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1-Indenyldialkylphosphines and Cyclopentadienyldialkylphosphines
as Ligands for High-Activity Palladium-Catalyzed Cross-Coupling
Reactions with Aryl Chlorides
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The reactions of three deprotonated indenes (1,2,3-trimethyl, 1,2,3,4,7-pentamethyl, and 1,2,3-trimethyl-
4,7-dimethoxy) and the lithium salt of pentamethylcyclopentadiene (Cp*) with C(RR= iPr, Cy)
resulted in the formation of six indenylphosphines and two cyclopentadienylphosphines, isolated as the
respective phosphonium salts. The-Rdhosphine complexes, formed in the presence oPdN&l, base,
and coupling partners, were shown to be highly active Pd complexes for various aryl chloride cross-
coupling reactions. Quantitative yields in the Suzuki coupling are possible with-0.@5mol % of
catalyst. Aryl chlorides can be coupled in quantitative yields in the Sonogashira reaction using 1 mol %
of catalyst complex, while the BuchwatdHartwig reaction typically requires 0.5 mol % of catalyst. In
addition to the standard substrates, ferrocenylamine was subjected to Buelhmatelig aminations,
resulting in ferrocenylarylamines in near-quantitative yield.

Introduction

Trialkylphosphines with bulky substituents are highly useful
ligands for catalytically active palladium complexes in various
cross-coupling reactions of the Suzdikil Sonogashird?—22
HeckZ3-28 Buchwald-Hartwig aminatiof®~3° and ether forma-
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Pd-Catalyzed Cross-Coupling Reactions

Chart 1. Relationship of Fluorenyl-, Indenyl-, and
Cyclopentadienyldialkylphosphines
R PR

9-Fluorenyldialkylphosphines

R PR’

1-Indenyldialkylphosphines

|

R PR}

Cyclopentadienyl-
dialkylphosphines

reactions: electron richness and steric bulk. We have recently

reported a new class of 9-fluorenylphosphitieghich combine
the high catalytic activity otBusP with the wide variability
needed for the fine-tuning of the cataly§t¥or the introduction
of phase tag®°%55 enabling biphasic catalySfsas well as
catalyst recycling/’-58

Encouraged by the high catalytic activity and the facile
synthesis of the fluorenyldialkylphosphines (isolated as the
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Scheme 1. Synthesis of Indenylphosphonium Satts
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14-HBF, R%= jPr 12-HBF, R%*=jPr
11-HBF4 R?=Cy

15-HBF, R%= Cy 13-HBF, R%= Cy
aReagents and conditions: (a) AKC(b) CHsLi or CHaMgl, HT;
(c) nBuLi, R.PCI, EtO, —60 °C, HBFs-Et,0.

Results and Discussion

Synthesis of 1-Indenyldialkylphosphonium and Cyclopen-
tadienyldialkylphosphonium Salts.Only a few cyclopentadienyl-
59-63 and indenyl-based trialkylphosphiés®’” have been
described in the literature, and none of them have been utilized
in cross-coupling catalysis. In order to increase the steric bulk
and to diversify the electronic nature of the such ligands, 1,2,3-
trimethylindene 4), 1,2,3,4,7-pentamethylinden@)(and 4,7-
dimethoxy-1,2,3-trimethylinden@) were synthesized as back-
bones for phosphines. In general, the indenes were prepared
via Friedet-Crafts acylation of the arene with tigloyl chloride

respective_phosphoniqm salts), we wished to broaden this class(z) and subsequent ring closure, methylation, and acidic
of phosphines by variation of the fluorene lead structure. As dehydration (Scheme 1). This synthetic strategy enables the easy

visualized in Chart 1, the cyclopentadienyl ring embodies the

modification of the 4,7-positions of indenes using the respective

core of the fluorenyl system. Replacement of the aromatic rings para-substituted arenes.

of fluorene by alkyl groups first leads to alkylated indenes and
then to pentamethylcyclopentadiene (HCp*). All of these

2,3-Dimethylindanone 3) was prepared according to the
method of Rausch et &.by reacting benzenel) with AICI;

compounds are characterized by enhanced CH acidity of the .4 tigloyl chloride ) in benzene as a solvent in near-

central cyclopentadienyl ring, facilitating the selective formation
of the respective carbanions. In this manner efficiertGCand

C—P bond-forming reactions are possible. The respective

guantitative yield. When the same reaction protocol was utilized
for the synthesis of 2,3,4,7-tetramethylindanog \ith p-
xylene 6) as reactant (and solvent), large amounts of iso-

phosphines stand a good chance to form a class of ligands Withyeization products (32%) were formed due to a methyl shift
excellent properties in various Pd-mediated cross-coupling of the aromatic methyl groupg8.’® The separation of the

reactions.

two isomers was impractical on a multigram scale using

Consequently, we wish to report here on the synthesis andrectification or column chromatography. It is noteworthy that

characterization of various 1l-indenyldialkylphosphonium and
cyclopentadienyldialkylphosphonium salts and the application

even the improved synthesis of O'Hare et’af?replacing the

of the Pd complexes of the respective phosphines in Sonogash- (59) Krut'ko, D. P.; Borzov, M. V.; Dolomanov, O. V.; Churakov, A.

ira, Suzuki, and BuchwatdHartwig coupling reactions.
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Scheme 2. Synthesis of Cyclopentadienylphosphonium (entry 8) and electron-rich substrates (entry 2) require 0.1 mol
Salts? % of catalyst to reach full conversion.
R Ry BF¢ I_Dd Cpmplexes of 1-Indenyl- _and Cyc_lopentadienylphos-
P-R PR phines in the Buchwald—Hartwig Reaction. In the present
work we also examined the conversion of aryl chlorides as cheap
\ﬁi/_ﬂ»\ﬁ/&\ﬁ/ and readily available starting materials with various aromatic
and aliphatic amines. When the conditions recently reported by
16 17 R=Cy  17'HBF; R=Cy Beller et al. were applied without further optimizatiéhthe

18 R=/Pr 18-HBF4 R =Pr

a2 Reagents and conditions: (aBuLi, R,PCl, THF/EtO, —60 °C;
(b) HBF4Et,0.

screening of several indenyldialkylphosphines and cyclopenta-
dienyldialkylphosphines in the reactions of 4-chlorotoluene with
3,5-dimethylaniline and 2,4-dimethylaniline revealed 1,2,3,4,7-
pentamethylindenyldicyclohexylphosphirk3) to be the most
active ligand for palladium (Table 2, entries 1 and 2). Typical
catalyst loadings of 0.5 mol % Pd were applied at 12Qusing
NaCOBu as the base in toluene to give quantitative conversion.
Some deactivated substrates required 1 mol % Pd to reach full
conversion.

Activated and deactivated aryl chlorides were reacted with
the respective amines (aniline, morpholiremethylbenzy-
lamine, dibutylamine) under the same conditions in quantitative
yields, whereas full conversion of deactivated aryl chlorides was
only possible with difficulties applying the previously reported

undesirable Cgby dry CH,Cl,, could not completely suppress
the isomerization (26% of the undesired isomer) in our hands.
Consequently, for the synthesis ®fwe prefer Cg, since the
use of this solvent prevented the shift of methyl grodigsNMR
spectroscopy revealed that all indanori®@s( 8) were isolated

as mixtures of the two cis/trans isomers in an approximate ratio
of 3:1 for 3 and6 and 4:1 for8. This poses no problem, since
the cis/trans isomers react to give identical indenes. In order,
to obtain the indene$, 7, and9, the respective indanon8s6,
and8 were reacted with MeLi or MeMgl to give the indanols,
which were converted in situ into the desired indenes by acid- ) 4
catalyzed elimination of water. As noted by O’Hare et’al., fluorenyldialkylphosphines!

