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Part I.
Synthesis of chiral diphosphine ligands

1. Overview and objectives

1.1 General overview

The application of organometallic compounds or clexgs as catalysts or reagents in organic
synthesis is nowadays an extremely fast growinlgl fod scientific research. An immense
number of novel organometallic transformations Wwhiwere impossible to perform by
conventional synthetic methods were discoveredhénlast two decades. They are currently
employed practically in all areas of preparativgamic chemistry. Much shorter syntheses of
complex organic molecules, not possible only tearyeago, were successfully performed
recently, using the powerful methodology of orgaetatiic chemistry. New applications and
methodologies in organometallic chemistry are nowensively investigated, and indeed,
these reagents and catalysts have revolutionizgghar synthesis in the last twenty years.
Among the organometallic reagents, organozinc camg@e possess outstanding properties
from the point of view of the synthetic versatiligompatibility with various functionalities in
complex organic molecules, easiness of tuning efréactivity by the addition of a catalyst
and the lack of environmental hazard. The chemisfrprganozinc reagents has recently
become a rapidly and dynamically growing field afganic synthesis. Design of new
synthetic methods in this branch of organometatiemistry is a quite important and
challenging synthetic task.

Another challenging research topic in organometalhiemistry is the development of novel
chiral phosphine ligands for transition metal-cgatl reactions. Such ligands play an
extremely important role in the industrial prodoatiof enantiomerically enriched compounds.
The worldwide sales of artificial enantiopure protduachieved $123 billion several years ago,
and this value keeps on growing constantly. Theadisry of novel reactions in the field of

new ligand synthesis is an interesting target foorganic chemist.
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1.2. Objectives

The discovery of the diastereoselective [2,3]-sigomc allylphosphinite-allylphosphine
oxide rearrangement more than 50 years ago hasd@eninteresting synthetic pathway to
the creation of a new chiral carbon center, beaaipiposphorus atom. Recently, this reaction
was applied in our group for the synthesis of salveew diphosphine ligands having a
carbocyclic scaffold. They displayed promising md@s in several industrially important
transition metal-catalyzed reactions. However, fyathetic potential of this interesting
method has not yet been fully investigated. Asfifts¢ goal, we planned to use this approach
in the synthesis of new diphosphine ligands with tiarbocyclic core, using as starting
materials the allylic alcohols with an exocyclicutbbe bond, either prepared synthetically or
naturally occurring. It was planned to perform #nealuation of these ligands in several
important asymmetric metal-catalyzed reactions.

The development of the chemoenzymatic methodsherrésolution of various substituted
cycloalkanols during the study of the [2,3]-allyygphinite rearrangement gave us a
possibility to design several novel routes towasdme perspective classes of diphosphine
ligands. One of the target of the following invgation was the design of a modular
asymmetric synthesis of the diphosphines with y@opentane core from a common chiral
precursor, using the newly developed chemoenzyrtetlmiques.

Studies in the field of transition metal catalyisid us to the search for new synthetic methods
for the transformation of aryl functional groupsherl aim of the next project was the
development of a versatile method for the convergib a phenolic hydroxyl into an aryl
iodide, using the methodology of organometallicralstry. The lack of a mild and general
method for the conversion of organozinc and -magnesompounds into the corresponding
thiols brought about the discovery of a broadly fuisesynthetic protocol for this
transformation. Several observations of the catalgttivity of nickel complexes in the
reactions of organozinc compounds led to the dewveémt of a highly versatile and robust
method for the Ni-catalyzed cross-coupling reactbrorganozinc species. This became the
objective of the next research project. The outitapnenhancing effect of lithium chloride on
the reactivity of various main-group organometalligagents, which led to the recent
discovery of several extremely useful synthetichmds in organomagnesium chemistry in
our group, made very promising the investigatiortha$ reagent in the field of organozinc
chemistry. It was the main target of the last pathis work.

14



2. Allylphosphinite-allylphosphine oxide [2,3]-sigmatropic
rearrangement on exocyclic systems and its application to the
synthesis of new phosphorus ligands for asymmetric catalysis.

2.1 Chiral diphosphines with a saturated cyclic cor e and their applications in
asymmetric catalysis.

One of the main purposes of contemporary orgamthggis is the preparation of compounds
in optically pure form. Among the methods develogedachieve this goal, the transition
metal-catalyzed reactions using chiral ligands mpday undoubtedly the most important role,
especially for large-scale industrial applicationis.2001, the pioneers of the metal-catalyzed
asymmetric synthesiknowle$, Noyor® and Sharplesswvere awarded the Nobel Prize. This
emphasized the exceptional industrial significamicéhis branch of modern organic chemistry.
The number of new metal-catalyzed asymmetric reastand discovered ligands has been
increasing from year to year. The chip&-phosphine ligands are the most important class of
ligands for the transition metal catalysis. Thetfimportant ligand of this type, DIPAMP,
discovered byKnowlesandHorner,* enabled the first industrial asymmetric synthesisin
amino acid L-DOPA, an extremely important pharmagaal agent in the treatment of the
Parkinson’s diseaseThe preparation of chiral diphosphine ligands \nhace rather complex
molecules, bearing multiple chiral centers, is mfexpensive and lengthy. Therefore, the
search for new promising structures of this classnvall as the novel methods for their
synthesis is an important and challenging taskofganic chemists.

Diphosphine ligands with a rigid cyclic scaffoldeaone of the most important classes of
currently used chiral phosphine ligands. Such camge asBrunnets NORPHOS 2)°
Nagels DEGUPHOS 4),” BICP @),2 developed byhang PCPP 1),° designed byAchiwa
NOPAPHOS §)*° and PHELLANPHOS &)™ from Kaganand CAMPHORPHOST7)** from

Helmchen(Scheme 1) are excellent ligands for the Rh-catlyasymmetric reduction of

1a) R. Noyori,Asymmetric Catalysis in Organic Synthedigiley, New York, 1994 b) I. Ojima, Catalytic
Asymmetric Synthesi8. Ed., Wiley, New York200Q

2W. S. KnowlesAdv. Synth. CaR003 345, 3.

3 R. Noyori,Adv. Synth. CaR003 345, 15.

*W. S. KnowlesAcc. Chem. Re4983 16, 106.

®B. D. Vineyard, W. S. Knowles, M. J. Sabacky, GBachman, D. J. Weinkaufl, Am. Chem. So¢977, 99,
5946.

® H. Brunner, W. Pieronczyldngew. Chem. Int. EA979 18, 620.

"a) U. NagelAngew. Chem. Int. EA985 23, 435. b) U. Nagel, T. KrinkChem. Ber1993 126, 1091.

8 G. Zhu, P. Cao, Q. Jiang, X. ZhadgAm. Chem. Sot997, 119, 1799.

° K. Inoguchi, K. AchiwaSynletf 1991, 49.

190. samuel, R. Couffignal, M. Lauer, S. Y. ZhangB4KaganNouv. J. Chentl 981, 5, 15.

M. Lauer, O. Samuel, H. B. Kagah,Organomet. Chem 979 177, 309.

12 A, Krotz, Dissertation Universitat Heidelberd, 999
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C=C double bonds in acetamidocinnamic esters agid @inalogs, itaconic esters and similar

unsaturated compounds. Similarly, C=0 and C=N bomds be enantioselectively

PhR PPhy

hydrogenated, using complexes of this ligand typiéis Ru or Ir'3

Ph,R
Ph,R / S P2

Ph,P  PPh,

“PPh, N
Bn
PCPP (1) NORPHOS (2) BICP (3) DEGUPHOS (4)

..\\‘Pth

Ph,P
PPh, PPh,
/ U
“1pPh "
2 ’PPh,

NOPAPHOS (5) PHELLANPHOS (6)  CAMPHORPHOS (7) 8 (Knochel,Demay, 2001)

Scheme 1Chiral diphosphine ligands with carbocyclic franueis.

Beside the asymmetric hydrogenation, the most comapplication fields of such ligands are
Rh-catalyzed hydroboration of alkeréfh-catalyzed 1,4-addition of arylboronic acids to
enone¥’ and Pd-catalyzed allylic alkylation and allylic imation® Several examples of the
asymmetric hydrogenation, one of the most widelgdussymmetric transition metal-

catalyzed reactions, are given below (Schentg 2).

133) W. Tang, X. Zhangzhem. Rev2003 103 3029. b) S. Kobayashi, H. Ishitaihem. Rev1999 99, 1069.
c) M. J. Burk, J. E. Feastel, Am. Chem. Sot992 114, 6266.

% a) T. Hayashi, Y. Matsumoto, Y. Itd, Am. Chem. So&989 111, 3426. b) A. Schnyder, L. Hintermann, A.
Togni, Angew. Chem. Int. EA995 34, 931.

153) Y. Takaya, M. Ogasawara, T. Hayashi, J. Am.nHgoc. 1998, 120, 5579. b) M. T. Reetz, D. MouAin,
Gosberg

63) B. M. Trost, D. L. Van VrankeiGhem. Rev1996 96, 395. b) A. Heumann, M. RéglieFetrahedronl 995
51, 975.

17a) G. Zhu, X. ZhangTetrahedron: Asymmetr4998 9, 2415. b) U. Nagel, E. Kinzel, J. Andrade, G. Ehes
Chem. Ber1986 119 3326. c) H. Takeda, T. Tachinami, M. Aburatani,Ttdkahashi, T. Morimoto, K. Achiwa
Tetrahedron Lett1989 30, 363. d) H. Jendralla, R. Henning, B. Seuringd;idrchen, B. Kulitzscher, I. Wunner
Synletf 1993 155.
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“pph,
L [I(COD)CI] (1 mol%)
PPhy. N/ R, R)-(3) (L.L mol%) y
H

phtalimide
PhMe, H, (100 bar), 0 T o
(R,R)-3 quantitative
95.1% ee
Ph,oR PPhy
Z ) o -CO2Me  (RR)-(4)/Rh()) CO,Me
N :
| NHAC MeOH, H, (61 bar), rt NHAC
CH2Ph S/C = 50000
(R,R)-4 quantitative
96.5% ee
O HO
Cy2R NEt,-HCI .
27" Rh(nbd),BF, NEL-HCI
PPh, (S,S)-(9) _ 96% ce
N EtsN-MeOH quant.
CONHMe 50 T, 20 bar H,
S/C = 100000

(S, S)-MCCPM (9)

Ph,R
2 Rh(nbd),BF,
BPPh (S, S)-(10) 94% ee
2 > quant.
N Et;N-MeOH
' HO,C HOC
COOt-Bu 2 25C,1barH,

CO,H SIC =200 CO-H

(S, S)-BPPM (10)

Scheme 2Asymmetric reactions, catalyzed by the diphosphimigh cyclic scaffolds.

Ligands of this kind form extremely reactive casity for many industrially important
reaction. These catalysts demonstrate excellent stsub-to-catalyst ratios and
enantioselectivities, therefore the search for tigands with a saturated cyclic core is a
perspective task for an organic chemist.

This type of chiral ligands share the same commemtufe, namely, a tertiary carbon
stereocenter, bearing a phosphorus atom. With femhyexceptions, the only method used for
the creation of such stereocenter is the substtutf an activated sulfonate ester of the

corresponding alcohol with a phosphorous nucleephike lithium or potassium

17



diphenylphosphidé® The starting chiral alcohols can be prepared hyoua conventional

methods, besides, the starting materials from #ueral chiral pool can be applied. This

approach usually requires a tedious preparatioseabndary phosphines, which are air-

sensitive and therefore difficult to handle, whigften results in low yields. Besides, the

formed phosphines are usually air-sensitive anenofteed to be protected before isolation.

Some common features of the synthesis of a phospigiand are illustrated below (Scheme 3)
by the 16-step synthesis of ligari®, -MCCPM (11):%°

HO, HO, HO,
O\ 1) Ac,0-AcOH @ HCI C
N~ TCOH  2)2NHC N~ COH  EtOH N COHEL
H H H
MsO, AcQ,
MsCl - EtyN*OAC’ Z—> LiAIH,
> [ ) e . T Tae
Py N CO,Et THF ||\1 CO,Et THF
I
Ms
HO,
1) TBSCI-Py Z—> Ph,PNa
OTBS —_—
N oy, ~OH 2) MsClI-Py I dioxane
l\l/ls Ms
Ph,P, Ph2P(0).,
/ oTBSs 1) Hx0,-MeOH / \ OH Ha/Rh-AlO3
Z N )-w/ 2) 35% HCI N MeOH
I
|\|/|S Ms
Cy,P(0) Cy,P(0),,
OH 1) MsCI-Py P(O)Ph,  47% HBr
,"“/ — = -.,,// _—
N 2) Ph,PNa N
b 3) Hy0,-H,0 Vi
Cy2P(0) Cy2P, Cy2P,,
= HSiCI ' /
4 xylene o/ e
" N
H |
H 11 CONHMe

Scheme 3Synthesis ofR, R)-MCCPM (11) by Achiwa

83) N. V. Dubrovina, V. |. Tatarov, A. Spannenberd). Kostas, A. BoemeFetrahedron: Asymmetr$005
16, 3640. b) D. G. Genowhosphorus, Sulfur, Silicon Rel. Eleme@@&04 179 1949. c) Z. Herseczki, I.
Gergely, S. Hegedues, A. Szoellosy, J. Bakesrahedron: Asymmeti3004 15, 1673.

