,gresent cross-coupling reaction was
examined whether the chain-growth polymerizatideesaplacé? This polymerization
method is demonstrated to give polymers with weltmlled molecular weight and
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narrow PDI. Polymerization of bromofluorenyl-HOM®&iagentlO was carried out in
the presence of (dppf)Pd(Ph)(BY)and CuBr-SMeas catalysts (Table 4). Whdi®
was polymerized in the presence of Pd catalyst ®4)7 Cu catalyst (7.5 mol%),
C=2CQ0s (2.0 eq), and MS 3A (200 mg/mol) in toluene/DMENI 3/1) at 50 °C, the
polymerization gave polymerl with relatively narrow PDI (1.78) (entry 1). Althgh,
the polymerization diluted in a toluene/DME solutigave the desired polymer, PDI
turned out to be 3.03 (entry 2). Perhaps, freeagalm(0) species might have formed
through reductive elimination of Ar-Pd-fluorene coliex before participation in oxida-
tive addition to C-Br bond of other monomer. As titess-coupling reaction with ar-
yl-HOMS:i ragents is considerd to proceed via aybmer intermediate, formation of
aryl-copper species might be assumed to be sloaddition, Ar-Pd-Br complex might
undergo reductive elimination to form free Pd(Oy &r-Br. Thus, the author repeated
the polymerization using 50 mol% of Cu catalystasoto form exess aryl-copper spe-
cies. However, the copper so-catalyst was ineffedn the present polymerization (en-
tries 3 and 4). In the presence of less amountdo&riRl Cu catalysts, the reaction was
extreamely slow (entry 5). According to these ekpets, chain-growth polymerization

Table 4. Chain-growth polymerization of 10

Ph,
<=~ R’ pn .
Fe /Pd\ (XmO'A))
Oct Oct @—gh Br Oct Oct
2
i CuBr-SMe;, (y mol%)
Si Br Ph Br
c2.00, 15 0
PhMe/DME (z M), 50 °C n
10 48 h 1
Entry Pdcomplex CuBr-SMe PhMe/DME vyield My Muw PDI
(x mol%) (y mol%) (zM) (%)
1 5.0 7.5 1 >99 4200 7600 1.78
2 5.0 7.5 0.5 98 4700 14000 3.03
3 5.0 50 1 46 5100 12700 2.49
4 5.0 50 2 45 4600 10100 2.19
5 1.0 15 1 43 600 7800 14.1

aUnless otherwise noted, a mixtureldr(0.50 mmol), (dppf)Pd(Ph)(Br) (0.025 mmol), CuBr- SMesCQOs (1.0
mmol), MS 3A (100 mg), PhMe/ DME (3/1) was heate8@°C for 48 h. DME = 1,2-dimethoxyethane.
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dose not appear to proceed under the present conditions.

In summary, the author has demonstrated that HOMS&d cross-coupling reaction
is an efficient and straightforward strategy fansitaneous multiple cross-coupling and
polymer synthesis. Double cross-coupling of dibrarenes with HOMSi reagents pro-
ceeds smoothly to give ter- and quarter aryls ighhyields. When the fluoren-
lene-bisHOMSi reagent is used in the reaction,ouaridouble arylated fluorenes are
smoothly obtained. The present reaction is dematestrto be applicable to synthesis of
n-conjugated polymers for electron organic materials
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3.3 Experimetal
Preparation of 2,5-Dihexylbromobenzene (5b)
Hex To a solution of 2,5-dihexyl-1,4-dibromobenzerib)( (1.5 g, 3.7
mmol) in THF (37 mL) was added a 2.69 M solutionneBuLi in
hexane (1.4 mL, 3.7 mmol) at -78 °C, and the mixtwas stirred at
Hex -78 °C for 1 h, and then quenched with MeOH at*>Z8The resulting
5b mixture was added toJ at rt. The aqueous layer was extracted three
times with E3O, and the combined organic extracts were dried ambydrous MgS©
After concentration in vacuo, the residue was pdiby flash column chromatography
on silica gel to givédb (1.1 g, 89%) as a colorless oils ®58 (hexane):H NMR (400
MHz, CDCB) 6 0.82-0.94 (m, 6H), 1.23-1.41 (m, 12H) 1.52-1.63 4H) 2.53 (t,J =
7.6 Hz, 2H), 2.67 (t) = 8.0 Hz, 2H), 7.02 (dd] = 1.6, 8.0 Hz, 1H), 7.10 (d,= 7.6 Hz
1H), 7.34 (dJ = 1.8 Hz, 1H);¥3C NMR (101 MHz, CDGJ) § 14.24, 14.25, 22.7, 22.8,
29.1, 29.3, 30.2, 31.4, 31.8, 35.2, 35.9, 124.3,8,2130.1, 132.6, 139.3, 142.5. One
alkyl carbon signal is overlapping other signais (heat) 2955, 2927, 2856, 1606, 1557,
1491, 1465, 1400, 1378, 1038, 882, 724, 674'cMS (El, 70 eV)m/z (%) 325 (M,
40), 254 (100), 175 (56), 170 (20), 115 (15), 10%) (91 (12).

Br

Preparation of [(2,5-Dihexyl)phenyl][2-(hydroxymethyl)phe-nyl]dimethylsilane

Hex HO (2b). A general procedure for preparation of HOMSI reagents.
_ To a solution of 2,5-dihexylbromobenzene (1.3 §,mol) in
I\SAIez THF (5 mL) was added a 1.65 M solutionreBulLi in hexane

(2.5 mL, 4.1 mmol) at -78 °C, and the mixture waged at
-78 °Cc  for 2 h. To this was added
1,1-dimethyl-2-oxa-1-silaindanrt(1.3 g, 8.0 mmol). The resulting mixture was wailme
slowly to rt and stirred for 17 h, and then quenttvgh H.O at O °C. The aqueous layer
was extracted thrice with #£3, and the combined organic layer was dried ovéy-an
drous MgSQ. After concentration in vacuo, the residue wasdfigar by flash column
chromatography on silica gel to gi2é (1.3 g, 78%), as a colorless oils ®45 (hex-
ane-ethyl acetate = 10 :1*H4 NMR (400 MHz, CDCJ) § 0.62 (s, 6H), 0.82 ({1 = 7.4
Hz, 3H), 0.89 (tJ = 6.8 Hz, 3H), 0.97-1.40 (m, 15H), 1.55-1.65 (m)2R35-2.41 (m,
2H), 2.58 (tJ = 8.0 Hz, 2H), 4.45 (d] = 6.0 Hz, 2H), 7.08 (d] = 7.6 Hz, 1H), 7.16 (dd,
J=1.6, 7.6 Hz, 1H), 7.27-7.34 (m, 1H), 7.36 Jds 2.0 Hz, 1H), 7.37-7.43 (m, 3H),
7.62 (d,J=7.2 Hz, 1H)}*C NMR (101 MHz, CDGJ) § 0.2, 14.2, 14.3, 22.7, 22.8, 29.2,
29.6, 31.7, 31.8, 31.9, 32.2, 35.8, 35.9, 65.4,3,21128.4, 128.9, 129.9, 130.0, 134.8,
134.9, 136.4, 137.6, 139.9, 146.4, 146.6. IR (n@a17b, 3001, 2955, 2927, 2856, 1477,

Hex
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1466, 1436, 1396, 1378, 1255, 1250, 1199, 11465, 1177, 1029, 1012, 833, 813, 773,
754, 647 cmt. MS (El, 70 eV)miz (%) 395 (36), 293 (12), 246 (30), 175 (100), 149
(75), 105 (19), 91 (27). HRMS calcd for#&4:NaOSi (M + Na) 433.2903, found
433.2904.

Other HOMS:i reagents were prepared by the simiacgrures.