the use of MeMgl as methylation agent gave better results than In addition to Qniline;, we also tested the coupling reqctions
MeLi. of organometallic amines such as ferrocenylamine in Pd-

catalyzed amination reactions for the first tim® the best of
our knowledge. The resulting N-arylated aminoferrocenes have
been rarely reportéd 78 and were said to be elusivéSimple
(_ng-arylated aminoferrocenes such as ferrocenylphenylamine have
een prepared by the reaction of ferrocenyl bromide with the
sodium salt of an amide in the presence of copper(l) bromide/
Ooyridine.75 A recent synthetic strategy developed by Knochel
et al’®requires a toxic tin reagent (FcSrg3uwhich is converted
to FcMgBr and reacted with an arylazotosylate to obtain the
aminated ferrocenyl derivative in 58% yield in the last reaction
step. Utilizing Pd-catalyzed €N coupling, ferrocenylary-
lamines can be synthesized in 85% yield in a single reaction
pentadienyldialkylphosphines in the Suzuki Reaction We step by employing the respective aryl chloride and ferroceny-
first tested Pd complexes of the 1-indenyldialkylphosphir@s lamine, which is readily available us.lng.the improved synthesis
15 and the Cp*-derived dialkylphosphines CpF® (17) and of van.Leusen and Hessé‘hThe amlnat!on of 3-ch|orob.enzyll
Cp*PCys, (18) for their reactivity in the Suzuki coupling (Table trifluoride or 4_-ch|or(_)an|sole as a deactivated aryl chloride with
1). As a reference phosphine, the recently reported highly active férrocenylamine using 0.5 mol % Pd and phosptiSegave
EtFluPCy#7 (21) was incorporated in the screening experiments. the respective N-arylated gmlnoferrocenes (Table 2, entries 11
The reaction op-chloroacetophenone wigrtolylboronic acid ~ @nd 12). The redox potentials of the two ferrocenes (Table 2,
using 0.125 mol % N#dCl and 0.25 mol % phosphonium entries 11 and 12)_ were determmed_ by cyclic voltammetry
salt with CsCO; in dioxane at 80C was initially used to probe and found to vary significantly depending on the nature of the
the performance of the various phosphines. In general, com-Para substituent (R- OMe, B,z = 0.142 V; R= CFs, E12 =
plexes formed with phosphines bearing two Cy groups showed 0.268 V).

Deprotonation of the indene§ 7, and 9 with nBuLi and
quenching with CyPCl oriPr,PCl gave the respective 1-inde-
nylphosphines in good yields, which were isolated as the
respective phosphonium salts. The Cp*-based phosphines wer
prepared in good yields (Scheme 2) by reactions of LiCp* with
various chlorophosphinesRrPCI, CyPCIl) and converted in
situ into the respective phosphonium salts for easier storage an
handling?-7® The free phosphines can be liberated from the
phosphonium salts in quantitative yields by treatment wighEt
(see the Experimental Section). The Cp* group provides steric
bulk as well as an electron-rich environment.

Pd Complexes of 1-Indenyldialkylphosphines and Cyclo-

significantly better results than those with tiRer groups. The Pd Complexes of 1-Indenyl- and Cyclopentadienylphos-
top performers among the phosphines examined, CpsPL, phines in the Sonogashira ReactionWe initially tested the
1,2,3,4,7-MelndPCys (13), and 1,2,3-Mg-4,7-(MeO}IndPCys complexes of Pd with the various 1-indenyl- and Cp*-dialky-
(15), showed nearly twice the high activity of EtFluPQR1), Iphosphines for their activity in the Sonogashira cross-coupling

the best phosphine of the recently reported fluorenylphosphine Of Phenylacetylene and 4-chloroanisole, applying the conditions
family. In addition, 4,7-disubstituted 1-indenylphosphines and described previously by &i5(Table 3, entry 1). The top six of
the cyclopentadienylphosphines show a better performance tharjhe eight phosphines screened show similar catalytic activities;
phosphines based on the unsubstituted indene. Because of its - -

(74) Rataboul, F.; Zapf, A.; Jackstell, R.; Harkal, S.; Riermeier, T.;

. L . - .
high activity and its easy synthetic access, Cp*P(1y) was Monsees, A.; Dingerdissen, U.; Beller, i@hem. Eur. J2004 10, 2983.

used as the ligand for further investigations. (75) Herberhold, M.; Ellinger, M.; Kremnitz, Wl. Organomet. Chem.
As found by screening a wide range of different activated 1983 241, 227. ' _
and deactivated aryl chlorides, 0.05 mol % of catalyst is (76) Houlton, A.; Bishop, P. T.; Roberts, R. M. G.; Silver, J.; Herberhold,
. . ] . . M. J. Organomet. Chenl989 364, 381.
sufficient to reach full conversion over 20 h; sterically hindered (77) Nesmeyanov, A. N.; Sazonova, V. A.; Romanenko, 2dkl, Akad.
Nauk SSSR964 157, 922.
(72) Barlow, S.; Cary, D. R.; Drewitt, M. J.; O’'Hare, D. Chem. Soc., (78) Plenio, H.; Burth, DAngew. Chemlnt. Ed. Engl.1995 34, 800.
Dalton Trans.1997, 20, 3867. (79) Sapountzis, I.; Knochel, Angew. Chem., Int. EQ004 43, 897.
(73) Netherton, M. R.; Fu, G. @rg. Lett.2001, 3, 4295. (80) van Leusen, D.; Hessen, Brganometallic2001, 20, 224.
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Table 1. Suzuki Reactions with Aryl Chloridest

entry aryl boronic acid product mol % catalyst t(h) conversion
chloride /ligand

1 A YaYa 0.125mol %/18 15  20%
‘ﬁ/@ no OO 0.125mol %/17 15Y  60%

0.125mol %/10 15 24 %
0.125mol %/11 15 36%
0.125mol %/12 15 10%
0.125 mol %/ 13 15: 51%
0.125mol %/14 15~ 4%

0.125mol %/15 15~ 49%
0125mol %/21 13 38 %

2 wo{ Yo "%y 0 0.025mol %/17 20 11%
“"'B Sal; 0.1 mol %/ 17 20 >99 %
3 °>\_@c. - 2 0.025mol %/17 20 81 %
nd eV 005mol %/17 20 >99 %
4 N - e ) )~  0025mol%/17 20 85 %
{ )
e o YAy 0.05mol %/17 20 >99 %

0.025 mol %/17 20 21 %
0.1 mol %/ 17 16 >99 %

w
o

3.3
L

0.025 mol %/17 20 63 %
0.1 mol %/ 17 16 >99 %

N
£

/
)
5

0.1 mol %/ 17 20 >99 %

\
3
-

0.1 mol %/ 17 16 >99 %

)
580

O
/
Q
I
O

0.05 mol %/ 17 16 >99 %

5\_ Q—
o b
3
C

SORS

aConditions: 1 mmol of aryl chloride, 1.5 mmol of boronic acid, 2.0 mmol of@3;, 5 mL of dioxane, 100C. The reaction conditions and the amount
of catalyst have not been optimizeétCatalyst NaPdCl/ligand (1:2).c Average of two runs, determined by GC using hexadecane as internal standard.
d Reaction was performed at 8C.

only 12 and13, which have methyl groups at the 4,7-positions There are several ligands of comparable (high) activity not
of the indenyl ring, are less efficient. Interestingly, the same different from those reported for other highly active phosphine
two phosphines did not behave conspicuously in Suzuki and ligands such as$BusP and AdPBn1* This indicates that the
amination reactions. A similar decrease in activity was also nature of the applied ligand is not limiting the catalytic activity
observed when Pd complexes of the related and recently reportedf a Pd phosphine complex in the Sonogashira reaction with
fluorenyldialkylphosphines, bearing methyl moieties at the 1,8- aryl chlorides. Further improvement of catalytic activity in
positions, were used for Sonogashira reactions with aryl Sonogashira reactions with aryl chlorides must go along with
bromides!” With this in mind, it is quite surprising that optimization of other factors such as reaction conditions and
phosphine ligand&4 and 15, bearing a methoxy group instead additives.
of a methyl group at the 4,7-positions, show the highest catalytic

activities within the range of the examined ligands. Steric effects

lusi
within the phosphine ligand play a minor role in the Sonogashira Summary and Conclusions

reaction: phosphines bearing™® moieties at the phosphorus We were able to synthesize eight new 1-indenyldialkylphos-
atom show activities comparable to those with a P@piety. phonium and cyclopentadienyldialkylphosphonium salts (alkyl
Because of its high activity, (4,7-dimethoxy-1,2,3-trimethylin- = jpr, Cy). The respective Pd complexes with the liberated
denyl)dicyclohexylphosphinelp) was studied in more detail.  phosphines are highly active for various cross-coupling reactions