9. McKinstry, T. LivinghouseTetrahedron1995 51, 7655.

20 K. Achiwa, Eur. Pat. ApplEP 2511641988
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Thus, the development of new, original methodsnf@king of carbon stereogenic centers,
bearing phosphorus atoms, is an important taskgaroc chemistry.

In 1999,KnochelandDemaydeveloped a novel method for the synthesis obtpinosphorus
ligands, based on the diastereoselective [2,3]-aigipic rearrangement of allyl phosphinites
into allyl phosphine oxides. It offers a simple method for the formation of atmn chiral
center bearing a phosphorus substituent, startiagn fvarious chiral allylic alcohols. A
number of novel chiral diphosphines were preparedhis way. They demonstrated high
regio- and enantioselectivity in the Rh-catalyzesynametric hydroboration of styren&s.
Further applications of this rearrangement reactionthe synthesis of chiral phosphine

ligands was the objective of the first part of twisrk.

2.2 [2,3]-sigmatropic rearrangement as a method fo  r preparation of novel
phosphine ligands

The [2,3]-sigmatropic rearrangement is a well-kna@action in organic chemistry, although
its synthetic use was limited until now mostly e tWittig rearrangement of allyl ethéfs.
Baldwin and Patrick demonstrated in 1971 that this process occurs aitligh degree of

chirality transfer (Scheme 45:

t-BU/,," AN t-Bu. _~ Me t-Bu.__~ Me
n-Buli, -85 T +
(@) Me >
W HO” “Ph Ph
98:2

HO™"
Ph

Scheme 4Diastereoselective [2,3]-Wittig rearrangement.

In 1948, Arbuzov discovered the thermal rearrangement of allyl eiptiphosphinite to
allyldiphenylphosphine oxid&. This reaction during the following decades atedctittle
attention. Mislow (Scheme 5) demonstrated that this rearrangementirocwithout

racemization if a chiral phosphorus atom is invdit®

2Ls. Demay, K. Harms, P. Knoch@ktrahedron Lett1999 40, 4981.

223 Demay, F. Volant, P. Knochélngew. Chem. Int. E@001, 40, 1235.

% 3) T. Nakai, K. Tomooka&ure Appl. Cheml997 69, 595. b) T. Nakai, K. MikamiChem. Rev1986 86,
885.

24 3) J. E. Baldwin, J. E. Patrick, Am. Chem. Sot971, 93, 3556. b) N. Sayo, E. Kitahara, T. Nakahem.
Lett. 1985 259.

> A, E. Arbuzov, K. V. Nikonorovzh. Obshch. Khiml94§ 18, 2008.

% A. W. Herriott, K. Mislow, Tetrahedron Lett1968 25, 3013.
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Phy PhH, 100 C

P
\/\O/ \Me

[
Y o

Me“"'P\/%
Ph

Scheme 5Diastereoselective rearrangement &t ehiral diallylphosphinite.

This reaction was later applied Pyidovikto the rearrangement of allyl dialkyl phosphinites
to allyldialkylphosphine oxides’” The success of the reaction for functionalized
allylphosphinites significantly depends on the sibsnts in the molecule (Scheme 6). The

same reaction with propargylic phosphinites prosaettier very mild conditiorfs.

110 C,4h

o neat \/\P(O)Etz
PhZP\O/Y xylene, 140 T _
—_— no reaction
BnO
PhoPo xylene, 140 T YP(O)Ph2
_—
EtO O 58%
EtO O

Scheme 6[2,3]-sigmatropic rearrangement of various allgpphinites.

The [2,3]-sigmatropic rearrangement of allylphosiiiess includes the attack of the electron
pair of the phosphorus atom on the double bondwAdlectron density on the double bond
facilitates this process. The overall enthalpyra teaction is quite favorable (about -170 kJ
mol™) due to the formation of a highly energetic P=@doThe cyclic transition state ensures
a high degree of the chirality transfer from thebca atom, connected to the oxygen, to the
carbon that forms a new bond with the phosphineetyoiFor the rearrangement of the

diarylphosphinites derived from 1,3-disubstitutdtyli@ alcohols, two routes are possible

(Scheme 7), leading to two different produé®s:

2T A, 1. Pudovik, I. M. Aladzheva, L. V. SpirinZh. Obshch. Khiml967, 37, 700.
2T Pollok, H. Schmidbaufetrahedron Lett1987, 28, 1085.
2 p_Bickart, F. W. Carson, J. Jacobus, E. G. MikerMislow, J. Am. Chem. Sot968 90, 4869.
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Ar transoid /

O—>P~ intermediate o=p—AT
HI:,, H >
Rl —. R\ , Rl \ ."IIH

R R2
iS0i Ar
Ar\ _Ar cisoid )

O\f’, intermediate R! O=p—Ar
H/{-'nlyRZ M,,,//RZ

R? !

H

Scheme 7. Possible transition states of the allylphosphiaitglphosphine oxide

rearrangement reaction.

In the case of cyclic systems, the rotation arothl C1-C2 bond is impossible and the
rearrangement should proceed completely sterediselgc In 2001,Demayproved that the
rearrangement of enantiopure cyclic allylic diahdgphinites takes place with the complete
retention of the chiral informatiof. Shortly later,Liron demonstrated that this reaction
proceeds with the complete transfer of chiralitgrewn the case of flexible acyclic systems
like 15, giving enantiopure produd6 (Scheme 8§°

OPPh,
OH  ph,PCI-DMAP PhMe
' —_—
, PhMe, 0 T-rt “opph,  reflux

"IOH

12 >99% ee 13

P(O)Ph;

Ph>P(O
P )\© PhMe  PhoP(O)a_ -
—_—
""OPth reflux, 42 h U

14 90%, >99% ee

Br Me Me

N PhMe

reflux, overnight

“OPPh,

Phy(0)P” “Me

15 97%ee 16  75%, 97% ee

Scheme 8Diastereoselective rearrangement of enantiopuyicatliphenylphosphinites.

30F, Liron, P. KnochelChem. Comn2004 304.
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Bis-phosphine oxidel4, derived from enantiopure 2,3-cyclohexendid)(can be further

transformed into chiral diphosphine liga8¢Scheme 95?

Ph,P(O)  P(O)Ph, Ph,P(O)  P(O)Ph; PhoR  PPh,
" 10% Pd-C, Hy, 1 atm N HSICl5 (20 equiv) \
ACOH. 60T, 18 h PhMe, autoclave
120 T, 14 h
14 90% 8, 82%

Scheme 9Synthesis of ligan@& by Demay

This method allowedemay preparing a number of similar ligands with a cpewane
framework, starting from the same chiral did2 and several readily available
diarylchlorophosphines. This showed the feasibiityhis novel approach to the synthesis of
libraries of ligands from the same chiral precursanich permits their fast and easy tuning
for a desired catalytic process.

The target of our investigation was to study th@]f8igmatropic rearrangement reaction on
chiral exocyclic allylic alcohols and apply thisaotion to the synthesis of new perspective P-

P ligands.

2.2.1.Preliminary studies of [2,3]-sigmatropic rearrangenent on exocyclic systems

In the realization of this synthetic approach, ¢hngain problems have to be encountered:

1) the development of a robust synthetic methodHerpreparation of starting allylic alcohols;
2) the optimization of reaction conditions for trearrangement of allylphosphinites to the
corresponding allyl phosphine oxides;

3) the development of pathways for the further etabon of the prepared chiral allyl
phosphine oxides into the target ligands.

The conception of the preparation of diarylphosphixides by the rearrangement method
from exocyclic precursors was proved on a readibilable model substrate. Condensation of
cyclohexanone with isobutanal in a basic aqueouslgom’’ gave enond7 in a moderate
yield. It was subjected to the Luche reductfomith NaBH, in the presence of 1 equiv. of
CeCk in aqueous methanol at 0 °C to obtain quantitititree racemic allylic alcohdl8. The

corresponding diphenylphosphinii8a was prepared as described Dgmayby treatment

3a) S. V. Kelkar, A. A. Arbale, G. S. Joshi, G.Kulkami, Synth. Comm199Q 20, 839. b) R. Baltzly, E. Lorz,
P. B. Russell, F. M. Smitld, Am. Chem. Sot955 77, 624.

323) A. L. Gemal, J.-L. Luchd, Am. Chem. Sot981, 103 5454. b) C. Dupuy, J.-L. Luch@etrahedronl989
45, 3437.
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with PhPCI (1.05 equiv) and DMAP (1.05 equiv) in dry taheé* andin situ rearranged into
the phosphine oxid&9in 77% yield by the heating of the reaction migtat 100 °C for 3 h.
This reaction can be conveniently monitored *% NMR. The chemical shifts ofP in
diphenylphosphinites lay in the region of 100-12pmp while for the corresponding
diphenylphosphine oxides they appear between 204&8ngpm. Thus, the rearrangement
conditions could be easily optimized in terms afidiand temperature. It is noteworthy that
for the exocyclic substrates the rearrangementrecaender significantly milder conditions
than are usually required for this process. Thegated complete diastereoselectivity of the
process was proved by using enantiomerically ploehal 24 (obtained by the enzymatic
resolution of the racemate, see Chapter 2.3.1)hén dame reaction. The corresponding
diphenylphosphine oxide was obtained after theraegement under the same conditions
(100 °C for 3 h) in 75% yield and99%eg as was determined by chiral HPLC (Scheme 10).

O OH
i-PrCHO = NaBH,-CeCls =
L] > >
H,O-NaOH MeOH, 0 <, 10 min
100 C, 3 h
17 65% 18 97%
Ph,PO Ph,PO
Ph,PCI-DMAP 100 C, 3 h
e —— >
PhMe = PhMe
19 77%
F|>h
" Ph,PQ Ph—P=0
Ph,PCI-DMAP
= 2—> = —_—
PhMe
>99% ee 75%, >99% ee
24 25

Scheme 10[2,3]-Sigmatropic rearrangement on exocyclic Syste

One asymmetric carbon center bearing a phosphtous @uld be easily created in a ligand
molecule by using this reaction. To prepare a lmterphosphine ligand, another phosphorus

atom has to be introduced into the same molecule.
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2.2.2. Studies on the allylic double bond functioriation in allylphosphine oxides

The functionalization of the double bond in allytiphenylphosphine oxides has been studied
previously. Warren investigated several reactions of non-hinderedstiyjoopen-chained,
allyldiphenylphosphine oxides like the nitrile ogidcycloaddition, osmium-catalyzed
dihydroxylation and peracid-mediated epoxidatiooh@ne 11¥° The halogenation of allylic
diphenylphosphine oxides was shown to proceed witle migration of the
diphenylphosphinoyl moiet}

Ph\ﬁ phll S || anti/syn 80:20

P, _Pr—C=N-o0 ~B 80:

PH j/\ > Ph/ Pr 80% yield
Me

Me
Ph P 0 o
N anti/syn 66:34
\/FL . _Me m-CPBA Ph\p, E e 82(;(’) o
or \(\/ Ph/ Y\/ y
Me Me
AD-mix o

y

phi] SO Ph }i OH aoy
> MeSO,NH, ~ 0 ee
XN - Ph )
P g 0T, 5 days ot J\l/ 66% yield
OH
Scheme 11Functionalization of the allylic double bond inydihosphine oxides bwarren

We investigated the functionalization of the attytlouble bond in allyl phosphine oxides
formed after the Arbuzov rearrangement on a simptalel substrate. For this purpose
compoundl9 was chosen, which is easily available in a 3-sigyihetic sequence.