2-[(2- Hydroxymethylphenyl)dimethylsiIy]-9,9-diocty|-9H-fluorene (2c) A colorless

Oct_ Oct viscous oil. R 0.45 (hexane-ethyl acetate = 10 : H.
. NMR (400 MHz, CDC}) & 0.55-0.69 (m, 4H), 0.65 (s,
Q Me2 6H), 0.82 (t,J = 7.2 Hz, 6H), 0.97-1.29 (m, 21H),

1.87-1.98 (m, 4H), 4.53 (d,= 5.6 Hz, 2H), 7.26-7.35 (m,
4H), 7.39-7.48 (m, 4H), 7.57 (d,= 7.2 Hz, 1H), 7.66-7.73 (m, 2H¥C NMR (101
MHz, CDCk) § -0.7, 14.2, 22.8, 23.9, 29.3, 30.1, 31.9, 40.30555.2, 65.5, 119.5,
120.0, 123.0, 126.9, 127.1, 127.5, 128.3, 128.8,0,3.32.6, 135.8, 136.7, 137.4, 140.9,
142.4, 146.8, 150.4, 151.0. IR (neat) 3357, 3058633003, 2954, 2926, 2854, 1600,
1590, 1562, 1464, 1399, 1376, 1255, 1250, 11250,10077, 1023, 1003, 818, 774,
742, 688, 644 cm. HRMS calcd for GeHsaNaOSi (M + Na) 577.3842, found
577.3850.

2-[2- (Hydroxymethyl)phenyl]dimethylsilyl]—9-ethyl-9 H-carbazole (2e).A pale yel-
low viscous oil. R0.11 (hexane-ethyl acetate = 10 : 1).
/\/(j 'H NMR (400 MHz, CDCJ) § 0.71 (s, 6H), 1.23 () =
“Mez 6.0 Hz, 1H), 1.41 () = 7.2 Hz, 3H), 4.36 (q] = 7.2 Hz,
2H), 455 (d,J = 6.0 Hz, 2H), 7.18-7.26 (m, 1H),
7.29-7.51 (m, 6H), 7.55 (s, 1H), 7.64 (05 7.2 Hz, 1H), 8.07-8.13 (m, 2HYC NMR
(101 MHz, CDC%) 6 -0.6, 14.0, 37.5, 65.5, 108.7, 113.7, 119.0, 12028.8, 122.8,
124.0, 124.1, 126.2, 127.1, 128.5, 130.1, 135.3,93136.6, 139.8, 140.2, 146.8. IR
(KBr) 3430, 3052, 2972, 2952, 2933, 2892, 2873,718%22, 1591, 1559, 1553, 1491,
1473, 1454, 1431, 1378, 1364, 1346, 1324, 11272,100978, 1056, 1044, 1020, 998,

834, 818, 791, 776, 766, 746, 727, 687, 663, 489, 431 cm'. HRMS calcd for
Ca3H2sNaOSi (M + Na) 382.1603, found 382.1600.
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Preparation of

oH Oct_ Oct HO/\/@ 2,7-Bis[(2-hydroxymethylphenyl)dimethylsily
@Si []-(9,9-dioctyl-9H-fluorene (6). To a solution
Me, Me, of 9,9-dioctyl-2,7-dibromofluorene (5.5 g, 10
mmol) in THF (40 mL) was added a 2.69 M
solution ofn-BuLi in hexane (7.5 mL, 20 mmol) at -78 °C, and thixture was stirred
at -78 °C for 2 h. To this was added 1,1-dimethgx@-1-silaindan (6.6 g, 40 mmol).
The resulting mixture was warmed slowly to -10 °@ astirred for 36 h, and then
quenched with bD at 0 °C. The aqueous layer was extracted thmeestivith E£O, and
the combined organic layers were dried over anhygligSQ. After concentration in
vacuo, the residue was purified by flash chromatplgy on silica gel to afford the title
compounds (4.3 g, 60%), as a colorless solid. mp 73-74 °@.B7 (hexane-ethyl ace-
tate = 10 : 1)!H NMR (400 MHz, CDCJ) 6 0.52-0.62 (m, 4H), 0.65 (s, 12H), 0.83]t,
= 7.2 Hz, 6H), 0.95-1.29 (m, 22H), 1.84-1.94 (m,) 4453 (d,J = 6.0 Hz, 4H), 7.29 (dt,
J=2.0, 7.2 Hz, 2H), 7.39-7.48 (m, 8H), 7.56 Jd; 7.6 Hz, 2H), 7.68 (d) = 7.6 Hz,
2H); 3C NMR (101 MHz, CDGJ) § -0.7, 14.3, 22.8, 23.9, 29.30, 29.31, 30.0, 34091,
55.1, 65.5, 119.7, 127.1, 128.37, 128.41, 130.2,6,335.7, 136.6, 137.9, 142.1, 146.8,
150.5. IR (KBr) 3387, 3281, 3055, 2950, 2922, 282869, 2852, 2363, 1464, 1432,
1399, 1375, 1259, 1250, 1205, 1162, 1125, 10916,10009, 847, 832, 818, 802, 777,
754, 727, 687, 643, 606, 435 THRMS calcd for G-HesNaO:Si; (M + Na) 741.4499,
found 741.4478.

Cross-coupling reaction of 2,7-dibromobenzothiadiaae (1a) with phenyl-HOMSI
reagent 2a.A general procedure of cross-coupling reaction of 1a with 2. To a mixture
of 1a (147 mg, 0.50 mmol), GEOs (684 mg, 2.10 mmol), Pd[Btolyl)s]> (7.2 mg, 10
umol), DPPF (5.8 mg, 1imol), CuBr-SMe (3.1 mg, 15umol), Molecular Sieves 3A
(100 mg) in THF (0.75 mL) and NMP (0.25 mL) in aesg vial was adde@a (255 mg,
1.05 mmol), and the mixture was stirred at 50 °C6ft. The resultant solution was fil-
tered through a Florisil pad, and diluted with dicbmethane. Concentration in vacuo
followed by preparative TLC gave the correspondingpling product3aa (137 mg,
95%).

4,7-Diphenyl-benzo[1,2,5]thiadiazole (3aa)CAS registry number: 287976-96-9.
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2',5'-Dihexyl-1,1":4',1"-terphenyl (3ba). A colorless oil. R0.43 (hexane)!H NMR

Hex (400 MHz, CDC}) 6 0.81 (t,J = 7.2 Hz, 6H), 1.09-1.25 (m, 12H),
1.47 (quint,J = 7.2 Hz, 4H), 2.53-2.61 (m, 4H), 7.13 (s, 2H),
7.32-7.38 (m, 6H), 7.39-7.45 (m, 4HJC NMR (101 MHz, CDQ)

Hex § 14.1, 22.6, 29.3, 31.5, 31.7, 32.9, 126.8, 12829.5, 131.0,

137.6, 141.0, 142.4; IR (neat) 2954, 2926, 285811401 cm'. MS (El, 70 eV)m/z
(%) 398 (M, 100), 372 (16), 255 (13), 243 (94), 165 (11). HRBAlcd for GoHzs (M)
398.2974, found 398.2946.

Ph Ph

9,9-Dioctyl-2,7-diphenyl-H-fluorene (3ca) A colorless oil. R 0.23 (hexane)H

Oct, Oct NMR (400 MHz, CDCJ) § 0.68-0.82 (m, 4H), 0.79 (§,= 7.2
Phph Hz, 6H), 1.00-1.28 (m, 20H), 2.00-2.08 (m, 4H),67(&, J =

1.2, 7.2 Hz, 2H), 7.48 (] = 7.6 Hz, 4H), 7.54-7.61 (m, 4H),

7.65-7.74 (m, 4H), 7.77 (dd,= 0.4, 7.6 Hz, 2H)}*C NMR (101 MHz, CDGJ) § 14.1,
22.7, 24.1, 29.3, 30.2, 31.9, 40.6, 55.5, 120.1,8,2126.3, 127.3, 127.4, 128.9, 140.3,
140.4, 142.0, 151.9. One alkyl carbon signal iglaypping other signals. IR (neat) 3058,
3029, 2953, 2926, 2853, 1598, 1501, 1464, 1412718252, 1075, 1024, 889, 824,
760, 729, 709, 697 cth HRMS calcd for GiHso (M) 542.3913, found 547. 3914.