Sonogashira coupling of phenylacetylene with several aryl with aryl chlorides. Quantitative yields in Suzuki coupling
chlorides was tested (Table 2, entries5). Excellent conver-  screening for a wide range of different substrates were achieved
sions of the reactants were observed for all substrates at 100 with 0.05-0.1 mol % of catalyst. Aryl chlorides could be
120°C at 1 mol % of catalyst. More difficult acetylene substrates coupled in quantitative yields in the Sonogashira reaction using
such as 1-hexyne were converted with activated as well as with1 mol % of catalyst and in the BuchwaldHartwig reaction
deactivated aryl chlorides, giving conversions as high as 94%.
|nd§nylph05ph|ne' and CyC|0pentad'?ny|phOSph'ne‘.baSEd pal-  (83) Choudary, B. M.; Madhi, S.: Chowdari, N. S.; Kantam, M. L.;
ladium catalysts compare favorably with other catalytic systems Sreedhar, BJ. Am. Chem. So@002 124 14127.
described by us and by others for the conversion of aryl 98%4) Lemhadri, M.; Doucet, H.; Santelli, MTetrahedron2005 61,

chloridest#19.47.8+86 . L . _
' (85) Hierso, J.-C.; Fihri, A.; Amardeil, R.; Meunier, P.; Doucet, H.;
Santelli, M.; Ivanov, V. V.Org. Lett.2004 6, 3473.
(81) Gelman, D.; Buchwald, S. IAngew. Chem., Int. E@003 42, 5993. (86) Molander, G. A.; Katona, B. W.; Machrouhi, ¥.Org. Chem2002

(82) Thathagar, M. B.; Rothenberg, Grg. Biomol. Chem2006 4, 111. 67, 8416.
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Table 2. Buchwald—Hartwig Amination 2 of Aryl Chlorides

entry aryl amine product mol % catalyst t(h) conversion™
chloride / ligand

1 @ﬁ' Nz [ 05mol%/18 15 19%
Z JOQON 05mol%/17 15  40%

05mol%/10 15 16%

0.5mol % /11 15 16 %

0.5mol % /12 15 30 %

0.5mol % /13 15 63 %

0.5 mol % / 14 15  26%

0.5 mol % /15 15  43%

05mol%/21 15 21%

0.5 mol % /17 15 63 %
0.5 mol % /13 15 54 %
0.5 mol % /15 15 47 %

QF 02mol%/13 15  38%
e @/Lu 05mol% /13 20 >99%

0.5 mol % /13 15 51 %
1.0 mol % /13 20 >99%

SRR
2990w
Qg
QQ ¢

5 e Q 05mol%/13 15  43%
o4 " d Y., 10mol %/13 20  95%
6 o [:j 'S 05mol%/13 15  >99%
7 ° a . 15 %
. 1y "Ni o "i 0.5 mol % /13 >99%

Q

.00
e
5

NH, ©H :L 0.5 mol % /13 15 >99%

0.5 mol % /13 20 >99%

10 ~ ~ 5%@ 05mol%/13 20 16%
cl NH, N
11 v S o, 05mol%/13 20  85%"
\bfm =3 é H ] FF
< = 0]
2O 2w o, O 05mol%/13 15 82%
IS

aConditions: 5 mL of toluene, 5 mmol of aryl chloride, 6 mmol of amine, 6 mmol of NBOPd(OAc)—ligand (phosphonium salt) (1:2), 12C. The
reaction conditions have not been optimizeéverage of two runs, determined by GC using hexadecane as internal stahidatdted yield.

using 0.5 mol % of catalyst. Worthy of note is the successful benzophenone under an argon atmosphere. Dioxane was dried over
implementation of ferrocenylamine in the Buchwaldartwig CaH,. Proton tH NMR), carbon {3C NMR), and phosphorus’p
amination, resulting in ferrocenylarylamines in a single step in NMR) nuclear magnetic resonance spectra were recorded on a
near-quantitative yield. In Sonogashira reactions the majority Bruker DRX 500 spectrometer at 500, 125.75 and 202.46 MHz,
of the applied ligands showed activities comparable to reported respectively, or on a Bruker DRX 300 spectrometer at 300 and
activities of other highly active phosphine ligands suckBagP 75.07 MHz at 293 K. The chemical shifts are given in parts per
and AdPBn* Further improvement of catalytic activity in million (ppm) on the delta scaled) and are referenced to
Sonogashira reactions with aryl chlorides must go along with tetramethylsilane 0 ppm) for'H NMR and 65% aqueous4RQ,
optimization of other factors such as reaction conditions and (6 0 ppm) for3¥> NMR. Abbreviations for NMR data: s singlet;
additives. Cp*PCy (17) and 1,2,3,4,7-MgndPCy; (13) are d = doublet; t= triplet; q = quartet; qi= quintet; dd= doublet of
favorable ligands for amination reactions; Cp*RQiL7) is doublets; dt= doublet of triplets; dg= doublet of quartets; tt=
favorable for Suzuki reactions involving aryl chlorides. Worthy  triplet of triplets; m= multiplet. Mass spectra were recorded on a
of note is the facile synthesis of Cp*P&in a single step from  Finnigan MAT 95 magnetic sector spectrometer. Thin-layer chro-
commercially available precursors and the remarkable catalytic matography (TLC) was performed using Fluka silica gel 60 F 254

activity of the respective Pd complexes. (0.2 mm) on aluminum plates. Silica gel columns for chromatog-
raphy were prepared with E. Merck silica gel 60 (0.66320 mesh
Experimental Section ASTM).

All chemicals were purchased as reagent grade from commercial  CYclic voltammetry was carried out with an EG&G 263A-2
suppliers and used without furher purification, unless otherwise Potentiostat. Cyclic voltammograms were recorded in dryCl
noted. Methyllithium (3.0 M in dimethoxyethane) was purchased under an argon atmosphere at ambient temperature. A three-
from Sigma-Aldrich. THF was distilled over potassium and electrode configuration was employed. The working electrode was
benzophenone under an argon atmosphere, diethyl ether wast Pt disk (diameter 1 mm) sealed in soft glass with a Pt wire as
distilled over sodium/potassium alloy and benzophenone under ancounter electrode. The pseudo reference electrode was an Ag wire.
argon atmosphere, and toluene was distilled over sodium andPotentials were calibrated internally against the formal potential
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Table 3. Sonogashira Reactions with Aryl Chloride3

entry aryl acetylene product mol % catalyst t(h)/ conversion "
chloride /ligand T (°C)
1 Me0—< >—CI :—< > MeOr = 1 mol %/ 18 20/110 37 %
o % 1mol%/17 20/110 35%
1mol %/10 20/110 44 %
1mol%/11  20/110 41%
1mol %/12 20/110 8%

1mol %/13 20/110 12%
1mol %/14 20/110 45%
1mol %/15 20/110  51%
1mol%/21 20/110 52%
2 NC@—CI :—Q v~ Y= 1mol%/15  15/100 95 %
3 i :—< > g 1mol %/15 15/100 43 %
ch. O—=)  1mol%/15 15/120 96%
4 e }Q I S 1mol %/15 15/120 91 %
5 Mec,@c. :—O MeOQ%@ lmol %/15 15/120 83 %
6 °>L©,c, Z O}L@;\_\ 1mol %/15 15/120 94 %
7 S Z 1mol %/15 15/120 80%

aConditions: 1.5 mmol of aryl chloride, 2.1 mmol of acetylene, 3 mmol of@s, 5 mL of DMSO, catalyst 1 mol % (N&dCh—ligand—Cul (4:8:3)).

b Average of two runs.

of ferrocene (460 mV (CkCl,) vs Ag/AgCl) & NBu,PFs (0.1 mol/
L) was used as the supporting electrolyte.