The catalytic hydrogenation df9 did not give the desired product of the double doon
reduction under all the tested conditions. In sarases the aryl rings were reduced to the
corresponding cyclohexyls. This gives an easy mkthior the preparation of the
dicyclohexylphosphine derivatives. Epoxidation & with m-CPBA proceeded smoothly,
giving an inseparable mixture of epoxi®¥aand20bin a 1:3 ratio, as shown BP and'H-
NMR, in 84% overall yield. According t@&varren mainly theanti-isomer should be formed
in this reaction (Scheme 15§:

%3a) M. J. Doyle, D. Hall, P. R. Raithby, N. Skelt@ Warren,). Chem. Soc. Perkin Trans1893 517. b) S.
K. Armstrong, E. W. Collington, J. G. Knoght, A. War, S. Warren,J. Chem. Soc. Perkin Trans1293 1433.

c) P. O'Brien, S. Warren]. Chem. Soc. Perkin Trans.1996 2129. d) A. Nelson, S. Warred, Chem. Soc.
Perkin Trans. 11997, 2645.

% D. Howells, S. Warren]. Chem. Soc. Perkin Trans1973 1472.

% . Clayden, E. W. Collington, E. Egert, A. B. MaBl, S. Warren). Chem. Soc. Perkin Trans1994 2801.
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P(O)Ph
(O)Ph no reaction or

H,, Ni- or Pd-cat. N inseparable product mixture,
EtOH, 50 bar, 20-60C reduction of aryl rings
19
P(O)Ph, o FP(OPh, o P(O)Ph,
m-CPBA (1.1 equiv) A :
- T +
CH,Cl,,0 C m
1:3
19 20a  84% overall 20b

Scheme 12Reduction and epoxidation of allylphosphine oxi®e

The epoxides20a and 20b are quite resistant to a nucleophilic attack. Hteempts to
derivatize them by the reaction with nucleophilamifies, potassium diphenylphosphide)
were not successful. Hydroboration turned out tonbee a useful reaction for this purpose.
When compound9 was treated with 3 equiv. of BHMe,S in THF at room temperature,
3P_.NMR analysis of the reaction mixture revealed ¢hmplete consumption of the starting
material after 24 h with the formation of two neangounds in a ratio of 3:1. Addition of
MeOH in order to destroy the excess of Bfdllowed by treatment witin-CPBA in CHCI,
afforded two diastereomeric alcoh@s and22 in high yield and the same ratio of 3:1. The
alcohols were separated by column chromatography,the structure of the major, more
polar diastereomer was confirmed by X-ray analg8cheme 13, Fig. 2):

P(O)Ph, BHz  P(O)Ph, BH, P(O)Ph,
: BH3-Me,S ' ' :
—_— +
19 - -
OH  P(O)Ph, OH  P(O)Ph,
m-CPBA (3 equiv) H : B
21, 61% yield 22, 21% yield

Scheme 13Synthesis of diphenylphosphinoyl alcoh®lisand22.
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Fig. 2 ORTEP diagram of 2-[1-(diphenylphosphinoyl)-2-mdpropyl]-cyclohexanol Z1)

This result demonstrated the good perspectives hef hydroboration reaction in the
functionalization of allyl phosphine oxides. A silagynthetic sequence could be envisioned

for the synthesis of bis-phosphine from compourtll (Scheme 14).

oH,, EOPh RSO,0  P(O)Ph,
' RSO,CI-Et3N ; Ph,PK-THF
—_ > >
21

Ph,P  P(O)Ph, Ph2 PPh
O/_\( phosphine oxide reduction m

Scheme 14Possible synthetic route to the preparation apaasphine ligand fror21.

Further investigation of the hydroboration 1 revealed that changing the hydroborating
agent to diethylborane increased the diasteredsatgcto 9:1. The reaction in this case
required 20 h at 70 °C. Further increase of tlze sif the hydroborating agent (using

dicyclohexylborane, 9-BBN and (-)-isopinocampheythw) made the reaction too sluggish
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even at 90 °C. Therefore, we changed the attemtiaryclopentane derivatives, presuming
that a rigid 5-membered ring would offer a bettetesdifferentiation and a less steric
hindrance during the hydroboration reaction. Thiesgate25 was prepared according to a

method which is similar to the one used for compbl®(Scheme 15):

O HO
CHO
NaOH NaBH4-CeCl; 5
HZO -MTBE MeOH-H,0, 0-56
23, 45% 24, 95%
Ph,PO P(O)Ph;
Ph,PCl, DMAP= = PhMe
PhMe 80<C,6h
L 24a . 25, 75%

Scheme 15Synthesis of allyldiphenylphosphine oxi2e

The reaction oR5 with BH3-Me,S at room temperature gave two diastereomers 5.8
ratio as was observed BYP-NMR. The reaction with 9-borabicyclo[3.3.1]borg®eBBN) in
THF at 75 °C within 48 h led to a single diastereorof product25a Interestingly, this
compound turned out to be a relatively air-stabtgstalline solid. Its structure was
determined by X-ray analysis (Fig. 3). The lengththee donor-acceptor B-O bond in this
molecule is close to the length of the P-O bondnaestrating a strong intramolecular
interaction responsible for the high stability tad/iair oxidation, unusual for a trialkylborane.
Due to this interaction, the chemical shift of fifesphorus atom iffP NMR spectra of this
compound is about 60 ppm, while usual values feyldiphenylphosphine oxides are in the
range of 30-40 ppm.

Treatment of the hydroboration addi&fa with mCPBA in CHCI, afforded the desired

alcohol26 as a single diastereomer in a 65% overall yield.
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0

P e O S
9-BBN (1.1 equiv) i m-CPBA (3 equiv) ;
THF, 75 T, 48 h CH,Cly, it

25 25a 26, 65% for 2 steps
(racemic)

Scheme 16Diastereoselective hydroboration-oxidation of couommd25.

Fig. 3. ORTEP diagram of 9-{2-[1-(diphenyl-phosphinoybagethyl-propyl]-cyclopentyl}-9-
bora-bicyclo[3.3.1]Jnonan&ba).

In the next steps, the hydroxyl moiety had to blesttuted by a diphenylphosphinyl group.
Conversion of the alcoh@6 into the corresponding mesylé&éa (MsCl, EgEN, CH,ClI,, 0 °C)
required a 2-3-fold excess of MsCl and the baseatfment o26awith commercial solution
of PhPK in THF (3 equiv, RT) gave no desired producth@une 17). We assumed that the
diphenylphosphinoyl group has to be reduced andegted®® before the nucleophilic

substitution of the alcohol becomes possible.

OH  P(O)Ph, MsO  P(O)Ph, |
W MsCHEtsN H - KPPh, (3 equiv)

decomposition
’ THF, 50 C, 12 h

26 26a
Scheme 17Substitution of alcohd?6.

% p_ PellonTetrahedron Lett1992 33, 4451.
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After several experiments we have found the redaoctiwith Ti(GPr)y, and
polymethylhydrosiloxane (PMHS) the most efficient. This reaction proceedm the
formation of a Ti(ll) species, responsible for thmooth reduction of a P=0O bond. The
published method was optimized in order to simgiifg isolation of the product. The reaction
mixture, after the protection with borane, was tedawith an excess of 20% aq. HF for
several hours at room temperature. This treatmamierts all the silicon, titanium and boron
compounds into the highly hydrophilic complex arspand thus leaves the organic phase free
from inorganic materials. Thus, the phosphine o@fevas heated for 2 h in toluene at 105
°C in the presence of 4 equiv. of PMHS and 1 eqoivTi(OiPr), until 3'P-NMR showed
complete conversion. Borane-dimethylsulfide (1.Giegwas added to the mixture and it was
stirred with an excess of 20% HF in a PTFE vesseb@n temperature for 12 h. The yields
of the phosphine-borane complexes usually excecds (Scheme 18). The borane
protection remains intact during this procedureisTdonvenient protocol was later used for

the reduction of all the phosphinoyl groups in bgand syntheses.

2.3 Preparation of optically pure diphosphine ligands w ith a cyclopentane core

The phosphine-boran27 was further transformed into the corresponding yiaés 27a as
described above, and reacted with an excess of eocrethKPPh in THF from 0 to 50 °C for
12 h. Instead of KPRBha mixture of P§PH andt-BuOK in THF can be used. After mixing of
these compounds the solution immediately turnsggawhich indicates the formation of the
diphenylphosphide anion. Excess of #Me,S was added to protect the introduced
phosphine group, anbis-phosphine-boran28 was isolated by crystallization from hexanes
in 52% yield (Scheme 18).

OH P(O)Ph, OH  PPh,-BHg
Hs PMHS-Ti(OiPr), bt MSCIEtN
PhMe, 105C,4h CH,Cl,, -20 to 0C
then BH3-Me,S
26 27
MsO  PPhy-BHj BHsy-Ph,P  PPhy-BHs
Ho- KPPh, (3 equiv) T oH
THF, 50 T, 12 h m
then BH3-Me,S
27a 28

Scheme 18Synthesis of racemiais-phosphine-boran28.

37T. Coumbe, N. J. Lawrence, F. Muhammigetrahedron Lett1994 35, 625.
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The deprotection of phosphine-borane complexesrta phosphines is usually performed by
several heating-evaporation cycles with a volai&ne, removing the formed amine-borane
complexin vacuo While this method works well for monophosphinegdmes, the complete
deprotection obis-phosphines by this procedure is quite difficiTherefore, we designed a
new, more convenient deprotection method lies-phosphine-boranes. The substrate was
heated with commercially available inexpensikes-N,N’-(3-aminopropyl)-piperazine in
toluene at 100 °C for 1-2 h. The borane migrates tmore basic nitrogen atom of the
polyamine. Since the resulting amine-borane stiigesses free highly polar amino groups, it
can be easily removed from the reaction mixturg@agsing it in an ethereal solution through
a short pad of dry degassed silica gel. The resulphosphine was obtained in nearly
guantitative yield. These simple operations careésly performed in an inert atmosphere,
using standard Schlenk techniques. This new metlto@d out to be very convenient for the
deprotection of varioushis-phosphine-boranes. Using this technique, the fi@@emic
phosphine29 was obtained in 98% yield (Scheme 19).

BH3-Ph,P  PPhy-BHj3 ONTONH, Ph,P ’ PPh,
: H S H,No~_N_J 28a (excess) - :
m PhMe, 90 C, 1 h, then filtration through SiOVZ m
rac-28 rac-29, 98%

Scheme 19New method for the deprotectionlmé-phosphine-boranes.

By this synthetic sequence the problem of the fonelization of the allylic double bond and
the diastereoselective introduction of a secondsphime moiety was solved. It opened the
way to the preparation of a number of new chlve-phosphine ligands having a good

potential for transition metal catalysis.

2.3.1. Enzymatic resolution of 2-alkylidenecyclopdaanols

The preparation of novel chiral phosphines accgrtiinthe method described above required
the development of a robust procedure for the ®gishthe allylic alcohols as starting
materials. We chose three analogs of the knowmdigBCPP {) ° as synthetic targets
(Scheme 20):

% a) D. Williams, G. Bradley, H. Lombard, M. van Nierk, P. P. Goetze, C. W. Holzapf@hosphorus, Sulfur,
Silicon and Rel. EI2002 177, 2799. b) D. Williams, G. Bradley, H. Lombard, Man Nierkerk, P. P. Goetze,
Phosphorus, Sulfur, Silicon and Rel. H#002 177, 2115.
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Ph,P  PPh, Php PP Ph,P  PPh, Ph,P

o G“Y g~ o

PCPP (1) 31
Scheme 20The alkyl analogs of ligand PCPB) (

Ligand 1 affords 96%eein the Rh-catalyzed hydrogenation of acetamidaamic ester. The

preparation and screening of ligand9-31 would be interesting in order to reveal the
influence of the introduction of an alkyl group different sizes on the enantioselectivity of
the transition metal catalysis. The enantiopuretista allylic alcohols for the synthesis of

ligands29-31will have the following structures (Scheme 21):

|IO
|IO
|IO

mmm

Scheme 21Chiral allylic alcohols as starting materials foe synthesis of ligand9-31

Since the racemates of those alcohols are readiljadle in sufficient amounts by a 2-step
sequence, we checked the possibility to performréselution of enantiomers. One of the
most practical ways for secondary alcohols is eraiamkinetic resolution, which is based on
the enzyme-catalyzed transfer of an acyl moietynfem ester onto a single enantiomer of the
substrate®® This method, sometimes with simultaneous epimgomzaof the undesired
enantiomer, has been used for the preparationwafriaty of enantiomerically pure amines
and alcohols® The procedure of the enantioselective transefstatibn is exceptionally
simple. It is performed by the stirring of the dobwith 0.6-5 equiv of an acyl donor (usually
vinyl acetate to ensure the irreversibility of tieaction) in the presence of a suitable enzyme
in an unpolar solvent. After the reaction completithe enzyme is filtered off and the

%¥a) J. M. J. Williams, R. J. Parker, C. Neri, Bnzyme Catalysis in Organic Synthes?®' Ed., Wiley-
Weinheim, 2002 287. b) Z. Wimmer, V. Skoridou, M. Zarevucka, Baman, F. N. KolisisTetrahedron:
Asymmetny2004 15, 3911. ¢) V. Bodai, O. Orovecz, G. Szakacs, L. NQ\L. PoppeTetrahedron: Asymmetry
200314, 2605.