Bis(biphenyl-4-yl)(4-isobutylphenyl)amine (3da) A pale yellow solid. mp 88-89 °C.
i-Bu Rr 0.34 (hexane-ethyl acetate = 20 :*H.NMR (400 MHz,
CDCls) 6 0.87 (t,J=7.4 Hz, 3H), 1.25 (d] = 6.9 Hz, 3H), ,
1.596 (quintJd = 7.0 Hz, 1H) 1.600 (quint] = 7.0 Hz, 1H),
N 2.58 (sextJ = 7.0 Hz, 1H), 7.11 (s, 4H) 7.17 (dt= 2.0, 8.8
/©/ \Q Hz, 4H), 7.30 (ttJ = 1.2, 7.6 Hz, 2H), 7.37-7.45 (m, 4H),
Ph Ph7.47 (dt,J = 2.0, 8.8 Hz, 4H), 7.55-7.61 (m, 4HFC NMR
(101 MHz, CDC¥) 6 12.5, 21.9, 31.4, 41.2, 123.9, 125.1, 126.8, 12629.9, 128.1,
128.9, 135.1, 140.8, 143.1, 145.2, 147.3. IR (KE%6, 3030, 2957, 2925, 2870, 1598,
1517, 1509, 1485, 1460, 1450, 1407, 1376, 13201,1P865, 1187, 1178, 1109, 1075,
1005, 995, 832, 763, 744, 718, 693, 641, 618, 899, 475, 456, 409 cth HRMS
calcd for GsHziNNa (M + Na) 476.2354, found 476.2348.

9-Ethyl-2,7-diphenyl-9H-carbazole (3ea) A pale yellow solid. mp 194-195 °C.t R
Et 0.13 (hexane-dichloromethane = 4 : *H.NMR (400 MHz,

phph CDCl) § 1.49 (t,J = 7.2 Hz, 3H), 4.46 (q) = 7.2 Hz, 2H),
7.34-7.41 (m, 2H), 7.45-7.53 (m, 6H), 7.59 (s, 2HJ0-7.77
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(m, 4H), 8.14 (dJ = 8.0 Hz, 2H);:2*C NMR (101 MHz, CDGJ) § 14.1, 37.7, 107.2,
118.9, 120.8, 122.1, 127.2, 127.8, 128.9, 139.3,114142.4. IR (KBr) 3057, 3029,
2974, 2945, 2929, 2869, 2362, 1626, 1602, 15618,15601, 1481, 1460, 1440, 1428,
1379, 1344, 1330, 1309, 1256, 1221, 1126, 1092510876, 1062, 1021, 993, 927,
916, 853, 818, 809, 740, 720, 698, 680, 644, 683, 520, 455 cm. MS (El, 70 eV)
m/z (%) 347 (M}, 100), 332 (80), 173 (15), 165 (19). HRMS calcd@asHaNNa (M +
Na) 370.1572, found 370.1589.

2,5-Diphenylthiophene (3fa) CAS registry number: 1445-78-9

4,7-Bis(2,5-Dihexylphenyl)benzo[1,2,5]thiadiazole3ab). A pale green oil. R0.43
N/S\N Hex (hexane-ethyl acetate = 20 : tH NMR (400 MHz,

Hex
b CDCk) 5 0.76 (t,J = 7.2 Hz, 6H), 0.88 (t) = 6.8 Hz,
O O O 6H), 0.99-1.18 (m, 12H), 1.25-1.48 (m, 16H), 1.66
Hex  Hex (quint,J = 7.6 Hz, 4H), 2.45 () = 7.6 Hz, 4H), 2.65 (t,

J=7.6 Hz, 4H), 7.18 (d] = 2.0 Hz, 2H), 7.21-7.26 (m, 2H), 7.31 (b= 7.8 Hz, 2H),
7.54 (s, 2H);*C NMR (101 MHz, CDGJ) § 14.1, 14.3, 22.6, 22.8, 29.2, 29.3, 31.2,
31.57, 31.58, 31.9, 33.3, 35.7, 128.7, 129.3, F30130.48, 134.6, 137.0, 138.6, 140.3,
154.5. IR (neat) 3013, 2955, 2926, 2855, 1486, 14837, 896, 856, 824, 733 tin
HRMS calcd for GaHesoN2NaS (M + Na) 647.4375, found 647.4376.

4,7-Bis(9,9- dioctyl SH -fluoren-2-yl)-benzo[1,2,5]-thiadiazole (3ac) A yellow-green
Oct. Oct Oct Oct oil. Rt 0.45 (hexane-ethyl acetate = 20 : 1).
IH NMR (400 MHz, CDGJ) § 0.68-0.90 (m,
Q O O Q O 20H), 1.05-1.29 (m, 40H), 1.95-2.22 (m,
8H), 7.30-7.42 (m, 6H) 7.77 (d,= 6.4 Hz,
2H), 7.80-7.92 (m, 4H), 7.98 (s, 2H), 8.03 {ds 7.8 Hz, 2H);**C NMR (101 MHz,
CDChk) ¢ 14.2, 22.7, 24.0, 29.37, 29.39, 30.2, 32.0, 46543, 119.8, 120.1, 123.1,
124.0, 127.0, 127.4, 128.0, 128.3, 133.7, 136.8,84141.5, 151.2, 151.4, 154.5. IR
(neat) 2954, 2925, 2852, 1466, 1451, 826, 73%.ddRMS calcd for GHssN2NaS (M
+ Na) 935.6253, found 935.6290.

4,7-Bis[(4-diphenylamino)phenyl](benzo-[1,2,5]thiathzole (3ad) An orange solid.
S\ mp 232233 °C. R 0.14 (hex-

S ane-dichloromethane = 2 : 1% NMR (400
PhaN O O Q NP2 MHz, CDCE) 7.07 (tt,d = 1.2, 7.2 Hz, 4H),

66



7.17-7.24 (m, 12H), 7.27-7.34 (m, 8H), 7.75 (s, 2H38 (d,J = 8.8 Hz, 4H)°C NMR
(101 MHz, CDC}) & 123.1, 123.4, 125.0, 127.6, 129.5, 130.0, 1313R.3, 147.6,
148.1, 154.3. IR (KBr) 1588, 1515, 1485, 1460, 1333, 1316, 1277, 1178, 883, 837,
823, 754, 732, 697, 621, 523, 513 &MHRMS calcd for GaHsoNNaS (M + Na)
645.2089, found 645.2115.

4,7-Bis(9-ethyl-H-carbazol-2-yl)benzo[1,2,5]-thiadiazole (3ae)A yellow solid. mp
£y NN Et 234236 °C. R 014  (hex-
N b N ane-dichloromethane = 2 : 1)H NMR
Q O O Q O (400 MHz, CDC4) 6 1.50 (t,J = 7.2 Hz,
6H), 4.47 (q.J = 7.2 Hz, 4H), 7.27 (t) =
7.6 Hz, 2H), 7.42-7.54 (m, 4H), 7.82 (dds 1.2, 8.0 Hz, 2H), 7.95 (s, 2H), 8.11 (s, 2H),
8.16 (d,J = 7.8 Hz, 2H), 8.25 (d] = 8.0 Hz, 2H);'*C NMR (101 MHz, CDGJ) § 14.1,
37.8, 108.7, 109.7, 119.1, 120.4, 120.6, 120.8,91223.2, 126.1, 128.6, 134.1, 135.1,
140.3, 140.8, 154.6. IR (KBr) 2366, 2360, 1598,5,48169, 1450, 1442, 1350, 1328,

1231, 1157, 1129, 1085, 881, 844, 822, 813, 798, 786, 725 crt. HRMS calcd for
CasH26N4NaS (M + Na) 545.1776, found 545.18009.

4,7-Bis(thiophen-2-yl)benzo[1,2,5]thiadiazole  (3af) CAS registry number:
165190-76-1

2,7-Bis(2,5-dihexylphenyl)-9,9-Dioctyl-8i-fluorene (7b). A colorless oil. R 0.45

Hex Oct, Oct Hex (pentane).'H NMR (400 MHz, CDCJ) &
O . O 0.68-0.80 (m, 4H), 0.806 (il = 7.2 Hz, 6H),
Q O 0.810 (t,J = 7.2 Hz, 6H), 0.89 (t) = 7.2 Hz,

Hex Hex 6H), 1.00-1.50 (m, 48H), 1.66 (m, 4H),

1.93-2.01 (m, 4H), 2.53-2.68 (m, 8H), 7.09-7.16 @nl), 7.22 (d,J = 7.6 Hz, 2H),
7.25-7.31 (m, 4H), 7.74 (dd,= 1.2, 7.2 Hz, 2H)**C NMR (101 MHz, CDGJ) § 14.2,
14.3, 22.7, 22.77, 22.80, 24.1, 29.4, 29.48, 29633, 31.7, 31.88, 31.92, 32.0, 33.2,
35.7, 40.7, 55.2, 119.3, 124.0, 127.4, 128.1, 12830.2, 137.8, 139.6, 140.3, 141.1,
142.3, 150.6. Three alkyl carbon signals are opeitay each other. IR (neat) 3008,
2955, 2925, 2855, 1608, 1497, 1467, 1377, 907, 828, 759, 735, 723 cth HRMS
calcd for GsHoo (M + H) 305.1937, found 305.1956