GC experiments were run on a Clarus 500 GC instrument with
autosampler and FID detector: column, Varian CP-Sil 8 CB (
15 m,d; = 0.25 mm,dg = 1.0um); N, flow (17 cm/s (split 1:50));
injector temperature, 270C; detector temperature, 35€C;
temperature program, isotherm 18D for 5 min, heating to 300C
at a rate of 25C/min, isotherm for 15 min. HCp* was synthesized
according to the Kohl and Jutzi proceddfe2,3-Dimethyl-1-
indanone ) and 1,2,3-trimethylindenelf were prepared according
to the method of Rausch et&IThe!H NMR spectra were identical
with those in the literature fo8% and for4.%8

2,3,4,7-Tetramethyl-1-indanone (6J2 Under an argon atmo-
sphere AICY (64 g, 0.48 mol) and GS(250 mL) were placed
in a 1 Lthree-necked round-bottomed flask fitted with a magnetic
stirrer, addition funnel, thermometer, and reflux condenser. A
mixture of tigloyl chloride 2; 42 g, 0.35 mol) ang-xylene 6;
42.8 mL, 0.35 mol) was added over a periadloh at —10 °C
with vigorous stirring. The reaction mixture was stirred foh at

3:1). TheIH NMR spectrum was identical with that in the
literature?t.7290

1,2,3,4,7-Pentamethylindene (7)n a 1 L three-necked round-
bottomed flask fitted with a magnetic stirrer and a reflux condenser,
2,3,4,7-tetramethyl-1-indanoii&; 19.52 g, 0.1 mol) was dissolved
in dry diethyl ether (300 mL) under an argon atmosphere. The
mixture was cooled with an ice bath; methyllithium (45 mL, 3.0
M solution in dimethoxyethane, 0.135 mol) was added dropwise
via a syringe. The mixture was refluxed for 3 h. The yellow reaction
mixture was cooled to ambient temperature, and a mixture of
concentrated HCI (20 mL) and,B (60 mL) was added via an
addition funnel. The resulting mixture was transferred to a
separation funnel and extracted with diethyl ethex(200 mL).
The combined organic layers were stirred overnight with 15 mL
of concentrated HCI. After this time the reaction mixture was
carefully adjusted to pH 7 with a saturated aqueous solution of
N&COs. The reaction mixture was transferred into a separation
funnel. The organic layer was washed withGH(3 x 100 mL),
dried over MgSQ, and filtered, and the volatiles were removed
under reduced pressure to give a yellow liquid. This residue was

that temperature and then warmed to ambient temperature and,,rified via column chromatography (SiO25 x 9 cm; eluent
stirred overnight. The brown reaction mixture was then refluxed cyclohexane) to afford 1,2,3,4, 7-pentamethylindéh@ 35 'g 44%)

for 3 h, cooled to ambient temperature, and poured carefully
onto a mixture of concentrated HCI (300 mL) and ice (500 g).

as a yellow liquid followed by6 (starting material; 9.60 g, 49%)
(eluent cyclohexaneethyl acetate (10:1)) as a yellow liquid. The

The CS layer was separated in a separation funnel, and the NvR spectra were identical with those reported in the literatre.

aqueous layer was extracted with diethyl ethex(200 mL). The

4,7-Dimethoxy-2,3-dimethyl-1-indanone (8)AICI; (64 g, 0.48

combined organic layers were dried over magnesium sulfate mol) and CHCI, (250 mL) (dried over MgSg) were placed under
and filtered, and the volatiles were removed in a rotary evaporator an argon atmosphere in a 500 mL three-necked round-bottomed

to give a red-brown liquid. This residue was rectified using a
35 cm Vigreux column to afford 2,3,4,7-tetramethyl-1-indanone
(6; 34 g, 52%, 95100°C, 1.5-1.2 mbar) as a pale yellow liquid.
6 was found to be a mixture of the two isomers of 2,3,4,7-
tetramethyl-1-indanone (the ratio 6& to 6b was approximately

(87) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877.
(88) Kohl, F. X.; Jutzi, POrganomet. Synthl986 3, 489.
(89) Sarrazin, J.; Tallec, ATetrahedron Lett1977 18, 1579.

flask fitted with a magnetic stirrer, addition funnel, inner thermom-
eter, and reflux condenser. A mixture of tigloyl chloridz 42 g,
0.35 mol) and 1,4-dimethoxybenzen22( 48.4 g, 0.35 mol,
dissolved in 75 mL of CKCI,) was added over a period of 1 h
at —10 °C with vigorous stirring. Afte 2 h of stirring at—2 to

—5 °C, the mixture was warmed to ambient temperature and was

(90) Kaminsky, W.; Rabe, O.; Schauwienold, A.-M.; Schupfner, G. U.;
Hanss, J.; Kopf, JJ. Organomet. Chen1995 497, 181.
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stirred overnight. The dark red mixture was then refluxed for 2 h;
after it was cooled to ambient temperature, the reaction mixture
was poured carefully onto a mixture of concentrated HCI (300 mL)
and ice (500 g). Then the resulting yellow mixture was transferred
to a separation funnel, the lower (@El,) layer was isolated, and
the aqueous layer was extracted with diethyl ethex (B00 mL).

The combined organic layers were dried over magnesium sulfate
and filtered, and the volatiles were removed under reduced pressure

to give a dark brown liquid. This residue was distilled using a 15
cm Vigreux column to give an orange-yellow light viscous liquid
(110-115 °C, 0.8 mbar). The liquid was purified via column
chromatography (Si§ 25 x 9 cm; eluent cyclohexanreethyl
acetate (1:1)) to afford 2,3-dimethyl-4,7-dimethoxy-1-indand@e (
9.53 g, 12%),R = 0.35 (cyclohexaneethyl acetate (5:1)) as a
yellow solid. 8 was found to be a mixture of the two isomers of
4,7-dimethoxy-2,3-dimethyl-1-indanone (the ratio3afto 8b was
approximately 4:1)!H NMR (500 MHz, CDC}): 8a, ¢ 7.01 (d,
3) = 8.0 Hz, 1H, arom), 6.74 (¢J = 8.5 Hz, 1H, arom), 3.89 (s,
3H, O—CHjs), 3.84 (s, 3H, G-CH3), 2.97 (qd,23J = 7.0 Hz,3) =
3.0 Hz, 1H, G4 position 2), 2.22 (qd3J = 7.5 Hz,3J = 3.0 Hz,
1H, CH position 3), 1.40 (d3J = 7.0 Hz, 3H, CHC13), 1.26 (d,3J
= 7.5 Hz, 3H, CHy); 8b, 6 6.99 (d,3] = 9.0 Hz, 1H, arom),
6.72 (d,3J = 7.5 Hz, 1H, arom), 3.89 (s, 3H,-GCHj3), 3.86 (s,
3H, O—CHjy), 3.53 (qi,3J = 7.5 Hz, 1H, G position 2), 2.74 (qi,
3J=7.5Hz, 1H, G position 3), 1.20 (d3J = 7.0 Hz, 3H, CHC13
position 2) 1.16 (d3J = 7.0 Hz, 3H, CHG3 position 3).13C{1H}
NMR (125.77 MHz, CDGCJ): 8a, 6 207.2, 151.8, 150.9, 148.2,
124.8, 117.5, 109.8, 56.0, 55.8, 51.6, 39.8, 19.5, 1802) 206.5,
151.5, 150.3, 149.3, 124.8, 116.9, 109.7, 56.0, 55.8, 47.1, 34.5
16.1, 14.2. HRMS rfy2): calcd for G3H1¢05, 220.1099; found,
220.10909.