40’3, Akai, K. Tanimoto, Y. Kanao, M. Egi, T. Yamaropl. Kita, Angew. Chem. Int. EQ00§ 45, 2592 and
refs. therein.

31



enantiomerically enriched alcohol and the acethteeopposite enantiomer are separated by
any suitable way like column chromatography. Thei@h of the enzyme is dictated by the
substrate structure and normally requires a sangeprocedure. For allylic alcohols, the
lipases fronPseudomonasp. and the lipase fro@andida antarcticgdfNovozym 435®) have

been successfully used (Scheme %2):

OH OAcC

OH
Pseudomonas or Candida sp. lipase B '
R Z R > Rl/\/ﬂ% * Rl/\(\Ra
1 3 — ~0Ac (1-5 equiv), hexane
R2 RZ R2

Scheme 22Enantioselective enzymatic kinetic resolution lbflie alcohols.

The lipase fromPseudomonas cepacigPS-A, Aldrich) showed excellent results in the
screening of the kinetic resolution of alcoBd! Hexane was used as a solvent in the presence
of 1.5 equiv. of vinyl acetate and 5 mass. % of éneyme. The reaction conversion was
monitored by GC analysis. After the reaction coripie the enzyme was removed by
filtration and the optical purity of the remaineldahol was measured by chiral HPLC. The
single enantiomer (>99.5%¢ of 24 was obtained in 47% yield (94% from theory) aft@rh

at 35 °C (Scheme 23). The enantiopure alc@Aand the acetat4b were readily separated

by column chromatography. This simple technique wk® successfully applied to the
preparation of enantiopure alcohd2 and 33, affording nearly quantitative yields of the
products with excellent enantioselectivities. Theymatic resolution with PS-A proved to be

a straightforward way to prepare enantiopure allgicohols24, 32-33in a multigram scale.

OH (:)H OAc

Pseudomonas cepacia lipase (5 mass.% B
_ pacia lipase ( 0 _ . _
== 0Ac (1.5 equiv), hexane, 35 C, 12 h
47% yield, >99% ee
rac-24 24 24b

Scheme 23Enzymatic kinetic resolution of alcoh?4.

The same conditions were applied to the enzymatioetic resolution of 2-
isopropylidenecyclohexanol ). In this case the enantioselectivity was slightlyer and the
reaction significantly slower. The desired alcoh@ls obtained after 3 days with 928 in
45% vyield. Despite many efforts, we were not ablelttain from any derivatives of alcohols
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24, 32-33(esters witlD-acetylmandelic and Mosher acids, 1-phenylethylmardte) a crystal,
suitable for the X-ray analysis in order to estbliheir absolute configuration. We assigned
to them the $-configuration, based on the following facts. Eirthe enantioselective
transesterification of alcohol8, catalyzed by thePseudomonas cepacibpase, gives
enantioenriched 8 with the §-configuration (92% ee) as was proven by the Xstycture

of its ester withiN-(2-naphthylsulfonyl)-§)-phenylalanine (Fig. 4).

Fig. 4. ORTEP diagram ofY §-2-(naphthalene-2-sulfonylamino)-3-phenyl-propmacid 2-

isobutylidene-cyclohexyl ester.

Then, the enantioselective acylation of 2-subsdutyclohexen-2-ols and cyclopenten-2-ols
catalyzed by thé®>seudomonas cepacigase gives R)-acetates andSf-alcohols with high
enantioselectivities independently on the sizestnetture of the substitueri:

OH

OH OAc
(®/R /\OAC, lipase Ps. cepacia (®/R . (®/R
PhMe, 35 C
R = Ph, Me3SiC=C, etc. n=1,2 91-99% ee

Scheme 24Enzymatic kinetic resolution of 2-substituted opetntenols.
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According to the commonly accepted mechanism of éheyme-catalyzed acylation, for
similar substrates the absolute selectivity of mryme-catalyzed reaction should be the same,
as it is determined only by the spatial structurehe enzyme “chiral pocket”, where the

catalytic center is placed.

2.3.2. Enantioselective synthesis of alkyl-substited analogs of PCPP

Using the enantiopure alcoh@4, we performed the same synthetic sequence that was
formerly used for the racemic compound. The [2i8imatropic rearrangement of the
corresponding diphenylphosphini#la gave enantiomerically pure allyldiphenylphosphine
oxide25, as was proved by chiral HPLC analysis. Its hydrabon with 9-BBN gave a single
diastereomer of the product, which was directlydmed bym-CPBA into the corresponding
alcohol 26. Its reduction with Ti(@Pr),-PMHS *’andin situ protection with BH-Me,S gave
phosphine-boran7 in almost quantitative yield. Compourt¥ was converted into the
mesylate27a (2.5 equiv. MsCl, 2.5 equiv. 8, CH,Cl,, -20 to 0 °C, 2 h), which was reacted
with the excess of 1 M BRK in THF. After 18 h, the resulted phosphine westqrted with
the excess of BHMe,S. Recrystallization from hexanes afforded Higphosphine-borane
complex 28 as a white crystalline solid. It was deprotectesing bis-(3-aminopropyl)-
piperazine 28a) in PhMe (105 °C, 1 h). The resulting enantiodigand 29 was obtained as

an air-sensitive foam in nearly quantitative yi€ktheme 25).

9 Ph,PCI (1.05 equiv) O—PPh,
DMAP (1.05 equiv) p PhMe, 80 C
24a

P(O)Ph2

P(O)Ph,
; 1) 9-BBN, THF Ti(OiPr),-PMHS
m 2) m-CPBA, CH,Cl, PhMe, 105 T

then BH3-Me,S

25 77% 26, 65% then 20% HF, 12 h, rt
for 2 steps
H th BHj F th BH3 _
R MsCI (2.5 equiv) Ph,PK (3 equwl
EtzN (2.5 equiv) THF, 50 C, 18 h
CH2C|2, -20C then BH3'M928
27, 96%

“1 K. FaberBiotransformations in Organic Synthes8¥ Ed. Springer: Heidelberd997.
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BH3.Ph2I§ PPh,:BH3 HoN N NH, Ph,P PPh,

- H 28a = H S
m/ v .~ d/\(
28, 52% for 2 steps 29, 98%

Scheme 25Enantioselective synthesis of diphosphine ligaéd

In a similar way, the analogs 29 with the methyl and cyclohexyl side chains wereparred.
Condensation of cyclopentanone with acetaldehyde 48% yield of enon84. Despite the
low vyield, it afforded 200 mmol of this product @nsingle batch, which was subjected to the
Luche reductiori? The enantiomers of alcoh8R were resolved using the chemoenzymatic
method described above with excellent results. rEaerangement of its diphenylphosphinite
into compound35, the hydroboration-oxidation sequence, the redactif phosphine oxide
37 and the nucleophilic substitution of the alcohobugy in 38 furnishedbis-phosphine-
borane39. It was deprotected by heating witlis-(3-aminopropyl)-piperazine28a), what
gave diphosphin80 in almost quantitative yield (Scheme 26):

o 0 OH
NaOH, CH;CHO NaBH,4-CeCly
> — > —
H,O-MTBE MeOH-H,0, 5 T
34, 18% rac-32, 93%
gH P(O)th
Amano PS lipase_ : Ph,PCI-DMAP
. - /
vinyl acetate, PhMe, 80<, 6 h, 70%
hexane, 45C
32,47% 35 70%
9-BB|il . P(O)Ph, P(O)th
9-BBN : m-CPBA (3 equi\Q
THF, 75, 48 h G/\ CH,Cl,
36 37, 67% for 2 steps



Ti(Oi-Pr)4 (0.6 eq.) HO
PMHS (6 eq) W EPRaBHs  yscienn

. .

PhMe, 105, 2 h CH,Cl,
then BH3-Me,S
HoN TN~ Ph,P
TN NH. s y PPhy

BHa3:Ph,P _
Ph,PH, t-BuOK 37725 |y PPhyBHg

28a _ -
THF, 50 C, 18 h O/\ 105, 2 h B}

then BH5;-Me,S filtration through SiO, in Et,O
39, 54% for 2 steps 30, 97%

Scheme 26Enantioselective synthesis of diphosphine ligad

Starting from enondO, the same sequence was performiadphosphine oxidd2, alcohols
43 and 44 andbis-phosphine-borand5 to yield the cyclohexyl analog8l (Scheme 27). All
the previously developed synthetic steps workealem on this substrate despite the greater

steric hindrances, caused by the cyclohexyl group.

0 o OH
NaOH, CyCHO NaBH,4-CeClg
> > —
H,O-MTBE ~ °Cy  MeOH-H,0 Cy
40, 36% rac-41, 96%
oH P(O)Ph,
Amano PS lipase B Ph,PCI-DMAP B
. > = C > Cy
vinyl acetate, hexane, 45C Y PhMe, 80T, 6 h
41, 48%, >99% ee 42, 76%
- HO
9BBN . po)Ph, 4 P(O)Ph;
9-BBN B m-CPBA (3 equiv) -
THF, 75C, 48 h Cy CH,Cl, Cy
42a 43, 55% for 2 steps
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Ti(Oi-Pr)4 (0.6 eq.) HO PPh,:BH; MsO

H P PPh,:BH
PMHS (6 eq.) MSsCI-EtzN A
Y o _— >
PhMe, 105, 2 h Cy CH,Cl, Cy

then 25% HF,12 h

44, 96% 44a
HoN —
BHaPRE PPhyBH; = NH o PRE EPh,
Ph,PH, t-BuOK B (28a) 105¢C, 2 h : g
THF, 50C, 18 h filtration through Si02
BH3'M€28 in Etzo
then 25% HF 31. 94%

45, 52% for 2 steps

Scheme 27Enantioselective synthesis of diphosplh#ie

In summary, we successfully applied the allylphasipéallylphosphine oxide [2,3]-
sigmatropic rearrangement to the preparation odérsg¢wew chiral diphosphine ligands with a
cyclopentane scaffold. The starting enantiopurglialialcohols were prepared by enzyme-
catalyzed kinetic resolution of the correspondingcemates. The diastereoselective
functionalization of the double bond in the restltallyldiphenylphosphine oxides was
achieved by the hydroboration with 9-BBN. The dipfiphosphinoyl alcohols, obtained after
the oxidation of the boron adducts, were reducéal tine corresponding phosphine-boranes,
transformed into the mesylates and reacted withgsadm diphenylphosphinide to obtain the
diphosphines. The borane protection of the airifeagphosphine groups was applied during
the synthesis. The was removed on the last stepriw method, especially suitable for the

deprotection obis-phosphines.

2.4 Synthesis of new chiral diphosphines with a ter pene framework

A number of readily available compounds derivedhirthe chiral pool possess an allylic
alcohol function. Such compounds can be quite @sterg starting materials for the studies on
the allylphosphinite [2,3]-sigmatropic rearrangemand the further elaboration of chiral
phosphorus ligands. The methods, formerly develoged the transformation of
allylphosphine oxides into the corresponding digiiises could also be applied in this case.
We have chosen two naturally occurring pinene-@&ericompounds,-\-myrtenol @6) and
trans-pinocarveol 47) (Scheme 28) for the study of the allylphosphhailglphosphine oxide

rearrangement in the application to the synthekisesv chiral ligands. Both of them are
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available from commercial sources, angnspinocarveol can be prepared in large amounts
from cheaB-pinene, the main component of turpentine'oil.

The reaction sequence, similar to the describedealbar the synthesis of the diphosphine
ligands with the cyclopentane framework, while tatgr from these alcohols, should give two

diastereomeric ligand$ and51 (Scheme 28).

hydroboration,
_~PPh2 " oidation, P(O)Ph;
B reduction,
wPPhy  sypstitution [2,3]-rearrangement OH

— '

49 48 trans-pinocarveol (47)

PPh, hydroporation, OH
'/ oxidation,
reduction
PPh o P(O)Ph
2 substitution (O)Ph, [2,3]-rearrangement

— |

51 50 (-)-myrtenol (46)

Scheme 28Retrosynthetic analysis of the diphosphid@snd51.