2,7-Bis(thiophen-2-yl)-9,9-dioctyl-#H-fluorene  (7c) CAS registry number:
338469-45-7
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4,7-Bis(benzo[1,2,5]thiadiazol-2-yl)-9,9-dioctyl#d-fluorene  (7d). CAS registry
number: 1088119-02-1

Poly[2,7-(9,9-dioctylfluorenylene)eo-(4,7-benzothiadiazolylene)] (8) CAS registry
number: 210347-52-7

Poly(9,9-diocty-2,7-Ifluorenylene) (9) CAS registry number: 12386-00-6
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Chapter 4
Silicon-Based C-N coupling Reaction

Palladium-catalyzed @ C-N  bond-forming  cross-couplingeaction  of
N-trimethylsilyl-substituted secondary and primarylamines with aryl bromides and
chlorides is found to proceed in the presence ftda@ide activator in DMI, giving tri-
arylamines in excellent yields. When aryl bromidhel dois(silyl)amine are used in this
reaction, double C—-N bond forming products are iobtain high yields. The present
reaction is successfully applied to C—N bond-forgrpolymerization.



4.1 Introduction

Arylamines are an important structural motif forieas pharmaceuticals, natural
products, dyes, agrochemicals and functionalizelynpers? and can be prepared
straightforwardly by the metal-catalyzed cross-dmgp reaction of aryl halides or
pseudohalides with nitrogen nucleophiésParticularly, the Pd-catalyzed reaction, so
called Buchwald-Hartwig aminatich,is of great significance because of straightfor-
ward approach and better functional group comgayibirhe reaction usually requires
strong bases for effective aromatic amination. Ndly base-sensitive functional
groups cannot tolerate the presence of such bbwsesder to overcome this drawback,
milder reaction conditions were developed: usecti’a catalyst systerfisand/or weak
base® and aqueous conditiofs.However, improvement of nucleophilic nitrogen
source is almost unchanged since stannylaminesap@ieed by Migita, Kosugi et &l.

Hiyama and his coworkers have studied the silicaseld C—C bond-forming
cross-coupling reactiofl. This particular reaction proceeds under mild ctons since
carbon nucleophiles are generated smoothly by #aetion of orgonosilicon com-
pounds with a fluoride activator. The concept afamosilicon/fluoride activator to gen-
erate active nucleophiles has been applied to Gatiplmg reaction with limited suc-
cess. Barluenga and co-workers reported that awggling reaction of aryl halides
with silylaldimines to giveN-arylated aldimine®. Smith, Holmes and coworkers de-
veloped the reaction of aryl halides with silylagsnin supercritical carbon dioxide
(scCQ).19 The latter is seminal. However, the use of se@@its its scope: substrates
such as monosilyl primary amines are not appliealthey react with scGOMoreover,
the reaction needs special pressure bottles. Thasauthor has decided to study the
Pd-catalyzed cross-coupling reaction of aryl halidath silylamines and found the re-
action is achieved under mild conditions in DMI.

4.2 Results and Discussion

On the basis of the silicon-based cross-couplimgtien, the author examined the
prototypical standard reaction conditions and sioomd that 4-bromotoluend ) cou-
pled with N-TMS-diphenylamine Za) in the presence of Pd(dbajl mol%), Xphos
(2-dicyclohexylphosphino-2’,4’,6'-triisopropylbiphgl)*Y) (2 mol%), and CsF (1.5 eq)
in DMI at 100 °C for 30 min to give diphenpglfolyl)amine Gaa) in 97% yield (Table 1,
entry 1). The reaction conditions were applied &wious aryl halides. Less reactive
4-chlorotolueneX’a) also underwent the C—N coupling to foBaain 77% yield (entry
2). Phenyl and electron-rich aryl bromides havinge) NMe> and NPh groups at a
para positions did not hamper the reaction to givedbeesponding coupling products
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in excellent yields (entries 3-6). Substrates biise-sensitive carbonyl groudd and
19)*® smoothly reacted to giv8fa and 3ga quantitatively (entries 7 and 8). Elec-
tron-withdrawing groups such as £€&nd NQ did not interfere with the reaction (en-
tries 9 and 10). Sterically hindered 2-bromotolu€lj¢ reacted without any problem,
and coupling produc3ja was obtained in 99% yield (entry 1hyeta-Dimethylphenyl
bromide (k) gave3ka in 98% vyield (entry 12). 1- and 2-Bromonaphthate(i and
1m) gave corresponding C—N coupling produgis and3ma in 94% and 99% vyields,
respectively (entries 13 and 14).

Table 1 Cross-coupling reaction of aryl halidesvith N-TMS-diphenylamin&a.

Pd(dba), (1 mol%)
Xphos (2 mol%)

A—X  + TMS—NPh, oS Ar—NPh,
1 2a DMI, 100 °C 3
(1.1 eq)
Entry 1 Ar X Time(h) 3 Yield (%)
1 la R = 4-Me Br 0.5 3aa 97
2 Tl'a R = 4-Me Cl 4 3aa 77
3 1b R=H Br 1 3ba 97
4 1c R =4-MeO Br 1 3ca 94
5 1d R = 4-NMe Br 1 3da 89
6 le R = 4-NPh Br 3 3ea 99
7 1f R=4-CQMe Br 0.5 3fa 99
8 19 R=4-PhCO  Br 0.5 3ga 99
9 1h R =4-CR Br 0.5 3ha 98
10 1i R =4-NOG Br 0.5 3ia 97
11 1] R = 2-Me Br 12 3ja 99
12 1k R = 3,5-Me Br 1 3ka 98
=
13 1l 1-X Br 3 3la 94
14 Im 2-X Br 1 3ma 99

aUnless otherwise noted, a mixturelof0.50 mmol),2a (0.55 mmol), Pd(dba)5.0 umol), Xphos (1Qumol), CsF
(0.75 mmol) and DMI (0.50 mL) were heated at 100°¢hlated yield.

When sterically hindered bromide, 2,6-dimethylbrda@iozenein) was used in this
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reaction, a quite different coupling was observHte reaction ofiln with 2a was car-
ried out in the presence of Pd(db&) mol%), Xphos (2 mol%), CsF (1.5 eq) and DMI
(2 M) at 140 °C to giveortho-arylated producbna in 61% NMR yield (Eq. 1). This
type of coupling reaction is unprecedent but may uselerstood in analogy to
Sselective cross-coupling reaction of aryl halidéhwallylmetal reagent$? According
to this analogy, the author proposes two reactieshanisms foortho-arylation of di-
phenylamine shown in Scheme 1. Path A involves abtransmetalation of Ar-Pd-Br
with pentacoordinated silicate to give Ar-Pd-NPtvhich then undergoes reductive
elimination at less hinderemtho-position of the amine. The resulting imine isornesi
to ortho-arylated arylamine via 1,3-H-shift. Path B procgéurough transmetalation of
Ar-Pd-Br with silicate directly at thertho-position of the amine. The following reduc-
tive elimination and 1,3-H-shift give the ortho-Etgd amine. The details of the mech-
anism is the topic of future work.

Me Pd(dba), (2 mol%)
Br + TMS—NPh, - Pnos (2mol%) Me NPh
' 2 "CsF (1.5 eq) 2
DMI (2 M), 140 °C ©

2a
M
© (11eq)  25h

Tn 5na 3na

61% (NMR) trace

Scheme 1. Plausible reaction mechanism of ortho-arylation of diphenylamine

I A
Path A
. Pld . Pld
N
Ph/N\© Ph” \/O
®cs Ar
©) |
NPh, Pd Ar
£ N KM §
Ph” —
Ar—Pd—Br
J— @ —
I?r---Cs Cs® ¥
© Bry~
Pd--N—Ph i T
Ar = 2,6-Me,CgH, § Ar @

With arylene dibromides, double C—N bond-formingatgon readily takes place as
was seen with 2,7-dibromo-9,9-dioctylfluoreriem); which underwent sequential dou-
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ble amination smoothly to give bis(diphenylaminejidative4oain 93% yield without
formation of a mono-amination or reduction prod{ieq 2). When an equal molar mix-
ture of dibromofluorend.o and N-TMS-diphenylamine2a was applied4oa was ob-
tained as main coupling product. Mono coupling picidioa’ was obtained in 26%
yield andlowas recovered in 28% vyield (Eq 3).