4,7-Dimethoxy-1,2,3-trimethylindene (9).Diethyl ether (100
mL) and Mg turnings (0.96 g, 39 mmol) were placed in a 250 mL
three-necked round-bottomed flask fitted with a magnetic stirrer
and reflux condenser. Under an argon atmosphere a solution o
CHGsl (2.66 mL, 43 mmol) in degassed and dried diethyl ether (50
mL) was added via an addition funnel. The resulting gray solution
was stirred for 45 min before addition of dry light petroleum (bp
80—-110°C; 20 mL). The ether was then removed under reduced
pressure to yield a gray suspension which was cooled with ice. A
solution of 2,3-dimethyl-4,7-dimethoxy-1-indanong; (7 g, 32
mmol) in pentane (50 mL) was added dropwise over a period of
40 min; then the mixture was refluxed for 3 h. At this point the
yellow reaction mixture was cooled to°@ and a mixture of HCI
(10 mL) and HO (40 mL) was added via an addition funnel. The
resulting solution was transferred into a separation funnel and
extracted with diethyl ether (X 50 mL). The combined organic
layers were washed with 0.25 M aqueous sodium thiosulfate (3
30 mL) and filtered into a round-bottomed flask. Concentrated HCI
(15 mL) was added, and the mixture was stirred at ambient
temperature overnight. Then pH 7 was adjusted by addition of a
saturated aqueous solution of J&;. The organic layer was
washed with water (Xx 100 mL), dried over MgS@ and filtered,
and the volatiles were removed in vactde residual liquid was
purified via column chromatography (SiC35 x 9 cm; initial eluent
cyclohexane-ethyl acetate (50:1)) to afford two fractions: 1,2,3-
trimethyl-4,7-dimethoxyindened( 4.63 g, 66%) as a yellow liquid
with Rr = 0.42 (eluent cyclohexaneethyl acetate (2:1)) and 4,7-
dimethoxy-2,3-dimethyl-1-indanon@;(starting material) withR¢
= 0.35 (cyclohexaneethyl acetate (5:1)) as a pale yellow liquid.
IH NMR (500 MHz, CDC}): ¢ 6.70 (d,3J = 8.5 Hz, 1H, arom),
6.56 (d,3J = 9 Hz, 1H, arom), 3.81 (s, 3H, ©CHz), 3.78 (s, 3H,
O—CHa), 3.23 (9,3 = 7.5 Hz, 1H, &), 2.17 (m, 3H, Gl3), 1.90
(m, 3H, CH3), 1.28 (d,2) = 7.0 Hz, 3H, CHC13). 13C{*H} NMR
(125.77 MHz, CDCJ): 6 150.6, 149.1, 142.9, 137.2, 135.7, 131.1,
111.1, 107.5, 56.7, 56.0, 46.4, 14.7, 13.4, 12.0. HRMR)( calcd
for C14H180,, 218.1306; found, 218.13110.
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Chart 2. Indenyl- and Cyclopentadienyldialkylphosphonium

Salts
? BF ©
4? )

\({BF?

\'|)/‘<BF4®

s
3

10-HBF 11-HBF, 12-HBF, 13-HBF,
[S]
Y e N\ ] |3|:4e BFy4
0 H%{ BF, 0 . BF, J\
PH
(0 Ly ﬁ s
AN el
14-HBF, 15-HBF, 17-HBF, 18-HBF,

Diagrams of the indenyt and Cp*dialkylphosphonium salts
are given in Chart 2.

(1,2,3-Tetramethylindenyl)diisopropylphosphonium Tetraflu-
oroborate (10HBF,). In a 250 mL Schlenk flask 1,2,3-trimeth-
ylindene @; 5.14 g, 32.5 mmol) was dissolved in,Bt (100 mL)
under an argon atmosphere. The mixture was cooled¢@0 °C
(Nz/isopropyl alcohol), anahBuLi (12.38 mL, 2.5 M solution in
hexane, 31 mmol) was added. The solution was stirred for 10 min
at —60 °C and then fo 3 h at ambient temperature. A white
precipitate was formed. Then the mixture was cooled-&9 °C
and iPr,PCI (4.1 mL, 25.8 mmol) was added. The mixture was
warmed to room temperature and stirred for an additional 2 h, and
the LiCl that formed was removed by filtration over a pad of
"Celite under Schlenk conditions. The resulting slightly yellowish
filtrate was treated dropwise with HBfELO (4.42 mL, 32 mmol)
to give a white precipitate, which was separated via filtration
and dissolved in 10 mL of acetonitrile. After filtration the clear
filtrate was dropped into ED (900 mL, vigorously stirred). The
white precipitate that formed was separated via suction filtration.

fRemovaI of the volatiles in vacuo afforddd*HBF, as a white
solid (8.53 g, 91%)*H NMR (500 MHz, CDC}): ¢ 7.68 (d,3) =

8.0 Hz, 1H, arom), 7.497.46 (m, 1H, arom), 7.397.35 (m, 2H,
arom), 6.44 (dt}J(P) = 473 Hz,3J = 4.0 Hz, 1H, P-H), 2.74-

2.65 (m, 1H, &), 2.45-2.36 (m, 1H, ®), 2.16 (s, 3H, Ei3

position 3), 2.15 (d3J = 3.5 Hz, 3H, GH3 position 2), 1.81 (d
3J(P) = 17 Hz, 3H, (H3 position 1), 1.44 (ddd3J(P) = 96.0 Hz,
3J=18.5Hz,3) = 7.5 Hz, 6H, G13), 1.13 (ddd 2J(P) = 91.0 Hz,
3J=18.0 Hz,J = 7.0 Hz, 6H, G13). 13C{*H} NMR (125.77 MHz,
CDCl): ¢ 145.1 (d,J = 3.8 Hz), 141.6, 138.9 (d] = 8.0 Hz),
137.7 (d,J = 3.8 Hz), 129.8, 126.7, 123.5 (d,= 3.5 Hz), 120.2,
51.5 (d,J = 32.6 Hz), 21.1 (dJ = 6.7 Hz), 20.8 (dJ = 5.6 Hz),
20.0 (d,J = 2.6 Hz), 19.9, 19.1 () = 2.1 Hz), 18.2 (dJ = 2.3

Hz), 17.7 (dJ = 2.3 Hz), 11.1, 10.8"'P{*H} NMR (202.46 MHz,
CDCl): 0 36.6.3'P NMR (202.46 MHz, CDG): 9 36.6 (d,J =

472.9 Hz).

(1,2,3-Trimethylindenyl)dicyclohexylphosphonium Tetrafluo-
roborate (11-HBF,). In a 100 mL Schlenk 1,2,3-trimethylindene
(4; 2.44 g, 15.4 mmol) was dissolved in,Bt (50 mL) under an
argon atmosphere. The mixture was coolee-6® °C (N./isopropyl
alcohol), anchBuLi (5.9 mL, 2.5 M solution in hexane, 14.7 mmol)
was added. The solution was stirred for 10 min—&0 °C and
then fa 3 h atambient temperature. A white precipitate was formed.
Then the mixture was cooled to60 °C and CyPCl (2.7 mL, 12
mmol) was added. The mixture was warmed to room temperature
and stirred for additional 2 h, and the LiClI that formed was removed
by filtration over a pad of Celite under Schlenk conditions. The
resulting slightly yellowish filtrate was treated dropwise with HBF
Et,O (2 mL, 14.9 mmol) to give a white precipitate, which was
separated via filtration and dissolved in 10 mL of acetonitrile. After
filtration the clear filtrate was dropped into & (900 mL,
vigorously stirred). The white precipitate that formed was separated
via suction filtration. Removal of the volatiles in vacuo afforded