2.4.1. Preparation of diphosphine ligands startingrom (-)-myrtenol

Both enantiomers of myrtenol are widely occurringnature as components of essential oils
and tree resins. (-)-Myrtenol is commercially agbie and relatively cheap (1.20 Euro per
gram, Aldrich). Since the rearrangement reaction of the corredipg phosphinite would
proceed with the formation of an exocyclic doubdad, this process should be more sluggish
than the similar rearrangement on exocyclic systdrhe myrtenyl diphenylphosphinigba
was obtained by usual way from JPICl and DMAP in toluene at room temperature and
subjectedin situ to the thermal rearrangement. Indeed, the readtiok 48 h at 100 °C to
complete as was displayed #¥» NMR, and furnished 90% yield of a single diasterer of

50 (Scheme 29). The electrophilic attack at the penetouble bond usually occurs

diastereoselectively due to the significant sthifrance caused by the methyl grofibs.

2J. M. Coxon, E. Dansted, M. P. HartshaBmg. Synth1977, 56, 25.
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OH O
“PPh,
Ph,PCI (1 equiv), P(O)Ph,
DMAP (1 equiv) PhMe, 100 T, 48 h
PhMe, rt -
46 46a 50, 90% vyield

Scheme 29]2,3]-Sigmatropic rearrangement of myrtenyl dipfiphosphinite 463).

While for B-pinene the hydroboration occurs with a high diastselectivity’® the reaction of
50 with BH3-Me,S gave a 3:1 mixture of diastereomers. In this,cas@ methyl groups and
the diphenylphosphinoyl moiety direct the boran@ckt to the double bond in an opposite
way. The observed stereoselectivity for the redyivsmall borane is not sufficient. The use
of more bulky 9-BBN-H, however, gave a single cajlste products0a which appeared to
be fairly stable in air. Its oxidation witm-CPBA in CHCI, led to a single diastereomer of
the diphenylphosphinoyl alcoh&R. Its structure was confirmed by X-ray analysisg(F).
Alcohol 52 was reduced as described above by iR(RPMHS in toluene to the
corresponding phosphine and protedteditu with BHs;-Me,S. The producb3 was isolated
from thereaction mixture as a glassy foam in 95®dyafter the work-up with 20% HF. It
was converted into the corresponding mesyt8a and reacted with BRK in THF. The
resulted diphosphine was protecteadsitu with borane. Théis-phosphine-borane complex
54 was crystallized from hexane in 48% overall yidtdvas deprotected by heating wlhis-
(3-aminopropyl)-piperazine in PhMe (100 °C, 2 hdahe bis-phosphine ligandbl was
isolated after filtration in ether through a paddiy silica under argon as a wax-like air-

sensitive mass (Scheme 30).

9-BBN OH

POPh2 9.BN. THF POPh, - cppa P(O)Ph,
_— —_—
75, 48 h CH,Cl,

50 50a 52, 67% for 2 steps

“3H. C. Brown, N. N. Joshil. Org. Chem1988 53, 4059.
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OH B OMs ]
Ti(OiPr),-PMHS PPhy:BH3 MsCl (2.2 equiv) PPh;:BH3
PhMe, 100 C, 2 h EtzN (2.2 equiv), CH,Cl,
then BH5-Me,S -20 T-rt
53, 95% - 53a -
PPh,:BH; PPh;
Ph,PK (3 equiv) PPh,:BH, HaN N NH; PPh,
THF, rt-50 € PhMe, 100 C, 2 h
54, 48% for 2 steps 51, 96%

Scheme 30Synthesis of diphosphine ligabd.

Fig. 5. ORTEP diagram of alcohéb.

“Mixed” bis-phosphine ligands with different substituents be phosphorus atoms often
possess the more interesting and useful propettstheir “symmetrical” analods.In our
case, we could convert one diphenylphosphinoyl grouo the dicyclohexylphosphinoyl
moiety by simple hydrogenation and then, continuimg general synthetic sequence, obtain
“mixed” dicyclohexyl-diphenyl phosphine ligand. Theduction of alcohob2 (200% mass of
Raney Ni, 50 bar, 50 °C, 48 h in MeOH) proceededahly and gives quantitatively the
corresponding cyclohexyl analo@5. ** The reduction of the P=O bond of the
dicyclohexylphosphinoyl group by the previously diseethod (PMHS-Ti(@Pr), 2 h at 100

4 a) Krause, H.; Doebler, Catalysis Letters1991 8, 23-6.b) Yamamoto, K.; Saeed Ghem. Lett.1984 9,
1603-6.
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°C) and protection gave phosphine-bor&feén an excellent yield. The conversion of alcohol
56 into the mesylat&6a proceeded smoothly, and after nucleophilic sulastih with PhPK
andin situ protection, thédis-borane comple%7 was isolated by crystallization in 44% vyield.
The deprotection withbis-(3-aminopropyl)-piperazine in PhMe (100 °C, 12alfforded the
pure diphosphin&8 (Scheme 31):

OH OH
?/@ Raney Ni Cl)/Q N
I’ H,, 50 bar, 50 ‘C‘ ID T|(O|Pr)4—PMHS‘
768/ @ MeOH, 48h 2:> PhMe, 100 C, 2 h
then BH3-Me,S

52 55, 97%
OH OMs
BH;
= MsCI (2.2 equiv) PCy,:BH3| Ph,PK (3 equiv)
EtsN (2.2 equiv), CHoCly THF, rt-50 €, 18 h
-20 T-nt then BH3-Me,S
56, 93% 56a
PPh,:BH3 PPh,
I/\N’\/\
PCy,BHy 2NN NH, PCy,
PhMe, 105 T B}
57, 44% for 2 steps 58, 96%

Scheme 31Synthesis of the “mixed” diphosphine ligabé

Attempts to preparéis-dicyclohexylphosphine derivatives by the reactainthe mesylate
56a with thein situ prepared CyPLi or with a CyPH+-BuOK mixture failed. In both cases,

the compound decomposed, giving a complex mixtblpraducts.

2.4.2. Preparation of diphosphine ligands fronmtrans-pinocarveol (47)

Similarly to myrtenol, trans-pinocarveol is widely spread in nature, mostlyessential oils
and as a component of insect pheromones. It camdpared in large amounts frgi¥pinene,
the main component of turpentine oil, by a singepsSeQ@-promoted diastereoselective

hydroxylation?? The synthetic sequence, used for the preparafi®d, starting fromtrans-
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pinocarveol, should give its diasterecisomé®, where the diphenylphosphine and
methylenediphenylphosphine groups are directeché dpposite way (Scheme 32). The
comparison of both compounds as ligands for asymenedtalysis would be interesting and

could give an insight on the structure-activityat&ns in this class of compounds.

OH PPh, _~PPhy
PPh, i wPPh, OH
46 51 49 47
from (-)-myrtenol from trans-pinocarveol

Scheme 32Diphosphine ligands, prepared from myrtenol ambparveol.

The thermal rearrangent of the diphenylphosphidifa should proceed easily, due to a
relatively little sterical hindrance for the attaok the terminal double bond. Only a single
diastereomer of the rearranged product can forthigncase (Scheme 33):

OH
heating
—_—

PhMe

trans-pinocarveol (47)

Scheme 33Rearrangement reaction of pinocarveol diphenylphgte @73).

trans-Pinocarveol diphenylphosphinité{a) was prepared by usual way fref, PhPCl and
DMAP in toluene. Its rearrangement required undgualld conditions and proceeded with
significant rate even at 65 °C. It was complete80a2C within 4 h and afforded the myrtenyl
diphenylphosphine oxidé8in 75% yield. The product has a relatively low timg point and
could be isolated in crystalline form only afterefal chromatographical separation. The next
steps were carried out similarly to those previpuscribed for the ligand synthesis starting
from (-)-myrtenol. The diphenylphosphine oxid®&in PhMe solution was hydroborated with

BHs-Me,S directly after the rearrangement reaction. As dfguinene?® the hydroboration
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reaction proceeds stereoselectively. The oxidatiothe intermediate borane adduct with

CPBA (6 equiv) gave the corresponding alcdbas a single diastereomer (Scheme 34):

P(O)Ph, _P(0)Ph,
OH oM
1) Ph,PCI-DMAP 1) BHs-Me,S, PhMe, 50 C, 6 h
PhMe, 0-80C, 4 h 2) MeOH, then m-CPBA -
47 48 59, 62% overall

Scheme 340ne-pot preparation of alconbd2 from trans-pinocarveol.

Compounds9 was obtained in 62% vyield frotnans-pinocarveol in a pure form without the

need of a chromatographical purification. Its simue was proved by X-ray analysis (Fig. 6):

Fig. 6. ORTEP diagram of alcohéb.

Compound59 was reduced according to the usual procedure biH®Mnd Ti(OPr), in
toluene followed by the protection with B#Ve,S, affording the alcohd0. The phosphine-
borane60 was converted into the corresponding mesy@fib and reacted with HPRt-
BuOK in THF at 50 °C, followed by the protectionttivBH;-Me,S. Thebis-borane complex
61 was isolated by crystallization from ether in @lber55% vyield for 2 steps. The
deprotection with the previously used ami2®@a and filtration through alumina furnished

ligand49in an excellent yield (Scheme 35):

43



_/P(O)th _/PPhZ:BH3

oH Ti(Oi-Pr), (0.6 eq.) PMHS (6 eq.) ; OH
PhMe, 105C, 2 h, then 25% HF, 12h 96%
59 60
. _/PpthH3 /PpthH3
MsCl (2.5 equiv) z Ph,PH (2.2 equiv) H
EtsN (2.5 equiv) OMS  { BUOK (2.2 equiv) ~_PPha:BH3
CH,Cly, -20C THF, 50C, 18 h
60a 61, 55% for 2 steps
PPh
/Pphz:BH3 HZN\/\/ //\N’\/\ :/ 2
: N_ NH, :
PPh,:BH PP
N\ . .
NS (28a) 105<, 1 h
filtration through Al,O5 in Et,0
61 49, 95%

Scheme 35Synthesis of ligand9.

Several complexes of this ligand with transitiontaite were prepared and screened in
asymmetric catalytic reactions like hydrogenatid-addition and allylic substitution (see
Chapter 3). Among others, an iridium compléQa was prepared, having tetra-(3,5-bis-
trifluoromethylphenyl)-borate ([BARF] as a counteranion. This counteranion provides an
unusual stability to the metallic complexes of thype, so that they can be purified by
standard chromatography on silica. The structuréhigf complex was determined by X-ray

analysis. This also proved the alleged structurdipliosphinet9 (Fig. 7).

®,
_PPh _ PPy CF4
«PPh, ‘" oPPh, @B
. [IF(COD)CI]-CH,Cl, :

Na[BARF]-H,O

CF3
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Fig. 7.ORTEP diagram of Ir compledQa (the counteranion [BARF]s not shown).

Having completed the synthetic sequence that das«liphenylphosphine ligand9, we
applied the hydrogenation of the diphenylphosphirgrpup to compound9 in order to
synthesize the corresponding dicyclohexylphosphgand. Compoun®9 was hydrogenated
in MeOH in an autoclave at 50 °C and 50 bar fohl@er 200 mass. % of Raney Ni. The
product62 was further transformed into the mixed diphospioneane compleX4 by the

usual synthetic sequence (Scheme 36):

_/P(O)th _/P(O)CY2 :/PCyz:BHg
z H, (50 bar), H Ti(Oi-Pr), (0.6 eq.)
s OH Raney Ni OH PMHS (6 eq.) OH
_—
MeOH PhMe, 105<C, 2 h,
50 C, 48 h then 25% HF, 12 h
then BH3-Me,S
59 62, 98% 63 94%
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/Pcyz:BHg
_~PCY2BHs 1y Msci(2.5 equiv), EtN (2.5 equiv) :

= ~_ PPhy:BH
: OH CH,Cl,, -20C, 2 h _ R 2-BM3
2) PhyoPH (2.5 equiv), t-BuOK (2.2 equiv)
THF, 50 C, 16 h
63 then BH3-Me,S 64, 48%
_/PCyZ:BHS _/PCY2

: HN_ ] N>

wPPhy:BH3 NN NHz (28a) _wPPh,
7@ PhMe, 100 C, 12 h 7@

64 65, 95%

Scheme 36Synthesis of the “mixed” ligan@b.

The final deprotection of this complex required R2of heating at 100 °C withis-(3-
aminopropyl)-piperazine2@a) in toluene. The resulted dicyclohexyl-diphenybstitutedbis-
phosphines5was isolated in 95% yield.