BrBr Oct_ Oct
Pd(dba), (1 mol%)
Xphos (2mol%)  ph,N .O NPhy (2
1o CsF (3.0 eq)
+ DMI, 100 °C, 8 h
2a (2.2 eq) ggoz

Oct_ Oct Pd(dba), (1 mol%)
Xphos (2 mol%)

+ 2a(10
i Q.O A
DMI, 100 °C, 4 h

10 (1.0 eq)
Oct Oct Oct Oct
Ph,N . NPh, + Phy,N . Br + 1o 3)
28%
40a 4o0a’
35% 26%

Scope of silylamine was next examined and the t®sué summarized in Table 2.
N-TMS-diarylamine2b (R? = Ph, R = m-tolyl) and2c (R? = Ph, R = 1-naphthyl) gave
smoothly the corresponding triarylaminéaly and 3ac) in 90% and 99% vyields, re-
spectively (entries 1 and 2){-TMS-phenylmethylamine2d) cross-coupled with phe-
nyl bromide to form coupling produ®ad in 75% yield (entry 3)N-TMS-aniline 2e
gave mono arylated produBaein 96% yield without double arylation (entry 4)vén
when 2.0 eq. otawas used in the reaction widle, 3aewas formed in a high yield; tri-
arylamine formation was hardly observed. Theseltesllearly demonstrate that an
N-SiMes bond undergoes the C-N coupling in preference to N+H bond.
N-TMS-morpholine 2f) was successfully converted &af in 70% vyield (entry 5).
N-TMS-azole derivatives are also applicable to tbaction. For example, the reaction
of 1-TMS-indole 2g) with 1h gave N-arylated indol3hg in 76% vyield (entry 6);
N-Trimethylsilylcarbazole2h coupled in the presence of double amount of thiaga
um catalyst to affordN-(4-trifluoromethylphenyl)carbazole8iih) in 99% yield (entry
7).
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Table 2. Cross-coupling reaction aryl bromidesvith N-silylamines2

Pd(dba), (1 mol%)

R1©—Br + ,Rz“\\ Xphos (2 mol%) N 1 /R2~\\
TMS™N,  / "CsF (1.5 eq) R@N\

R%~" pMI, 100 °C R®--
1 2 3
(1.1 eq)
entry 1 2 R4R time (h) 3 yield (%)
Ph
TMS—N
\R3
1 la 2b R®=mtolyl 0.5 3ab 90
2 la 2c R3®=1-naphthyl 05 3ac 99
3 la 2d R3’=Me 1 3ad 75
4 la 2e R®=H 5.5 3ae 96
5 la 2f %N 9 12 3af 70
SN
6 1h 29 13 3hg 76

7° 1h  2h =N 24 3hh 99

aUnless otherwise noted, a mixture of 1 (0.50 mn®lQ.55 mmol), Pd(dba)5.0umol), Xphos
(10 umol), CsF (0.75 mmol) and DMI (0.50 mL) were heaaed00 °CPIsolated yield*Pd(dba)
(20 umol), Xphos (2Qumol) and KF (2.50 mmol) were used.

In the case oN-trimethylsilylcarbazole, less basic KF gave betesults than CsF.As
N-arylcarbazoles have received much attention astrelic material$® The present
C-N coupling reaction oN-TMS-carbazole should be a facile entry for prefianaof
such triaryaminé:'4

The reaction of 3.0 eq. dfa with N,N-bis(TMS)aniline2i took place in freshly dis-
tiled DMI using rigorously dried CsF to give tnidamine6ai in 92% via double C-N
bond formation (Eq 4). In this case, direct useahmercially available “dry” DMI and
CsF resulted in low yields, sincgi is extremely moisture sensitive. Similarly,
N,N’-bis(TMS)-p-phenylenediamine 2{) gave N,N,N’,N'-tetraphenylp-phenylenedi-
amine Bbk) in 98% yield (Eq 5).
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Pd(dba), (1 mol%)

M @B . TMS\N oy Xphos (2 mol%) p—tonI\N o
e r _ _ B
™S CsF (3.0 eq) ptolyl 4)
DMI, 100 °C, 4 h y
0 2 6ai
(3.0eq) 92%

Pd(dba), (1 mol%)
TMS, JTMS  Xphos (2 mol%) Ph, Ph

PhBr + N N oo G060 N N ®
PR Ph DM 100°C 14n PP Ph

1b 2j 6bk (= 3ea)
(3.0 eq) 98%

The present reaction was applied to the cross-owypblymerization to synthesize
poly(triarylamine)$® which are considered to be unique organic magesal electron
carriers (Eq 639 The reaction of 2,7-fluorenylidene dibromidelof with
bis(TMS)aniline 2i) gave copolymevoi with Mn = 4400,My = 9900 andviw/Mn = 2.2
in 85% yield.p-Phenylenediamine-based bis(silyllamR)jealso reacted witho to give
copolymer7oj with M, = 6000,My = 12000 andw/Mn = 2.0 in 90%.

Oct Oct
Pd(dba), (1 mol%)

Xphos (2 mol%
BrBr + 2i or 2j phos ( 0 . C-N coupling (6)
(100eq) CSF(30eq) polymer

DMI, 100 °C, 21 h

10 (1.00 eq)
Oct Oct Oct Oct
o o A" P
S O Iy
70i 70j
85%, M,, = 4400, M,, = 9900 90%, M,, = 6000, M,, = 12000
MW/Mn-ZZ MW/Mp, = 2.0

To research reaction mechanism of C-N couplsiggisilylamines, conpetition re-
action of N-TMS-diphenyamine and ditolylamine were examinedhén 2). Surpris-
ingly, N-(4-methoxycarbonylpheny)dipneylamine  3fa (48%) and
N-(4-methoxycarbonylpheny)ditolylamin® (52%) were obtained. The result sug-
gestesd that trimethylaminosilicate was not cougplattive species. Perhaps, trime-
thylaminosilicate generares tirimethylsiliy fluoeicand diarylaminoanion. The diaryla-
mino anion cross-couples with ArPdBr to give trlargines.N-TMS-diphenylamine
reacted with CsF smoothly to afford diphenylamigg 7). This result also supports that

77



diarylamino anion is coupling active species.

Schem 2. Competition reaction of N"'TMS-diphenylamine and ditolylamine.

0
(e
MeO

1 (1.0 eq)
Pd(dba), (1 mol%)

Ph p-tolyl - Xphos (2 mol%) Ph p-tolyl
MesSi—N + H-N > R@N\ + R@N
CsF (1.5 eq) Ph \p—tolyl

\
Ph -tolyl
Py DMI, 100 °C, 30 min

2a (1.1 eq) 8 (1.1 eq) R = CO,Me 3fa 49% (NMR) 9 52% (NMR)
Ph Me “os Meii_F ]Ph }Ptol |
/ CsF | ; L y
Me;Si—N > - | F=Si—NPh, ON N
Ph - Ph -tolyl
Me Me p-ioly
Ph p-tolyl
H-N H-N
\ \
Ph p-tolyl
Ph Ph
Me;Si—N H-N %)
Ph  CsF (1.5eq) Ph

2a DMI, 100 °C, 30 min o 1o hvitive

The author next focused on the cross-coupling i@acdf aryl bromide with
N-TMS-carbazole. In the view of material sciencejtbgtic method of carbazole deriv-
atives is important issué) The electron-deficient aryl bromides wikhTMS-carbazole
proceeded smoothly in the presence of a palladiatalyst as shown in Table 2. How-
ever, electron-rich aryl bromide such as bromotoduand bromoanisole resulted in low
yield. The author immediately screened suitabletrea conditions for cross-coupling
reaction withN-TMS-carbazole and found that Ni(0)/SIPr systenmpotes the reaction
with N-TMS-carbazole. Cross-coupling reaction of varicayl bromide 1 with
N-TMS-carbazol€h were shown in Table 3.
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Table 3. Cross-coupling reaction of aryl bromitlevith N-TMS-carbazol&h

Ni(cod), (10 mol%)
Q SIPr-HCI (10 mol%) O
KOt-Bu (10 mol%)

Ar—Br + TMS-—-N > Ar—N

NaOAc (1.7 eq)
O CPME, 100 °C O
1 2h 3
(1.3 eq)
Entry 1 Ar Time (h) 3 Yield (%)

e
1 la R =Me 24 3ah 96
2 1b R=H 18 3bh 88
3 1c R =MeO 12 3ch 90
4 1d R = NMe 18 3dh 77
5 le R = NPh 24 3ea 99
6 1h R=CRk 18 3hh 83
7 1i R =NOG 72 3ih 39

Br
8 1m 24 3mh 90
9 1p er 36 3ph 67

aUnless otherwise noted, a mixture 10{0.50 mmol),2h (0.63 mmol), Ni(cod) (50 umol), SIPr-HCI (50umol),
KOt-Bu (50umol), NaOAc (0.85 mmol) and CPME (0.50 mL) weretadaat 100 °CPlsolated yield.