)
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11-HBF,4 as a white solid (2.82 g, 53%}H NMR (500 MHz,
CDCly): 6 7.64 (d,3) = 7.5 Hz, 1H, arom), 7.48 (8J = 7.5 Hz,
1H, arom), 7.46-7.35 (m, 2H, arom), 6.36 (dtJ(P) = 475 Hz,
4) = 3.5 Hz, 1H, P-H), 2.34-2.26 (m, 1H, &), 2.16 (d,2)(P) =
4.0 Hz, 3H, M3 position 2), 2.14 (s, 3H, B; position 3), 2.09-
1.14 (m, 21H, &, and H), 1.81 (d,3)(P) = 17.5 Hz, 3H, Gi;
position 1).13C{!H} NMR (125.77 MHz, CDGJ)): ¢ 145.2 (d,
J=3.1Hz), 141.8, 138.8 (dl = 7.8 Hz), 137.8 (dJ = 2.9 Hz),
129.8, 126.7, 123.4, 120.0, 51.6 @= 32.2 Hz), 31.0, 30.7 (d,
J = 10.8 Hz), 30.5, 29.8 (d) = 3.0 Hz), 29.0 (dJ = 3.5 Hz),
28.2 (d,J = 3.3 Hz), 28.1 (dJ = 3.1 Hz), 26.9 (dJ = 6.0 Hz),
26.8 (d,J = 5.8 Hz), 26.6, 26.5, 24.9 (d,= 3.8 Hz), 19.6, 11.2,
10.7.3%P{1H} NMR (202.46 MHz, CDCJ): & 29.2.3P NMR
(202.46 MHz, CDCJ): 6 29.2 (d,J = 473.7 Hz).
(1,2,3,4,7-Pentamethylindenyl)diisopropylphosphonium Tet-
rafluoroborate (12-HBF,). In a 100 mL Schlenk flask 1,2,3,4,7
pentamethylindene7( 3.0 g, 16 mmol) was dissolved in &

Organometallics, Vol. 26, No. 10, 20065

1H, arom), 6.30 (dgtJ(P) = 470 Hz,J = 3.5 Hz, 1H, P-H), 2.58
(s, 3H, H3 benzylic), 2.58 (s, 3H, B3 benzylic), 2.46-2.39 (m,
1H, CH), 2.31 (d,%J(P) = 4.5 Hz, 3H, (3 position 2), 2.11 (s,
3H, CH3 position 3), 1.89 (d3J(P) = 16.5 Hz, 3H, Gi3 position
1), 1.86-0.93 (m, 21H, Ei, and CH). 13C{*H} NMR (125.77 MHz,
CDCly): ¢ 143.0, 140.9 (dJ = 9.3), 140.3, 136.0 (dl = 4.9 Hz),
133.1, 131.9 (dJ = 4.0), 129.7, 129.6, 52.8 (d, = 29.2 Hz),
31.5(d,J=7.2 Hz), 31.2, 29.6 (dJ = 3.5 Hz), 29.1 (dJ = 3.3
Hz), 28.2 (d,J = 3.5 Hz), 27.9 (dJ = 3.8 Hz), 27.0 (dJ = 11.9
Hz), 26.8, 26.7, 26.6 (d) = 13.1), 25.0, 24.8, 20.2, 19.8, 18.1,
14.8, 11.93P NMR (202.46 MHz, CDG)): 6 25.5 (d,J = 472.3
Hz).
(4,7-Dimethoxy-1,2,3-trimethylindenyl)diisopropylphos-
phonium Tetrafluoroborate (14-HBF,). In a 100 mL Schlenk
flask 4,7-dimethoxy-1,2,3-trimethylinder(®; 1.7 g, 7.79 mmol)
was dissolved in BO (50 mL) under an argon atmosphere. The
mixture was cooled te-60 °C (Nj/isopropyl alcohol), anaBulLi

(50 mL) under an argon atmosphere. The mixture was cooled to (3.0 mL, 2.5 M solution in hexane, 7.43 mmol) was added. The

—60°C (Ny/isopropyl alcohol), andBuLi (16.1 mL, 2.5 M solution

solution was stirred for 10 min at60 °C and then fo 3 h at

in hexane, 15 mmol) was added. The solution was stirred for 10 ambient temperature. A white precipitate was formed. Then the

min at —60 °C and then fo 3 h atambient temperature. A white
precipitate was formed. The mixture was cooled-60 °C, and
iPrLPCI (2.0 mL, 12.8 mmol) was added. The mixture was warmed
to room temperature and stirred for additional 2 h, and the LiCl
that formed was removed by filtration over a pad of Celite under
Schlenk conditions. The resulting slightly yellowish filtrate was
treated dropwise with HBFELO (2.2 mL, 16 mmol) to give a
white precipitate that was separated via filtration and dissolved in
10 mL of chloroform. After filtration the clear filtrate was dropped
into ELO (900 mL, vigorously stirred). The white precipitate that
formed was separated via suction filtration. Removal of the volatiles
in vacuo afforded 2-HBF, as a white solid (4.23 g, 84% NMR
(500 MHz, CDC}): 6 7.09 (d,2J = 8.0 Hz, 1H, arom), 6.97 (&)
= 8.0 Hz, 1H, arom), 6.41 (d4J(P) = 468 Hz,3J = 5.3 Hz, 1H,
P—H), 2.84-2.75 (m, 1H, &), 2.59 (s, 3H, Ei; benzylic), 2.58
(s, 3H, H3 benzylic), 2.31 (d#J = 4.5 Hz, 3H, GH3 position 2),
2.23-2.14 (m, 1H, ®©), 2.13 (s, 3H, El;3 position 3), 1.89 (d,
3J(P)= 17 Hz, 3H, (H3 position 1), 1.50 (ddPJ(P) = 107 Hz,3J
= 18.5 Hz,J = 7.0 Hz, 6H, (H3), 1.12 (ddd2J(P) = 96.5 Hz,3]
= 18.5 Hz,J = 7.0 Hz, 6H, (H3). 13C{1H} NMR (125.77 MHz,
CDCl): 6 143.3, 141.4 (dJ = 9.2 Hz), 140.6, 136.2 (d] = 6.3
Hz), 133.6, 132.2 (dJ = 2.1 Hz), 130.2, 130.0, 52.9 (d,= 29.2
Hz), 22.1 (d,J = 3.6 Hz), 21.8, 20.7, 20.4 (d,= 2.3 Hz), 20.2,
19.1 (d,J = 1.8 Hz), 18.9 (dJ = 1.9 Hz), 18.7 (dJ = 1.8 Hz),
18.1 (d,J = 3.1 Hz), 15.2, 12.33P{1H} NMR (202.46 MHz,
CDCly): 6 34.0.3'P NMR (202.46 MHz, CDG): ¢ 34.0 (d,J =
463 Hz).