In conclusion, we applied the [2,3]-sigmatropic ylghosphinite-allylphosphine oxide
rearrangement to the synthesis of new chiral diphiog ligands with a cyclic terpene
scaffold. Chiral precursors from the chiral poolrevesed as starting materials. The resulting
allyldiphenylphosphine oxides were converted by thastereoselective hydroboration-
oxidation protocol into the corresponding alcoholafter the reduction of the
diphenylphosphinoyl group, the alcohols were tramagdvia mesylates into the protected
bis-phosphines. The latter were deprotected by a nowakenient method, yielding the
corresponding diphosphines. The aryl moieties & thtermediate diphenylphosphinoyl
alcohols could be quantitatively reduced byikl the presence of Raney Ni into cyclohexyl
groups, thus giving the corresponding dicyclohelghphinoyl analogs. These can be
successively subjected to the same transformatieading to the mixed dicyclohexyl-
diphenyl phosphine ligands. The whole sequenceadidequire the use of chromatographical
methods and can be readily scaled up. The newlyegized ligands were screened in several

transition metal-catalyzed asymmetric reaction Seapter 3).
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3. Novel approaches to the synthesis of chiral diphosphine ligands
with a cyclopentane scaffold.

Diphosphines with a rigid 5-membered cyclic corpresent an important class of chiral
ligands for asymmetric catalysis. Several compouwfdsis kind, like PCPP1) and BPPM
(10) have found a broad use in various industrial @sses as ligands for the asymmetric
hydrogenation of C=C or C=N bonds (Scheme 37). Nethods for their synthesis as well
as the development of new ligands of this type therefore of significant interest for
synthetic chemists. Using the methods, developethgluhe studies of the applications of
[2,3]-sigmatropic rearrangement to the synthesishofal diphosphines, we continued the
investigation in this field in order to design somavel approaches to the preparatiorbist
phosphine ligands of the PCRJP{ype. One of the goals of this study was the bigraent of

a simple, scalable and combinatorial-like synthpaithway to the preparation of analogdl of
with various substituents on the phosphorus aténsther target of this investigation was
the design of a synthetic method for the prepamadibthe previously unknown enantiopure

compoundL09, a simplified analog of the valuable and broagipleed ligand BPPMZ0).

0
-
>< N KO\
PPh,
PPh, PRZ, //Q\ PPh,  Ph,P

Ph,P RL,P PhyP
PCPP (1) BPPM (10) 66

Scheme 37Diphosphine ligands with a cyclopentane scaffold.

3.1 Enzymatic kinetic resolution for the preparatio n of optically pure 2-
substituted cyclopentanols.

During the investigation of synthetic methods fairal exocyclic allylic alcohols, we found
that 2-substituted cyclopentanols are excellenstsates for the enzymatic kinetic resolution
(EKR) process. The racemates of such alcohols earaily resolved by enantioselective
transesterification, using vinyl acetate as an aoylor and a suitable bacterial lipase as a
catalyst. It seemed promising to apply this mettwothe resolution of an intermediate, which
then can be converted directly into ligahdr its analogs. The original synthesis of PCPP (
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by Achiwa (Scheme 38) does not permit the preparation obditype phosphines, and thus

such a method can overcome this disadvantage.

0 OH

\ LiAIH
O Ru-BINAP o 4
THF
OEt OEt
OH PPh2 ppp,

1) TsCI-EtsN
—_—
OH  2) ph,PK

Scheme 38Synthesis of PCPHA) by Achiwa

A good candidate for the enzyme-catalyzed kinetiesolution is trans2-
(diphenylphosphinoylmethyl)cyclopentand@7, which after the separation of enantiomers
can be transformed into PCPP using the syntheticeglures, described above. We based our
first approach on the known acidity of methyl diphosphine oxides, which can be cleanly
deprotonated by bases likeBuLi or LDA. The resulting anions are good nucleibgs and
should attack cyclopentene epoxide to give thereeéssubstituted cyclopentanols. The
starting methyl diarylphosphine oxides can be gagsiepared from commercially available
triarylphosphines by a one-pot alkylation-hydratysequence. The ring-opening prod&ét
(racemic) was obtained in this way in 79% yieldi&woe 39):

OH
O B
Ph~p—Ph 1) Mel, CH;OH Mol —Ph D n-BuLi, THF, -10Ttort |C|)
| > Me—R™ > _
2) NaOH, H,0, reflux \ O/\P Ph
Ph ) 2 Ph 2) go THF, rt, 40 h \
Ph
92% rac-67, 79%

Scheme 39.Ring-opening of cyclopentene oxide with the medipthenylphosphine oxide
anion.

With this compound as a substrate, we screenedifferent enzymes as catalysts for EKR,
using vinyl acetate as an acyl donor in toluené5aC: thePseudomonas fluoresceliysase,
Pseudomonas cepacigase, immobilized on ceramic particles (PS-De protease from

Aspergillus melleyspig pancreatic lipase (Sigma, Type 1), pig paadtic lipase (Fluka) and
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pig liver esterase. The reactions were monitored®By NMR. Among all the screened
enzymes only immobilizeBseudomonas cepadipase (PS-D) provided a sufficient reaction
rate and selectivity (Scheme 40). After 24 h of tbaction the enantiopure prod&x was
isolated in 40% yield (80% from theory) and 98&#after recrystallization:

Ph Ph
HQ ¢ -0
: 0 "o en A Oy
O/\/p//\ Pseudomonas fluorescence lipase (30 mass%) / o
Ph > +
Ph =—0Ac (10 equiv), PhMe, 45T, 24 h
(rac)-67 67, 40% yield, 98% ee 67a

Scheme 40Enzymatic kinetic resolution of alcoh@¥.

The enantioenriched phosphinoxi@& was reduced according to the previously developed
protocol with PMHS-Ti(@Pr), in toluene and protected as borane comg@@&xwhich was
isolated in 97% yield. The completion of the sysikefl was performed vibis-phosphine-
borane69 following the methods, developed earlier (Scherhge #he sign and the value of
the optical rotation of the prepared ligahdop?® +111, ¢ 0.67, PhMe compared with +114
from the literature) corresponds to tie R)-enantiomer ofl, synthesized for the first time by
Achiwa®

OH 2
: Q Ti(Oi-Pr), (0.6 €q.) PMHS (6 eq.) : ph
OAR_P*‘ PhMe, 105C, 2 h, then 25% HF, 12h Q/\T):BH3
Ph then BHz-Me,S Ph
. 68, 97%
OH 1) MsClI (2.5 equiv), Et3N (2.5 equiv) HB:PhaR
: Ph CH,Cl,, -20C, 2 h PPh2:BH;
O/\T’:BHs 2) Ph,PH (2.5 equiv), t-BUOK (2.2 equiv)
Ph THF, 50 C, 16 h
68 then BHz-Me,S 69, 67%

> K. Inoguchi, N. Fujie, K. Yoshikawa, K. Achiw&hem. Pharm. Bulll992 40, 2921.
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HoN I
H3B:Ph,P PPhy:BH3 \/\/NJ\'\/\NHZ Ph,P PPh,
105 T, 1 h

filtration through Al,O3 in Et,O -

69 1, 95%

Scheme 41Chemoenzymatic preparation of PCRP (

Thus, the enzymatic resolution turned out to beseful method for the enantioselective
preparation of-diarylphosphinoyl alcohols, which may allow a simractical synthesis of

chiral analogs ot with various aryl substituents (Scheme 42).

H

@)

0

Ar\P/Ar 1) Mel, CH3OH y H A 1 nBuli, THF, -10 C ot |c|)
> e— - -

Ar 2)NaOH, H,0, reflux \ O/\R—Ar

Ar 2) go THF, rt .

rac-

oH oH pph, A
z O . . - (@] _—Ar
I enzymatic resolution I — P
S - (TR
Ar Ar
rac- enantiopure

Scheme 42Synthetic route for the chemoenzymatic preparatidRCPP analogs.
To reach this goal, six different methyldiarylphbse oxides (Scheme 43) were prepared

from commercially available triaryl phosphines by talkylation with Mel followed by basic

hydrolysis. In all cases, yields about 90% werdeaad.
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0 '\|/|e Me Me O Me
MP:O i TP
Z2Ne) Piae
i_} 0" Me
FsC CF3 MeQ, OMe s Me
|9 & =
R 2N 7S
O// \Me O/ Me —

Scheme 43Diarylphosphine oxides, tested in the ring-opemiegction with cyclopentene
oxide.

However, attempts to involve the prepared methgtiaosphinoxides in the reaction with
cyclopentene oxide unexpectedly failed. Despite ynaexperiments we were not able to
develop a protocol, giving any of the desired cpelatyl alcohols in more than 20% yield.
Attempts to promote the reaction by addition of Iswacids, Cu salts or switching to
organomagnesium anions constantly gave either cme@astarting materials or complex
mixtures of products with a low content of the degialcohol.

It seemed reasonable therefore to design a chimalimon intermediate, which would not
require the resolution of enantiomers for everytisgsized phosphine. Such a precursor
should be easily available in relatively large amsuWe considered enzymatic resolution as
the method of choice for the preparation of chayalopentanols. Besides, the formation of
trans-2-substituted cyclopentanols by the ring-openifgyclopentene oxide seemed to be

the most convenient way to access them.

3.2 Modular enantioselective synthesis of PCPP liga nd

The retrosynthetic analysis of chiral 1,3-diphosghligands with a cyclopentane scaffold,

taking into account the above-mentioned considamnatiis shown in Scheme 44:

nucleophilic substitution
of an activated ester  pp,p

I/O

PG

Rk , {
-~ PAr5, ‘ | @O
.. 1) t-BuLi E>_/

2) Ar>,PCl

Scheme 44Retrosynthetic analysis of PCPP-type ligands.
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The protecting group (PG) in Scheme 44 should bblsttowards organolithium reagents,
and MOM-protection meets this requirement. Thenedeaving group should be introduced
in the last steps. The group which may serve aprdeursor to this iodine has to impart some
acidity to the neighboring carbon, so that it canttansformed into an anion in order to
simplify the nucleophilic attack on cyclopentenadax With this in mind, we developed the

following synthetic route to the common precurga{Scheme 45):

enzymatic
_Q H kinetic _QH
Eyo PhSMe, BulLi ' resolution ‘
_— !
DABCO, THF SPh Oﬁsph
rac-70 70
/\
0~ oMe
CHz(OMe)z | =
T Hecat Qﬂ heatlng Oﬂ
|

72
Scheme 45Chemoenzymatic synthesis of intermediée

Cyclopentene oxide was supposed to react with thenaof thioanisole obtained by its
reaction withn-BuLi in THF in the presence of TMEDA or DABCO, aias been described
for cyclohexene oxidé® The resultingtrans-alcohol 70 should be subjected to enzymatic
kinetic resolution. The protection of the enantioicely pure70 as a MOM-ether had to be
performed by the acid-catalyzed reaction with chaag non-toxic dimethoxymethafiein
contrast to commonly used harmful MOM-&IThe last step should include the known
transformation of alkyl phenyl sulfides into theresponding alkyl iodides by the alkylation
with Mel followed by nucleophilic substitution dié sulfonium saft?

Cyclopentene oxide, which is a relatively expensmgbstance, was prepared by the
epoxidation of cylopentene. Among several methodewk for this reaction, MeRe©

catalyzed epoxidation was the simplest. Pyrazaleseas a stabilizing ligand for the rhenium

“°a) H. A. Khan, |. Patersofigetr. Lett.1982 23, 5083. b) C. Riicked. Organomet. Chem 986 310, 135.
“"a) E. Vedejs, S. D. Larsei, Am. Chem. Sot984 106, 3030. b) M. P. Groziak, A. Koohang, Org. Chem.
1992 57, 940.

8 G. Stork, T. Takahashi, Am. Chem. So&977, 99, 1275.

493.Sagannathan, T. P. Forsyth, C. A. Kettde©rg. Chem2001, 66, 6375.
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species’ In the original publication, 0.5 mol% of MeRg@as used, and the reaction was
completed within 15 min. We found that if the rhemicatalyst was added in 5 small portions
after each 1.5 h, its overall amount can be deeckts 0.05 mol% still with a good yield of

the product (Scheme 46). Using this protocol, 7& gyclopentene oxide was obtained in a

single batch in 83% yield:

0
MeReO; (0.05 mol%), pyrazole (15 mol%)
@ : - > 83%, >1 mol scale
H,0, (30 % ag. solution, 1.8 equiv), CH,Cl,, rt, 8 h

Scheme 46Scaled-up synthesis of cyclopentene oxide.

The known reaction between the metalated thioamiaotl cyclohexene oxide afforded 55%
yield of the product® The same reaction with cyclopentene oxide in tiesence of DABCO
gave 60% yield. The competing process is a basgzeu isomerisation of the epoxide into
the corresponding allylic alcohol, which was deteddy GC-MS (Scheme 47):

H OH
0]
PhSMe (1.05 equiv), n-BuLi (1.05 equiv) ; N
DABCO (1 equiv), THF, 0°C O/\SPh

rac-70, 60%

mQ

Scheme 50Ring-opening of cyclopentene oxide with metaldtedanisol.