The reaction of bromotolueneld) with 2h proceeded smoothly to give
N-(4-tolyl)-carbazole 3ah) in 96% in the presence of Ni(cedjl0 mol%), SIPr-HCI
(10 mol%), KQ-Bu (10 mol%), NaOAc (1.7 eq) and CPME at 100 °@atrfel). In the
case of Ni-catalyzed reaction, fluorine activatsush as KF and CsF afforded no cou-
pling product. Perhaps, unreactive Miprevented the reaction. Bromobenzene also
gave coupling produ@bh in high yield (entry 2). An electron-donating gposuch as
OMe, NMe, and NPh did not hamper the reaction (entries 3-5). Electteficient aryl
bromides {h and1li) also reacted with to afford carbazole derivative3hh and3ih)
in high and moderate yields, respectively (entesnd 7). 2-Bromonaphthalene gave
N-(2-naphthyl)-carbazole3(h) in 90% vyield (entry 8). When 3-bromothiophwas ene
applied, the desired heteroarylated carbaz8p) was obtained in a moderate yield
(entry 9).
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Br  Ni(cod), (10 mol%)
TMS-N O SIPr-HCI (10 mol%)

KOt-Bu (10 mol%)

O NaOAc (1.7 eq)
CPME, 100 °C, 2d
Oct L Oct Jhn

10 11
90%, M, = 5200, M,, = 8800
M, /M, =17

(©)

Finally, the Ni-catalyzed reaction was applied toss-coupling polymerization.
N-TMS-3-bromo-6-octylcarbazold Q) was allowed to react under the optimized condi-
tions to afford C-N coupled polycarbazdlewith Mw 8800 and PDI 1.7 in 90% (Eq 8).
This type of oligocarbazole was prepared by Lu eadvorker:” but their synthetic
method is stepwisw and thus impractical. In thissse the present reaction is useful
method for synthesis of this type of polycarbazole.

In conclusion, the author has disclosed that th@)Rehtalyzed C-N bond-forming
cross-coupling of aryl halides witN-trimethylsilylamines proceeds smoothly in the
presence of a Pd catalyst and cesium fluoride gomamon solvent. The feature of the
present C—N coupling is attributed to a high resgtiof nitrogen nucleophiles gener-
ated by the fluoride-mediated desilylation M TMS amines. In addition, the present
reaction allows him to use variously functionalizeabstrates and thus demonstrates
wide applicability which might lead to invention nbvel functionalized organic mate-
rials by double and multiple C—N bond-forming cangt. Moreover, Ni/NHC system
is found to be efficient for the cross-couplingatan with N-TMS-carbazole. Currently,
his interest is focused on the extension of scdpleeoreaction.
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4.3 Experimental
Preparation of N,N’-bis(trimethylsilyl)- N,N’-diphenyl-4,4’-phenylendiamine (2j).
™S, TMS  To a solution ofN,N'-diphenyl-4,4’-phenylendiamine (7.81
N@N g, 30.0 mmol) in THF (80 mL) was added a 2.69 Mugoh
@ of n-BuLi in hexane (27.0 mL, 72.0 mmol) at -78 °C, and
the mixture was stirred at -78 °C for 5 h. To twigs added
trimethylchlorosilane (11.0 mL, 120 mmol). The résg mixture was warmed slowly
to room temperature and stirred for 14 h, and tleress trimethylchlorosilane and
THF were removed under reduced pressure. Desirenhichl 2] was isolated in 70%
yield (8.46 g, 21.0 mmol) by recrystallization wgihot toluene. A colorless solids R
0.14 (hexane). mp 128.1-129.7 °84 NMR (400 MHz, CDCJ) § 0.24 (s, 18H),
6.81-6.85 (M, 4H), 6.86 (s, 4H), 6.87-6.92 (m, 2A),8-7.25 (m, 4H):*C NMR (101
MHz, CDCk) & 1.23, 120.5, 121.8, 127.6, 129.0, 143.2, 149.5(KRr) 3449, 3058,
2953, 1598, 1497, 1284, 1211, 1091, 1035, 962, 883, 747, 692, 625, 556, 522 ¢m
MS (El, 70 eV)m/z (%) 404 (M, 100), 389 (10), 332 (10), 225 (17), 73 (54). HRMS
calcd for G4Hz2N2Sk (M + H) 405.2182, found 405.2166.

Cross-coupling reaction of aryl halide with N-trimethylsilylamine. A general pro-
cedure for synthesis of arylamine§o a mixture of aryl halidd (0.50 mmol), CsF
(0.75 mmol), Pd(dba)(5.0 pmol), Xphos (10umol), and DMI (0.50 mL) placed in a
screw vial was addeN-trimethylsilylamine2 (0.55 mmol), and the whole mixture was
stirred at 100 °C for the time specified in Tablesnd 2. The resultant mixture was
quenched with ED. The aqueous layer was extracted witOEBand washed with brine.
The combined organic layers were dried over anhyglidgSQ. After concentration in
vacuo, the residue was purified by flash chromatplgy on silica gel or preparative
TLC to give arylamine.

N-(4-Tolyl)diphenylamine (3aa) CAS registry number: 4316-53-4.

Triphenylamine (3ba). CAS registry number: 603-34-9.
N-(4-Methoxyphenyl)diphenylamine (3ca) CAS registry number: 4316-51-2.
N,N-Dimethyl-N’,N’-diphenyl- p-phenylenediamine (3da) CAS registry number:
4316-50-1.

N,N,N’,N’-Tetraphenyl-p-phenylenediamine  (3ea) CAS registry number:
14118-16-2.

N-(4-Methoxycarbonylphenyl)diphenylamine  (3fa) CAS registry number:
25069-30-1.
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N-(4-Benzoylphenyl)diphenylamine (3ga)CAS registry number: 16911-33-4.
N-(4-Trifluoromethylphenyl)diphenylamine  (3ha). CAS registry  number:
36809-32-2.

N-(4-Nitrophenyl)diphenylamine (3ia). CAS registry number: 4316-57-8.
N-(2-Tolyl)diphenylamine (3ja). CAS registry number: 4316-55-6.
N-(3,5-Dimethylphenyl)diphenylamine (3ka) CAS registry number: 92115-22-5.
N-(1-Naphthyl)diphenylamine (3la) CAS registry number: 6940-30-3.
N-(2-Naphthyl)diphenylamine (3ma) CAS registry number: 61231-45-6.

N-Methyl- N-(4-tolyl)aniline (3ad). CAS registry number: 38158-65-5
N-(4-Tolyl)aniline (3ae) CAS registry number: 620-84-8
N-(4-Methylphenyl)morpholine (3af). CAS registry number: 3077-16-5
N-(4-Trifluoromethylphenyl)-1 H-indole (3ig). CAS registry number: 174621-55-7
N-(4-Trifluoromethylphenyl)-9 H-carbazole (3ih) CAS registry number: 264066-03-5

N-(3-Tolyl)-N-(4-tolyhaniline (3ab). A yellow oil. R 0.52 (hexane-ethyl acetate = 20 :
1).*H NMR (400 MHz, CDCJ) § 2.24 (s, 3H), 2.31 (s, 3H),
© 6.80 (d,J = 7.6 Hz, 1H), 6.86 (ddl = 2.0, 8.0 Hz, 1H), 6.89
Me N (s, 1H), 6.92-7.03 (m, 3H), 7.03-7.08 (m, 4H), 7(1,1] =
\©/ 7.6 Hz, 1H), 7.18-7.24 (m, 2H}3C NMR (101 MHz,
Me CDCly) 6 21.0, 21.6, 121.1, 122.2, 123.4, 123.6, 124.5,
125.0, 129.1, 129.2, 130.0, 132.7, 139.1, 145.8.114148.3. IR (neat) 3025, 2918,
2860, 1692, 1594, 1491, 1274, 1213, 1110, 1028, 696, 622, 511 cm. MS (El, 70
eV) m'z (%) 273 (M, 100), 180 (7), 167 (5). HRMS calcd foroEoN (M + H)
274.1598, found 274.1587.