(1,2,3,4,7-Pentamethylindenyl)dicyclohexylphosphonium Tet-
rafluoroborate (13-HBF,). In a 100 mL Schlenk flask 1,2,3,4,7-
pentamethylindene7( 3.0 g, 16 mmol) was dissolved in &

mixture was cooled te-60 °C andiPrLPCI (1.0 mL, 6.24 mmol)
was added. The mixture was warmed to room temperature and
stirred for an additioria2 h atambient temperature, and the LiCl
that formed was removed by filtration over a pad of Celite under
Schlenk conditions. The resulting slightly yellowish filtrate was
treated dropwise with HBFELO (1 mL, 7.72 mmol) to give a
white precipitate, which was separated via filtration and dissolved
in 10 mL of chloroform. After filtration the clear filtrate was
dropped into BEO (700 mL, vigorously stirred). The white
precipitate that formed was separated via suction filtration. Removal
of the volatiles in vacuo affordeti4-HBF, as a white solid (1.73
g, 66%).!H NMR (500 MHz, C;CN): 6 7.13 (dd,®J = 9.0 Hz,
J=1.5Hz, 1H, arom), 6.99 (&) = 9.0 Hz, 1H, arom), 6.39 (dq,
1J(P) = 465.5 Hz,%] = 3.0 Hz, 1H, P-H), 3.99 (s, 3H, G-CHy),
3.87 (s, 3H, G-CH3), 3.10-3.00 (m, 1H, &), 2.62-2.51 (m, 1H,
CH), 2.30 (dd,*J(P) = 5.0 Hz,J = 1.0 Hz, 3H, 3 position 2),
2.13 (s, 3H, Gi3 position 3), 1.86 (d2J(P) =16.5 Hz, 3H, Gi3
position 1), 1.45 (ddd®J(P) = 100 Hz,3J = 19 Hz,3J = 7.0 Hz,
6H, CH3), 1.18 (ddd2J(P) = 72.5 Hz,3) = 17.5 Hz,3) = 7 Hz,
6H, CH3). 13C{*H} NMR (125.77 MHz, CRCN): 6 150.8 (d,J =
2.1 Hz), 150.4, 139.7 (dl = 9.0 Hz), 137.6 (dJ = 3.4 Hz), 134.7
(d,J = 3.5 Hz), 130.5, 115.0, 110.5, 56.6, 56.1, 52.4); 31.8
Hz), 23.4 (d,J = 35.8 Hz), 21.3 (dJ = 39.5 Hz), 19.9 (dJ =
2.64 Hz), 19.5 (dJ = 1.9 Hz), 19.0 (dJ = 2.9 Hz), 18.3 (d]) =
2.0 Hz), 17.7 (dJ = 2.3 Hz), 13.8, 10.8%!P NMR (202.46 MHz,
CDsCN): 6 33.1 (d,J = 464.8).
(4,7-Dimethoxy-1,2,3-trimethylindenyl)dicyclohexylphospho-
nium Tetrafluoroborate (15-HBF,). In a 100 mL Schlenk flask
4,7-dimethoxy-1,2,3-trimethylindeng®; 1.7 g, 7.79 mmol) was
dissolved in E4O (50 mL) under an argon atmosphere. The mixture

(50 mL) under an argon atmosphere. The mixture was cooled to was cooled to-60 °C (N./isopropyl alcohol), an@BuLi (3.0 mL,

—60°C (Ny/isopropyl alcohol), andBuLi (6.1 mL, 2.5 M solution

2.5 M solution in hexane, 7.43 mmol) was added. A white

in hexane, 15 mmol) was added. The solution was stirred for 10 precipitate was formed. The solution was stirred for 10 mix @@

min at —60 °C and then fo 3 h atambient temperature. A white
precipitate was formed. Then the mixture was cooled-&9 °C
and CyPCI (2.8 mL, 12.7 mmol) was added. The mixture was
warmed to room temperature and stirred for an additi@lh at

°C and for 3 h aambient temperature. Then the mixture was cooled
to —60 °C and CyPCl (1.3 mL, 6.19 mmol) was added. The
mixture was warmed to room temperature and then for an additional
2 h at ambient temperature and the LiCl that formed was removed

ambient temperature, and the LiCl that formed was removed by by filtration over a pad of Celite under Schlenk conditions. The

filtration over a pad of Celite under Schlenk conditions. The
resulting slightly yellowish filtrate was treated dropwise with HBF
Et,O (2.2 mL, 16 mmol) to give a white precipitate which was
separated via filtration and dissolved in 10 mL of chloroform. After
filtration the clear filtrate was dropped into J&t (700 mL,

resulting slightly yellowish filtrate was treated dropwise with HBF
Et,O (1 mL, 7.79 mmol) to give a white precipitate, which was
separated via filtration and dissolved in 10 mL of chloroform. After
filtration the clear filtrate was dropped into & (700 mL,
vigorously stirred). The white precipitate that formed was separated

vigorously stirred). The white precipitate that formed was separated via suction filtration. Removal of the volatiles in vacuo afforded

via suction filtration. Removal of the volatiles in vacuo afforded
13-HBF, as a white solid (4.12 g, 69%}H NMR (500 MHz,
CDCl): 6 7.10 (d,3J = 8.0 Hz, 1H, arom), 6.97 (¢) = 8.0 Hz,

15-HBF, as a white solid (1.72 g, 55%}H NMR (500 MHz,
CDCly): 0 6.93 (dd,2J = 9.0 Hz,J = 1.5 Hz, 1H, arom), 6.77 (d,
3J = 9.0 Hz, 1H, arom), 6.24 (dddJ(P) = 472.5,3]J = 5.5 Hz,J
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= 2.5Hz, 1H, P-H), 3.92 (s, 3H, G-CH3), 3.84 (s, 3H, G-CHy),
2.60-2.49 (m, 1H, &), 2.28 (dd,*J(P) = 4.0 Hz,J = 1.0 Hz,
3H, CH; position 2), 2.18-2.11 (m, 1H, ®), 2.06 (s, 3H, €i3
position 3), 1.76 (d3J(P) =16.5 Hz, 3H, &3 position 1), 2.04
1.01 (m, 20H, CH). B3C{'H} NMR (125.77 MHz, CDCJ): ¢ 149.7
(d,J = 1.9 Hz), 149.5, 138.9 (d] = 7.0), 136.9 (dJ = 3.0 Hz),
134.2 (d,J = 2.8), 129.7, 113.8, 109.1, 56.3, 55.7, 51.6 Jd&
32.2 Hz), 32.3, 32.0, 30.6, 30.3, 29.3(0d= 3.3 Hz), 29.2 (dJ =
5.3 Hz), 28.2 (dJ = 3.3 Hz), 27.7 (dJ = 3.1 Hz), 27.0 (dJ =
13.1 Hz), 26.9 (dJ = 14.2 Hz), 25.1, 24.9, 17.8, 13.6, 103#P-
{*H} NMR (202.46 MHz, CDCJ): ¢ 25.4.3'P NMR (202.46 MHz,
CDCly): ¢ 25.4 (d,J = 471.1 Hz).

Cp*PCy*HBF,4 (17-HBF,). In a 250 mL Schlenk flask pen-
tamethylcyclopentadiene (HCp*16);2¢ 2.9 g, 21.3 mmol) was
dissolved in diethyl ether (100 mL) and treated witBuLi (8.1
mL, 2.5 M in hexane, 20.3 mmol) at60 °C. The mixture was
stirred fa 4 h at ambient temperature, to give a thick white

Fleckenstein and Plenio

guantitatively precipitate the E{H™ salt. Following the filtration

of the precipitates, the volatiles were evaporated from the filtrate.
The remaining material is pure phosphine, typically formed in
quantitative yields.

General Procedures for the Cross-Coupling ReactionsAll
cross-coupling reactions are carried out under an argon atmosphere
in deaerated solventéréeze and thayv

Suzuki Reaction of Aryl Chlorides (in Dioxane). (a) Prepara-
tion of the Catalyst Stock Solution. Na,PdClL (0.05 mmol),
phosphonium salt (0.1 mmol), and £L©; (0.2 mmol) were placed
in a Schlenk tube. Dioxane (5.0 mL) was added, and the mixture
was stirred at 45C for 2 h until the solution turned off-white.
This stock solution had a concentration of 0.01 M in [Pd].