From the reaction mixture the desired product canidmlated after work-up by column
chromatography or vacuum distillation. However, doethe strong unpleasant smell of
thioanisol we decided to use the reaction mixturectly after the removal of the strongly
basic components in the following enzymatic resotustep, and perform the isolation of the
enantiomerically pure alcohol later. Screening efesal enzymes for the enantioselective
transesterification reaction of alcohod revealed that the lipase fro@andida antarctica
immobilized on ceramic particles (Novozym 435®) geEsses an outstanding catalytic
activity in this reaction. Only 0.2 g of this catsil was enough to completely resolve within

several hours at ambient temperature the amoumaicohol 70, prepared from 0.4 mol of

0W. A. Herrmann, R. M. Kratzer, H. Ding, W. R. Thikl. Glas,J. Organomet. Chem 998 555, 293.
*1a) S. J. Oxenford, P. O'Brien, M. R. Shiptdietrahedron Lett2004 45, 9053. b) P. Saravanan, A. Bisai, S.
Baktharaman, M. Chandrasekhar, V. K. Singétrahedror2002 58, 4693.
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cyclopentene oxide. The product was obtained withenthan 99.5%e It was isolated from
the mixture by the method, described Mgrshall for the enzymatic kinetic resolution of 4-
trimethylsilyl-3-butin-2-0l°* The enzyme after the EKR step was filtered off afidthe
volatile compounds were removadvacuo The residue was dissolved in THF, and 0.7 equiv
of succinic anhydride together with 1 equiv. ofigdyre (to the starting alcohol) were added.
After 2 h the mixture was extracted twice with 1@%ueous NaHC® Careful acidification

of the aqueous solution and extraction with etlateghe succinic monoesféda which was
reextracted from the organic phase by 15% ag. K@dHreydrolyzed in this solution within 6

h at room temperature. The pure alcoh@lformed after the hydrolysis, was isolated in 28%

overall yield from cyclopentene oxide and >99.8&¢Scheme 48).

OH
@) PhSMe (1.05 equiv), :
@ BulLi (1.05 equiv) Q/\ Novozym 435
; iy SPh -
DABCO (1 equiv), THF, 0°C /\OAC (2 equiv)
rac-70 pentane, RT, 22 h

-IIIO
10
1o

O - +
: o KOH :
_— > —_—
@/\SPh Py-THF O/\SPh H,0 Q/\SPh

then extraction

with aq. NaHCO3

70 70a 70, 28% yield

>99.5% ee
Scheme 48Enzymatic kinetic resolution and isolation of d&ob70.

The absolute configuration of alcoh@D was determined by its reduction into known
optically puretrans-2-methylcyclopentandlOb by the excess of Raney Ni (Scheme®2apd
the comparison of the optical rotation sign of aied 70b with the literature valué?
According to the positive sign of the optical radat of the product (+41° against +43° of
literature value), it possesses th8,@S) absolute configuration, as well as the startrags
(2-thiophenylmethyl)-cyclopentanol Q).

2J. A. Marshall, H. Chobanian, P. Wipf, J. Piet©eg. Synth2005 82, 43.
0. Tamura, T. Yanagimachi, H. Ishibashétrahedron: Asymmet003 14, 3033
. J. Partridge, N. K. Chadha, M. R. UskokoJi Am. Chem. Sot973 95, 532.
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OH OH
Q/\SPh Raney Ni (20 equi\Q g Me a5 = +41°
MeOH, reflux 14 h
70 70b

Scheme 49Determination of the absolute configuration aiodol 70.

The protection of alcohols by the acid-catalyzedctien with (MeO)CH, has been
described **However, the soluble acid catalysts usually usegiire a special work-up step
for their removal after completion of the reactivvie tested cationite resin Amberlyst 15® as
a catalyst for this reaction and found that thetgmtion in dimethoxymethane as a solvent

takes place quantitatively at ambient temperatutieim24 h (Scheme 50):

OH OCH,OMe
N Amberlyst 15 (10 mass %) . N
SPh CH,(OMe), (solvent) SPh
RT, 24 h
70 71, 100%

Scheme 50MOM-protection of alcohofO.

The isolation of the productl is simple and includes only filtering off the dsta and
evaporation of the excess of gBMe), .

The direct conversion of phenylthiomethyl derivatvinto the corresponding alkyllithium
species by the reaction with Li in the presence4gf-di-tert-butylbiphenyl (DBB) or
naphthalene is well-knowif.However, our attempts to apply this reaction ® sknthesis of
organophosphorus compounds were not successfule\Wha formation of the alkyllithium
species from acetafl and Li in the presence of DBB or 1l-dimethylaminomhalene
proceeded rather smoothly, the addition ofH&I led to complex product mixtures, mostly
because the reaction of JAC| with the thiolate species, presenting in thetune, is quite
fast even at low temperatures. Therefore, thiseromais abandoned and we turned our

attention to the transformation of the arylthiolgteup into the iodide.

*a) J.-L. Gras, Y.-Y. Chang, L. Chang, A. Guesiynthesid 985 74. b) K. Fuiji, S. Nakano, E. Fujiynthesis
1975 276.
*°T. Cohen, M. BhupathyAcc. Chem. Re4989 22, 152.
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This synthetic step was based on the known substitwf a thiophenyl group on primary
alkyls by an iodiné? Heating of the sulfide with an excess of Mel letmishe alkylation of
the sulfur atom. The sulfonium salt is then attalcky I, forming either starting methyl
iodide or the desired alkyl iodide. The excess el Bhifts the equilibrium to the right side.
The optimal conditions were found as follows: 6 igddel, 120 °C, 36 h in an autoclave in
the presence of Cu powder and CaC@eventing the accumulation of free iodine andsc

in the reaction mixture. During this reaction, howe a substantial amounts of a side product
was formed, which was identified by the mass-speats the formaldehydeis-acetal72a,

which is formed by the scrambling of the alcoholieties (Scheme 51):

Alk
Mel I, -
Alk—S—Ph ——= S p—— 'S
Me Ph -PhSMe
o Dome o Dome °
B ; B ICH» \
Mel (6 equiv), Cu powder, CaCOj5 2
CH,SPh - CHyl |+ 7 o
120 C, 36 h \
-PhSMe EHol
71 72 72a 2

Scheme 51Conversion of a thiophenyl group into an iodide.

We found, however, that compoufi@a can be quantitatively transformed into the desired
MOM-ether72 by the simple stirring of the filtered reactionxtuire after the evaporation of
Mel in (MeO)CH.in the presence of Amberlyst 15®, under the coodgithat served for the
protection of alcohol70 (Scheme 52). After this treatment, PhSMe and &c&awere
separated by short-path flash chromatography aoduwa distillation. The overall yield of
the iodide72 from alcohol70Owas 74% .

0— 0" oMe
ICH2/, O—<:| Amberlyst 15 (10 mass %) : i
\ CH,(OMe), (solvent) Q’ 2
Chl RT, 24 h |
72a 72, overall yield 74%

Scheme 52Conversion of compoundRainto acetalr2.
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Following this protocol, compound?2 was prepared in a 35 g single batch with purit§%9
by GC analysis and >99¢e

The parent ligand PCPR)(was prepared from iodid&. The iodine-lithium exchange with
BuLi led to the corresponding lithium species, whicere trapped by the addition of PITI.
The resulting phosphine was protectedsitu as a borane complex. Without purification of
the intermediate, the MOM-protection was cleavedstuying 73 overnight with 6 N HCI in
MeOH, and the phosphine-boraé@was isolated by column chromatography in 66% divera
yield. It was converted into the same enantiomeligaind PCPP 1) which has previously

been synthesized by a chemoenzymatic route (ScB8nsee Chapter 2.1):

Q/\OMe (__)/\OMe
B t-BuLi (2.0 equiv) : Ph,PCI (1.05 equivl
Q/\l THF, -70T Q/\Li then BHz-Me,S
72 72b

H

ullo

PN
e

ool
: 6N HCI, MeOH Q/\
> PPhZ:BH3
Q/\Pth:BHg RT,12h
73

68, 66% overall

||O

1) MsCl (2.5 equiv), Et;N (2.5 equiv)  H3B:PhaR
CH,Cl, 20T, 2 h PPh,:BH;
2) PhoPH (2.5 equiv), t-BUOK (2.2 equiv)
THF, 50 T, 16 h 69, 64%
then BH3-Me,S

H
Pth:BHg
68

. HoN_ . —
H3B:Ph,P PPhy:BH3 2 V\,NJ\'\/\NHZ Ph,P PPh,

(28a) 105, 1 h
filtration through Al,O3 in Et,0O

69 1, 96%

Scheme 53Synthesis ol from chiral intermediat&2.
This proved the concept of the synthesis of a simfjliral precursor for the preparation of

various diphosphine ligands. This approach carebdily used for the preparation of various

ligands of the same type, if different diarylchlph@sphines are used in the reaction. The
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preparation of the intermediaf@ can be readily upscaled. Therefore, the desigathtis can

be obtained in sufficient amounts.

3.3 Enantioselective synthesis of a new 1,4-diphosp  hine ligand with a
cyclopentane scaffold

Having successfully prepared several chiral 1,3wgphine ligands, we turned our attention
to the preparation of novel 1,4-diphosphine ligangsng the already developed synthetic
methods. The 1,4-diphosphines with a rigid 5-memdbeing are promising widely used
ligands for several transition metal-catalyzed ¢inaplective reactions. The closest analog of
PCPP, compoun@6 has not yet been prepared in enantiomerically pom®, despite the
relative simplicity of its structure and the reaable efforts undertaken in this directifrive
planned to apply the aforementioned enzymatic véisol of diphenylphosphinoyl alcohols to
the synthesis of this compound at the key step.sElqeence, designed for the synthesis of the

target 1,4-diphosphine, is shown in Scheme 54.

(0]

thPCI methylenatlon hydroboratlon
cis-
AcOH
P(O)Ph; P(O)Ph, P(O)Ph,
75
enzymatic resolution OH
> —_ >
Phy(O)P > PhyP
PPh,
76 66

Scheme 54Retrosynthetic analysis of the diphosphine ligaéd

The first step, the 1,4-addition of diphenylphosphiacid to cyclopentenone, gives 3-
diphenylphosphinoylcyclopentanone in a very higkldd’ Having received the addition
product74, we investigated the methylenation of the ketaigraCommon Wittig olefination
was not feasible here, since compouttdcan hardly be separated from triphenylphosphine

oxide.

*"a) P. Camps, G. Colet, S. Vazqu&RKIVOG 2003 10, 16. b) P. Camps, G. Colet, M. Font-Bardia, V.
Munoz-Torrero, X. Solans, S. Vazquédatrahedron: Asymmet002 13, 759.
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One of the modern methods for methylenation of kesois the Tebbe reaction, which
employs a titanocene-based complexTopl.-AlMe; as a methylene equivalefitThe more
recent version of this process describedEisch uses Zn, CAICl, and CHI, for the same
transformatiorr? We chose this method for its simplicity and safetynpared to the use of
flammable AlMe. By substituting titanocene dichloride by zirconoeedichloride, we
achieved much better results than with the origpratocol and finally obtained the desired
product75in 55% yield (Scheme 55). The product was isolatednhite crystalline solid after

column chromatography.

Zn dust (7.4 equiv), CH5l, (1.9 equiv)
Cp,ZrCl, (1.05 equiv), THF, rt, 12 h

P(O)Ph, P(O)Ph,
74 75

55%

Scheme 55Methylenation of keton&4 according to the modified method Bisch.