N-(4-Tolyl)-N-(1-naphthyl)aniline (3ac) A yellow oil. R 0.42 (hexane-ethyl acetate =
20 : 1).*H NMR (400 MHz, CDCY) § 2.26 (s, 3H), 6.86 (ddt,
© J=1.2, 7.6, 7.6 Hz, 1H), 6.92-7.03 (m, 6H), 7.0977(m,
‘ N 2H), 7.26-7.35 (m, 2H), 7.38-7.45 (m, 2H), 7.72J¢, 8.0 Hz,
O \@ 1H), 7.84 (d,J = 8.4 Hz, 1H), 7.94 (d) = 8.4 Hz, 1H);*C
Me  NMR (101 MHz, CDC) § 20.9, 121.09, 121.12, 122.8, 124.5,
126.2, 126.3, 126.4, 126.5, 127.1, 128.5, 129.9,91231.3, 131.7, 135.4, 143.9, 146.0,
148.9. IR (neat) 3034, 2919, 2858, 2244, 1931, 18@391, 1392, 1292, 1088, 1016,

908, 773, 732, 695, 679, 617 TMMS (EI, 70 eV)miz (%) 309 (M, 100), 293 (11),
217 (10). HRMS calcd for SH20N (M + H) 310.1596, found 310.1578.
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Cross-coupling of 2,7-dibromo-9,9-dioctylfluorene @ with N-trimethylsilyl- di-
phenylamine (2a) To a mixture of 1n (274 mg, 0.500 mmol), CsF (288, 1.50
mmol), Pd(dba&) (2.9 mg, 5.Qumol), Xphos (4.8 mg, 1@mol), and DMI (0.50 mL) in a
screw vial was addefla (266 mg, 1.10 mmol). The resultant mixture wasredi at
100 °C for 8 h, then quenched with® The aqueous layer was extractegOEtthen
washed with brine. The combined organic layers vekred over anhydrous MgS0O
After concentration in vacuo, the residue was prdiby preparative TLC to affodba
in 93% vyield (336 g, 0.463 mmol).

9,9-Dioctyl-2,7-bis(diphenylamino)9H-fluorene (40a) A colorless solid. R0.38

Oct, Oct (hexane-ethyl acetate = 20 : 1). mp 100.4-104.4'FC.
Ph2NNPh2 NMR (400 MHz, CDC4) 6 0.65-0.73 (m, 4H), 0.85 (4,

= 7.2 Hz, 6H), 0.99-1.29 (m, 20H), 1.72-1.78 (m,)4H

6.95-7.02 (m, 6H), 7.06-7.15 (m, 10H), 7.19-7.26 &), 7.47 (d,J = 8.0 Hz, 2H);**C
NMR (101 MHz, CDC}) 6 14.3, 22.8, 24.0, 29.4, 29.5, 30.1, 32.0, 40.31,5519.6,
119.9, 122.4, 123.8, 129.2, 136.4, 146.5, 148.2,2L%0ne signal derived from%par-
bon is overlapped with other signals. IR (KBr) 343533, 2925, 2852, 1587, 1492,
1434, 1332, 1273, 818, 752, 694, 501 tnHRMS calcd for GHeiN2 (M + H)
725.4835, found 725.4814.

2-Bromo-9,9-dioctyl-7-diphenylamino9H-fluorene (40a’). A colorless viscus oil. R

Oct, Oct 0.40 (hexane-ethyl acetate = 20 : *H.NMR (400 MHz,
thNBr CDCl) 6 0.56-0.72 (m, 4H), 0.84 () = 7.6 Hz, 6H),

0.96-1.29 (m, 20H), 1.75-1.99 (m, 4H), 6.97-7.05 8H),

7.06-7.15 (m, 5H), 7.20-7.29 (m, 4H), 7.41 (d&; 2.0, 6.4 Hz, 2H), 7.45 (dd,= 2.4,
6.4 Hz, 2H), 7.51 (d) = 8.0 Hz, 2H);**C NMR (101 MHz, CDGJ) §14.3, 22.8, 23.9,
29.37, 29.40, 30.1, 31.9, 40.3, 55.5, 119.2, 12028.5, 120.6, 122.8, 123.6, 124.0,
126.1, 129.3, 130.0, 135.2, 140.1, 147.6, 148.0.95153.0.IR (neat) 3035, 2925,
2854, 1589, 1492, 1455, 1431, 1403, 1376, 1341712819, 1118, 1062, 1028, 877,
812, 753, 696, 508, 440, 423, 405 ¢&mHRMS calcd for GiHsiBriNi (M + H)
636.3177, found 6936.3205.

Cross-coupling reaction of 4-bromotoluene (1a) withtN,N-bis(trimethylsilyl)aniline

(2i1). A general procedure for the synthesis of diarylatathines.To a mixture ofla
(257 mg, 1.50 mmol), CsF (228 mg, 1.50 mmol), Pdfd{?.9 mg, 5.0umol), Xphos
(4.8 mg, 10umol), and DMI (0.50 mL) in a screw vial was add&d137 mg, 0.577
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mmol), and the mixture was stirred at 100 °C fdn,4&hen quenched with 8. The
aqueous layer was extracted@®tthen washed with brine. The combined organiergsy
were dried over anhydrous Mg&Q\fter concentration in vacuo, the residue was-pur
fied by Preparative TLC to affofshi in 92% yield (145 mg, 0.530 mmol).
N,N-Bis(4-tolyl)aniline (5ai). CAS registry number: 20440-95-3

The reaction ofLb with 2j was performed by the similar procedure.

Cross-coupling polymerization of 9,9-dioctyl-2,7-ddromo-9H-fluorene (10) with
bis(trimethylsilyl)lamine. A general procedure for the synthesis of poly(tiyéamine).

To a mixture oflo (274.2 mg, 0.500 mmol), CsF (227.9 mg, 1.50 mnfadidbay (2.9
mg, 5.0umol), Xphos (4.8 mg, 10mol), and DMI (0.50 mL) in a screw vial was added
2 (0.50 mmol), and the mixture was stirred at 10006IC22 h. The crude polymer was
precipitated into methanol to afford poly(triaryler®).

Poly(fluorene-aniline) (60i). A yellow solid.!H NMR (400 MHz, CDCJ) § 0.58-0.95
Oct  Oct (m, 10H), 0.95-1.32 (m, 20H), 1.67-2.10 (m, 4H),
. Phl - 6.90-7.09 (m, 3H), 7.10-7.32 (m, 6H), 7.47 Jd; 8.0 Hz,
Q O N 2H); 13C NMR (101 MHz, CDGJ) § 14.3, 22.8, 24.2, 29.5,
" 29.6, 30.2, 32.0, 40.4, 55.1, 119.0, 119.8, 12223.3,
129.2, 136.1, 146.6, 148.5, 152.0. One signal ddriivom sp carbon is overlapped
with other signal. IR (KBr) 3465, 2925, 2852, 159892, 1465, 1229, 816, 744, 695
cnL. Mn = 4400 My/My, = 2.2.

Poly(fluorene-phenylendiamine) (60j) A yellow solid.*H NMR (400 MHz, CDCJ) §
oct Oct 0.63-0.76 (m, 4H), 0.79 (J = 7.2 Hz, 6H),
Ph Ph| 0.99-1.35 (m, 20H), 1.70-1.90 (m, 4H),
Q'O NON 6.89-7.19 (m, 14H), 7.19-7.30 (m, 4H), 7.49 (d,
n J=8.0 Hz, 2H)3C NMR (101 MHz, CDG) §
14.3, 22.7, 24.1, 29.4, 29.5, 30.2, 31.9, 40.31,5519.4, 119.8, 122.0, 123.0, 123.5,
125.1, 129.2, 136.2, 142.9, 152.1. Two signalsvedrifrom sp carbon is overlapped
with other signal. IR (KBr) 3424, 3034, 2924, 283894, 1503, 1465, 1265, 815, 747,
694, 511 cmt. M = 6000,My/My, = 2.0.