(b) Cross-Coupling Reaction.To the aryl chloride (1 mmol)
were added boronic acid (1.5 mmol), L5 (2 mmol), dioxane
(5 mL), and the catalyst stock solution. The reaction mixture was
stirred at 100°C in an aluminum block. After it was cooled to

suspension. THF (absolute, 100 mL) was added, and the suspensiofoom temperature, the reaction mixture was diluted with ether (15

was quenched with GPCI (3.93 g, 16.9 mmol) at60 °C. The

mL) and washed with water (10 mL) and the organic phase was

reaction mixture was stirred at ambient temperature overnight and dried over MgS@ filtered, and concentrated in vactithe product

filtered over a small pad of Celite. The clear, colorless filtrate was
then quenched with HBFELO (2.7 mL, 19.9 mmol), which led

to precipitation of the phosphonium salt as a white solid about 3
min after the addition of the acid. The solid was separated via
suction filtration and washed with £2, and the volatiles were
removed in vacuo to afforti7-HBF, as a white solid (3.7 g, 52%).
1H NMR (500 MHz, CDC}): 6 6.06 (dt,*J(PH) = 470 Hz,3) =

4 Hz, 1 H, M), 2.15-2.07 (m, 2 H, ¢&), 2.03-1.99 (m, 2 H,
CHy), 1.98 (s, 6 H, Gi3), 1.89 (d,*)(PH) = 3.5 Hz, 6 H, G3),
1.89-1.85 (m, 6 H, &), 1.73-1.56 (m, 6 H, &1,), 1.51 (d 3J(PH)

= 17.5 Hz, 3 H, G3), 1.32-1.25 (m, 6 H, ¢1y). 13C{H} NMR
(125.75 MHz, CDGJ): 6 142.7 (d J(P—C) = 6.8 Hz), 134.8, 55.1

(d, J(P—C) = 28.3 Hz), 30.3, 30.0, 29.6 (d(P—C) = 3.5 Hz),
28.5 (d,J(P—C) = 3.4 Hz), 26.9 (dJ(P—C) = 11.9 Hz), 26.7 (d,
J(P—C) = 13.6 Hz), 25.0, 17.3 (dJ(P—C) = 3.3 Hz), 11.4 (d,
J(P—C) = 22.1 Hz).3'P NMR (202.45 MHz, CDG): 6 26.7 (d,
J(P—H) = 471.5 Hz).

Cp*PiPryHBF,4 (18'HBF,). In a 250 mL Schlenk flask pen-
tamethylcyclopentadiene (HCp*1§); 2.79 g, 20.5 mmol) was
dissolved in diethyl ether (absolutely, 175 mL) and treated with
nBuLi (7.8 mL of a 2.5 M solution in hexane, 19.5 mmol) at
—60 °C. The mixture was stirred fo4 h atambient temperature
(magnetic stirrer), resulting in a thick white suspension. THF
(absolute, 50 mL) was added, followed B3,PCl (2.48 g, 16.25
mmol) at —60 °C. The reaction mixture was stirred at ambient
temperature overnight and filtered over a small pad of Celite. The
clear, colorless filtrate was quenched with HEF,0O (2.76 mL,
20.3 mmol), which led to precipitation of the phosphonium salt as
a white solid. The solid was separated via suction filtration and
washed with B, and the volatiles were removed in vacuo to
afford 18-HBF 4 as a white solid (5.2 g, 94%) NMR (500 MHz,
CDCly): ¢ 6.21 (dt,’J(PH) = 468.5 Hz,3) = 4.5 Hz, 1 H, B),
2.52-2.43 (m, 2 H, ®), 2.00 (s, 6 H, Ei3), 1.89 (d,*J(PH)= 3.0
Hz, 6 H, CH3), 1.51 (d,3J(PH) = 17.5 Hz, 3 H, G&3), 1.47 (dd,
3J(PH) = 18.5 Hz,3J = 7.0 Hz, 6 H, GH3), 1.38 (dd 3J(PH) = 18
Hz, 38 = 7.5 Hz, 6 H, ¢3). C{*H} NMR (125.75 MHz,
CDCly): 0 143.2 (d,J(P—C) = 6.7 Hz), 135.0, 55.2 (d(P-C) =
29.2 Hz), 20.8 (dJ(P-C) = 38.4 Hz), 20.1 (dJ(P-C) = 2.5
Hz), 18.8 (d,J(P—C) = 3.3 Hz), 18.1 (d,J(P—C) = 3.4 Hz), 11.8
(d, J(P—C) = 39.4 Hz).31P{H} NMR (202.45 MHz, CDG)): o
34.9.31P NMR (202.45 MHz, CDG): ¢ 34.9 (d,J(P—H) = 469.3
Hz).

General Procedure for the Synthesis of Phosphines from the
Respective Phosphonium SaltsThe phosphonium salt was first
dissolved in the minimum amount of GEI,, and then EN (10

was isolated by column chromatography (silica, cyclohexatiyl
acetate (100:2)). Alternatively, the yield was determined via gas
chromatography with hexadecane or diethylene glycaoi-tistyl
ether as an internal standard.

Sonogashira Reaction of Aryl Chlorides (in dmso)Dry dmso
(5 mL, crown cap), aryl chloride (1.5 mmol), acetylene (2.1 mmol),
and NaCO; (3 mmol) were placed in a Schlenk tube. Then the
catalyst was added in the given concentration,Rdi&CL,—ligand
(phosphonium sak)Cul (4:8:3), under argon. The reaction mixture
was stirred at 100120 °C in an aluminum block for 1220 h.
After it was cooled to room temperature, the reaction mixture was
diluted with ether (15 mL) and washed with water (10 mL) and
the organic phase was dried over MgSfiitered, and concentrated
in vacuo. The product was isolated by column chromatography
(silica, cyclohexaneethyl acetate (100:2)). Alternatively, the yield
was determined via gas chromatography with hexadecane or
diethylene glycol dir-butyl ether as an internal standard.

Buchwald—Hartwig Amination of Aryl Chlorides (in Tolu-
ene).Dry toluene (5 mL), aryl chloride (5 mmol), amine (6 mmol)
and Na@Bu (6 mmol) were placed in a Schlenk tube. Next the
catalyst was added in the given concentration, followed by Na
PdCly/ligand (phosphonium salt) (1:2). The reaction mixture was
stirred at 120°C in an aluminum block. After it was cooled to
room temperature, the reaction mixture was diluted with ether (15
mL) and washed with water (10 mL) and the organic phase was
dried over MgSQ) filtered, and concentrated in vacuo. The product
was isolated by column chromatography (silica, cyclohexaatlayl
acetate (90:10)). Alternatively, the yield was determined via GC
with hexadecane or diethylene glycolmibutyl ether as an internal
standard.

N-Ferrocenyl-4-methoxyaniline (19).'H NMR (500 MHz,
CDCly): 6 6.89 (d,3) = 9.0 Hz, 2 H, G4, ar), 6.81 (d2J = 9.0
Hz, 2 H, (H, ar), 4.61 (s (br), 1 H, N), 4.16 (s, 7 H, Fc), 3.99 (s,
2 H, Fc), 3.77 (s, 3 H, 8j3). 18C{*H} NMR (125.77 MHz,
CDCly): 6 153.3,139.5,117.2, 114.6, 102.8, 68.7, 64.1, 60.4, 55.7.
CV: Ej,=0.142 V;AE= 76 mV. HRMS (W2): calcd for G/H1~
NOFe, 307.0659, found, 307.06654.

N-Ferrocenyl-3-(trifluoromethyl)aniline (20). 'H NMR (500
MHz, CDCk): 6 7.27-7.24 (m, 2 H, ar), 7.01 ()= 7.5 Hz, 1
H, CH, ar), 6.95 (dd3J = 8.0 Hz,J = 2.0 Hz, 1 H, ¢4, ar), 5.10
(s (br), 1 H, NH), 4.23 (t,3J = 2.0 Hz, 2 H, Fc), 4.20 (s, 5 H, Fc),
4.07 (t,%) = 1.5 Hz, 2 H, Fc).13C{H} NMR (125.77 MHz,
CDCly): 0 146.5, 131.4 (&) = 31.2 Hz,C—CF;, ar), 129.5, 125.8
(q, 0 = 273.3 Hz,CFy), 117.4, 114.8 (¢3J = 4.8 Hz), 110.6 (q,
3J = 4.1 Hz), 98.7, 69.0, 64.9, 62.4. C\E;, = 0.268 V;AE =

equiv per phosphonium group) was added. After the mixture was 72 mV). HRMS @2): calcd for G/H14NFsFe, 345.0427; found,

stirred for 30 min, twice the volume of E? was added to

345.04401.
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