Ni-catalyzed cross-coupling of aryl halide withN-trimethylsilylcarbazole 2h. A

general procedure for the synthesis of arylaminésmixture of Ni(cod) (50 umol),
SIPr-HCI (50umol), KOt-Bu (50umol), and CPME was stirred at rt for 30 min. Tasthi
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was added NaOAc (0.85 mmol), aryl bromidéd (0.50 mmol), and
N-trimethylsilylcarbazole2h (0.63 mmol) Then, the resultant mixture was was stirred
at 100 °C for the time specified in Tables 3. Thsuttant mixture was quenched with
H-O. The aqueous layer was extracted wittfOEand washed with brine. The combined
organic layers were dried over anhydrous MgSA&fter concentration in vacuo, the
residue was purified by flash chromatography oicasidel or preparative TLC to afford
arylamine3.

N-(4-Tolyl)-carbazole (3ah) CAS registry number: 19264-73-4
N-Phenyl-carbazole (3bh)CAS registry number: 1150-62-5

N-(4-Anisyl)-carbazole (3ch).CAS registry number: 19264-74-5

N-[4-(N, N-Dimethylamino)phenyl]-carbazole (3dh) CAS registry number:
53167-75-2

N-[4-(N, N-Diphenylamino)phenyl]-carbazole (3eh) CAS registry number:
212385-56-3

N-(4-Nitrophenyl)-carbazole (3ih) CAS registry number: 16982-76-6
N-(2-Naphthyl)-carbazole (3mh) CAS registry number: 34292-03-0
N-(3-Thienyl)-carbazole (3ph) CAS registry number: 1165806-09-6

Preparation of N-trimethylsilyl-2-bromo-6-octylcarbazole (10) To a solution of NaH
™S (480 mg, 12.0 mmol) in THF (80 mL) was added
N 2-bromo-6-octylcarbazole (3.58 g, 10.0 mmol) atQ) and the
mixture was stirred at rt for 2 h. To this was atideme-
Oct Br thylchlorosilane (1.73 mL, 20 mmol). The resultimixture was
stirred for 12 h, and then excess trimethylchldao& and THF were removed under
reduced pressure. The residue was purified by ftdsbmatography on neutral silica
gel to afford desired chemicalin 65% yield (2.80 g, 6.51 mmol). A colorless vis®il.
Rr 0.50 (hexane-ethyl acetate = 10 :'H.NMR(400 MHz, CDC}) §, 0.67 (s, 9H), 0.88
(t, J=7.0 Hz, 3H), 1.20-1.42 (m, 10H), 1.65-1.72 (H),2.75 (t,J = 7.6 Hz, 2H), 7.22
(d,J = 8.4 Hz, 1H), 7.38-7.45 (m, 2H), 7.50 ®= 8.4 Hz, 1H), 7.80 (s, 1H), 8.15 (s,
1H); 13C NMR (100 MHz, CDGJ) § 1.7, 14.3, 22.9, 29.45, 29.52, 29.7, 32.1, 3533
112.4, 113.0, 114.5, 119.6, 122.8, 125.3, 127.2,92128.2, 134.7, 143.0, 143IR.
(neat) 2954, 2925, 2853, 1482, 1467, 1467, 1440419257, 1218, 1138, 1063, 1024,

971, 843, 802, 763, 699, 634 TwHRMS calcd for GsH33BriN1Sii (M + H) 430.1566,
found 430.1547.
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Cross-coupling polymerization of N-trimethylsilyl-2-bromo-6-octylcarbazole (10)
A mixture of Ni(cod) (50 umol), SIPr-HCI (5Qumol), KOt-Bu (50 pmol), and CPME
was stirred at rt for 30 min. To this was added KNaO(0.85 mmol),
N-trimethylsilyl-2-bromo-7-octylcarbazolel). Then, the resultant mixture was was
stirred at 100 °C for 2 days. The crude polymer pragipitated into methanol to afford
polycarbazolell.
B 7 Poly(3-octylcarbazole) (11) A brown solid.5, 0.82-0.95 (m, 3H),
N O — 1.20-1.42 (m, 10H), 1.65-1.78 (m, 2H), 2.72-2.88, (&H),
7.20-7.68 (m, 4H), 7.85-8.02 (m, 1H), 8.20-8.42 {iH); 3C NMR
O (100 MHz, CDC}) 6 14.3, 22.8, 29.45, 29.54, 29.7, 32.1, 32.5, 32.6,
36.2, 110.2, 111.2, 119.5, 119.9, 122.8, 124.1,2.2R7.6, 129.2,
135.0, 140.9, 141.4R (KBr) 2922, 2851, 1628, 1575, 1491, 1473,
1324, 1300, 1273, 1240, 1147, 1024, 874, 808, 6822, 605, 573, 492, 458, 445, 420,
404 cn. Mn = 5200 M/My, = 1.7.

L  Oct Jn

Plausible reaction mechanism of Pd-catalyzed C-N gpling using N-TMS-amines

Ar—X MesSi—F
Ar—Pd—X cs® Rr & Me ©cd  csF R
ON F—Si—NPh, | <—— Me;Si—N
R Z R
Me Me
Pd(0)
R Cs—X
Ar—Pd—N
/R R
Ar—N\
R
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Plausible reaction mechanism of Ni-catalyzed C-N aopling using

N-TMS-carbazoles
Path B NaOAc O

Ar—Br Ar—Ni—Br NR, = —§—N
Path A
NaBr O
Me3Si—NR2 ©
+
NaOAc
| e
Ni(0) Ar-Ni—OAc | Ar-Ni—OAc
] ]
Me Ro,N—Si—Me
%, B
ACO_S{_NRZ Me Me
Me Me or
Ar., O
. “Ni”
Me3S|_NR2 :
. RN .0
Ar—NR, Ar—Ni—NR, IV2I sil
Me,Si—OAc | Me Me
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Chapter 5
Conclusion



In this Dissertation, the author has reviewed first the history of the
cross-coupling reactions and then focused on the one that uses organosilicon rea-
gents to point out problems of the silicon-based cross coupling reaction. Various
synthetic aspects are discussed in Chapter 1.

In Chapter 2, the author has described a new syntmethod of HOMSi reagents
through palladium/copper-catalyzed silylation oflasromides with disilanes analogs
of HOMSi reagents. The reaction enables preparatiofunctionalized aryl-HOMSI
reagents which have been hardly accessible. Atyaniefunctionalized aryl bromides
and disilanes with different protecting group candmployed as a coupling partner in
this reaction. The protected-HOMSIi reagents obthirmee readily applicable to
cross-coupling reaction after deprotection. Witjlere dibromides, simultaneous dou-
ble silylation proceeds smoothly to give arylensHIDMSi reagents in good yields.

In Chapter 3, the author has discussed simultangouisle cross-coupling reaction
and cross-coupling polymerization. Reaction condgi are thoroughly scrutinized to
obtain the coupled products in stoichiometric ratvbich is essential for cross-coupling
polymerization. Double cross-coupling reactionsngsbifunctionalized coupling spe-
cies such as arylene dibromides and arylene-bisHQ®E)ents take place smoothly
under the optimized reaction conditions. With theaation conditions in hand,
HOMSi-based cross-coupling reaction is applied nmsg-coupling polycondensation,
giving m-conjugated polymers.

In Chapter 4, the author has disclosed that the lE&i-forming cross-coupling re-
action is readily achieved usimgsilylamines. The reaction of aryl halides withykt
mines is shown to proceed smoothly in the presehpalladium catalyst under in DMI.
Various functionalized triarylamines are thus ah¢ali by the reaction. The reaction of
aryl halides bearing base-sensitive functional grtake place without any problem.
Silylamines, prepared from diarylamine, dialkylamirprimary arylamine, and azole,
are found to couple smoothly to give coupled présluic all cases. The reaction with
bis(silyl)Jamine form new two C-N bonds at one tirfibe C-N coupling reaction is ap-
plied to C-N coupling polymerization. In the cask raction of N-TMS-carbazole,
Ni/SIPr catalyst system is sutable. Cross-coupleagtion of various aryl bromide with
N-TMS-carbazole proceeded smoothly to gNrarylated carbazoles.
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