We used 9-BBN-H for the stereoselective hydroborabf the exocyclic double bond @5.
The difference in the steric requirements of thastireotopic sides in this substrate is
obviously not high. To get theis-product with the highest possible selectivity,terisally
hindered borane has to be employed. Monitorinchefreaction witt?’P NMR revealed the
formation of two products in an approximate ratio 85:15. The chemical shift of the
phosphorus in thé'P spectra of the major produéba was in the range of 62-63 ppm,
pointing out a strong intramolecular coordinatidritee phosphinoyl group, corresponding to
the cis-isomer of the hydroboration product (see Chapt2#). we have previously observed
a similar unusual chemical shift P NMR spectra of compour2ba, for which the X-ray
structure demonstrates a very strong donor-acceptenaction between the oxygen and the
boron atoms. In contrast, in the minor hydroboragwoduct75b the chemical shift of the
phosphorus atom is around 34 ppm, which is commondn-complexed diphenylphosphine
oxides (Fig. 8). On this basis, we concluded thatgelectivity of the hydroboration with 9-

BBN is 85:15 in favor of the desir@ik-stereoisomer:

8 F. N. Tebbe, G. W. Parshall, G. S. ReddAm. Chem. So¢978 100, 3611.
9J. J. Eisch, A. PiotrowskT,etrahedron Lett1983 24, 2043.
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75a, major, 31P: 63 ppm 75b, minor, 3'P: 34 ppm
Fig. 8. Structures of the major and minor products offth@roboration of75 with 9-BBN.
The oxidation of7/5a and 75b with m-CPBA furnished the resulting mixture of alcohdlé
and 77 in 77% overall yield, which, however, were not gibte to separate by

chromatography or crystallization. The majos-isomer 77 could be isolated from the

mixture in a low yield after three recrystallizatsfrom acetonitrile-chloroform.

__OH OH
9-BBN (1.25 equiv), 50 C,3h .~ .
m-CPBA (6 equiv), CH,Cl,

76 77

P(O)Ph, P(O)Ph, P(O)Ph,
75
77% yield cis-trans ratio 85:15

Scheme 56Hydroboration-oxidation of alkenéb.

Despite the numerous examples of successful enkyrkatietic resolution of primary
alcohols** existing in the literature, the extensive scregrof enzymes and acyl donors for
the resolution of alcohol mixturéé+77 did not lead to any success. Mostly, the acetattes
both alcohols were obtained relatively fast, butheit significant enantioselectivity. In all
cases the resolution was not practical. These pasagng results made us turn the attention
to other methods of enantiomer resolution.

The preparation of some esters of chiral acids aodhols76+77 in order to separate the
resulting diastereomers did not meet much sucades.eThe products with the Mosher acid
and the monoester @,0-dibenzoyltartaric acid were hygroscopic low-mejtifbams and
their diastereomers were not separable by TLC.2A-Rinaphthol derivative could be a good

choice, as large naphthyl rings and-sgmmetry should offer sufficient structural
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differentiation of the diastereomers. It requirbdwever, the transformation of the alcohol
into the corresponding acid followed by the forraatof a binaphthol monoester. We chose to
apply the Ru-catalyzed oxidation 86+77 to acids78 and78awith HsIOg as the reoxidant.
The solvent has a quite strong influence on thpwiuif this reaction, and the use of the two-
phase system MeCN-CEH,O was shown to be essentfdIThe esterification method,
developed byteglich®* was used for the formation of the BINOL esté(Scheme 57).

o)
OH OH
Ru(lll)-cat., H510g
CH5CN-CCly-H,0
P(O)Ph, P(O)Ph,
76 + 77 78 + 78a

o LI

(R)-BINOL > o

. . HO
DCC-DMAP, CH,Cl, Ph,P(O) OO

79

Scheme 57Synthesis of estéto.

By the Ru-catalyzed oxidation of the diastereomanigture of alcohols/6+77, the mixture

of the corresponding acid&+78a with the same diastereomeric ratio was obtaine85i¥b
yield. The NMR data suggested the presence of dbonblecules of water per molecule of
the acid after the recrystallization from €EN. The prolonged stirring of CHg$olution of
78+78a over molecular sieves (MS 4A) reduced the amounwater only to nearly 2
molecules per acid molecule. Therefore, we decidade the compound in the next step in a
hydrate form for the ester formation. The basiotypMAP is sufficient to transform BINOL
into the highly nucleophilic phenolate anion, whitds to react with the activated ester of the

acid preferentially even in the presence of wadehéme 58):

®H. S. Carlsen, T. Katsuki, V. S. Martin, K. B. $plass,J. Org. Chem1981, 46, 3936.
1 B. Neises, W. Stegliciingew. Chenml978 90, 556.
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0
OH 1) Cy—N=C=N—Cy O OO

> PhyP(Q) O

/

N OO "

2 [ %
78+78a P(O)Ph, ) L Jho 29
A0S

Scheme 58Preparation of enantiopure esié&

The desired estéf9 was isolated in 34% yield. To our delight, it tedhout to be a single
diastereomer, according t#l, *C and*’P NMR data. Interestingly, we could not detect any
diastereomer 079 in the reaction mixture, and the rest of it comslsof the mixture of the
starting cis-acid 78 and its transisomer 78a presenting in the mixture before the
esterification. Obviously, for steric or other reas they do not react witiR-BINOL under
the applied conditions. In this way, we could sdipitously perform the resolution of the
enantiomers of the acitB as well as get rid of the undesirable admixturésaransisomer

in a single step. Unfortunately, we were not aldeptepare a crystal, suitable for X-ray
analysis, neither from compour® nor from itsp-bromobenzoate ester in order to establish
its absolute configuration. So far, the absolutefigoration of the alcohof7 also remains
unknown.

Ester 79 was further reduced into the enantiopure alcoh® using lithium
trihydropyrrolidinoborate reagefit.It was chosen because of its high reducing al{sityilar

to LiAIH ;) together with the ease and safety of handlingvaok-up. The resulting alcohol
77 was isolated in 90% vyield in an enantiopure stadeyas proved by chiral HPLC.

2G. B. Fisher, J. C. Fuller, J. Harrison, S. G.akbz, E. R. Burkhardt, C. T. Goralski, B. SingaranOrg.
Chem.1994 59, 6378.
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Q ‘O LiBH3N (2 equiv)
Ph,P(Q) o R 90%
o P(O)Ph
HO THF, rt, 6 h o (O)Ph;
79 OO 77, 90%

o 1) MsClI (2.5 equiv), EtzN (2.5 equiv)
Ti(Oi-Pr)4 (0.6 eq.) CH,Cl,, -20C, 2 h

PMHS (6 eq.) . .
PhMe, 105, 2 h, S 2) PhyPH (2.5 equiv), t-BuOK (2.2 equiv)
then BHz-Me,S 2:bH3 THF, 50 T, 16 h

then 25% HE, 12h  HO 80, 96% then BH3-Me,S

HoN g NN,
PPh,:BH5 PhMe, 100 C,2h PPh,
PPh;

H3B:Pph2
81, 55% 66, 94%

Scheme 59Synthesis of enantiopure liga66.

Further transformations were performed accordinghto previously developed techniques.
The reduction and protection of the diphenylphosp¥li group gave the phosphine-bor&te

in 96% vyield. It was converted into the correspogdmesylate, that was treated without
purification with PAPH4BuOK (3 equiv.) in THF to obtain after the situ protectionbis-
phosphine boran8l in 54% vyield. Finally81 was deprotected according to the previously
used protocol to furnish diphosphi6éin 94% yield (Scheme 59).

In conclusion, we prepared a new chiral cyclopesvderived 1,4-diphosphine ligand, starting
from readily available cyclopentenone, using omdjy designed synthetic sequence. In the
key step, the enantiomers were resolved by thetsadepreparation of a single diastereomer
of 3-diphenylphosphinoylcyclopentanecarboxylic a¢i)-2,2’-binaphthol ester79). The
overall sequence offers an easy pathway for thpapation of various representatives of a

new class of chiral 1,4-diphosphine ligands wittyelopentane scaffold.
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4. Applications of the new ligands in the transition metal-catalyzed
asymmetric reactions.

The reason for the synthesis of new chiral ligaisd¢heir application in enantioselective
transition metal-catalyzed reactions. We screengdnew ligands in several Rh-catalyzed
hydrogenation reactions of prochiral unsaturatechmmunds, Rh-catalyzed 1,4-addition of
phenylboronic acid to cyclohexenone, Rh-catalyzgdrdboration of styrene, and Rh- and

Ru-catalyzed hydrogenation of C=N and C=0 doublediso

4.1. Rh-catalyzed asymmetric hydrogenation of aceta ~ midocinnamates and
acetamidoacrylates.

The Rh-catalyzed asymmetric hydrogenation of enamig one of the most important

enantioselective methods for the synthesis of thirainoacids®® These compounds are

important intermediates for the synthesis of agneanber of pharmaceuticals, agrochemicals
and other compounds of industrial interest. We emath the performance of the newly

synthesized ligands (Fig. 9) in the Rh-catalyzegimasetric reduction of three substrates:
methyl acetamidocinnamate, dimethyl itaconate,rarthyl acetamidoacrylafé.

thE’ ?PhZ thE’ E’th thl? ?th
29 30 31
_PPh, PPh, PPh; _PCy,

~_wPPhy ’/ PPh,

PCy, i’ wPPh,
65

Fig. 9. New chiral diphosphine ligands, tested in transitimetal-catalyzed asymmetric

49 51 58

reactions.

63 a) I. Ojima, Catalytic Asymmetric Synthesig® Ed., VCH, Weinheim200Q b) R. Noyori, Asymmetric
Catalysis in Organic Synthesiiley, New York,1994

% For mechanistic studies of Rh- and Ru-catalyzetidgenations, see: K. Rossémgew. Chem. Int. E@001,
40, 4611.
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Since the enantiomeric excess of the hydrogenaBawtion is strongly dependent on the
solvent, we performed the optimization of the sotvgystem for these reactions using ligand
49. The hydrogenation of methy)-acetamidocinnamate was conducted at room temyerat
and 1 bar pressure, with Rh(CQBIF, as a metal source, using 2 mol% of the preformed
catalyst. The highest enantioselectivities wereieagd in the mixture of toluene and
methanol (10:1) (Table 1). This mixture was used tésting all other ligands in the Rh-
catalyzed hydrogenation of acetamidocinnamic aetbatcidoacrylic esters.

CO,Me CO,Me

— 1) Rh(cod),BF4 (2 mol%) / 49 (2.2 mol%)
NHAc >

NHAc
2) 1 bar H,, solvent

Table 1.Influence of the solvent mixture on the enantiamekcess of the Rh-catalyzed

asymmetric hydrogenation of acetamidocinnamic acitie presence of ligar&b.

Entry Solvent system Enantiomeric excess, %
1 MeOH 38
2 CH,CI,-MeOH 10:1 29
3 THF-MeOH 10:1 47
4 PhMe-MeOH 1:1 52
5 PhMe-THF 5:1 49
6 PhMe-MeOH 10:1 78

Ligand screening was carried out using 0.5 mmoltled substrate with 2 mol% of
Rh(COD}BF,and 2.2 mol% of the chiral ligand under the sanm@itmns. In all cases,
full conversion was achieved. The enantiomerieeg®f the product was measured by chiral

GC and compared to the authentic commercial comgmubfhe results of the hydrogenation
tests are presented in Table 2.
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Table 2.Rh-catalyzed asymmetric hydrogenation of metAjdacetamidocinnamate.

Entry L* [T, h] %ee Conv.
_PPh,
: wPPh,
1 \@ 20, 12 789) 100
49
PPh,
PPh,
2 20, 12 84R) 100
51
thE; H gth
5 Y
20, 12 31R) 100
29
PhaB PPhy
4 O
20, 12 10R) 100
31
PhaE PPh,
5 O
20, 12 78R) 100
30
_/Pcyz
_oPPh,
6 # ] J
20, 12 46(9 100
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PPh,

r PCy2
7
i 20, 12 51R) 100

58

Ph,P

PPh,
20, 12 94R) 100

As it can be seen from the data, the additionaicstendrance, created by the methyl groups
of the pinene core forces the phosphorus atomki damore advantageous position resulting
in a higher enantioselectivity for the tested rigas. The introduction of cyclohexyl instead
of phenyl rings impairs the enantioselectivity log treaction in both cas@he ligands with a
cyclopentane framework displayed only modest epaalectivity in this hydrogenation
reaction. We also tested the parent ligand PQPEReftry 8). The obtained results are in good
correlation with the data, reported Bghiwa.® The introduction of an additional alkyl in the
side chain of the ligand molecule gives compoundschv are inferior ligands for the
enantioselective hydrogenation reaction.

For the hydrogenation of acetamidoacrylic estebl@a, the same reaction conditions) the
situation changes significantly: both ligand® and 51 give essentially the same
enantioselectivity (Entries 1 and 2), while theradiuction of cyclohexyl rings leads to an
improvement okein one case (ligand8, Entry 7), and a dramatic drop in another (lige6tl
Entry 6). Contrarily to the reaction with acetanaohmamic ester, all the ligands gave the
same enantiomer of the product. Again, the liganidk a cyclopentane core demonstrated

modest results in this reaction.

CO2Me 1y Rh(cod),BF, (2 mol%)/L* (2.2 mol%) y CO,Me
> e

NHAC 2) 1 bar H,, PhMe-MeOH 10:1 NHAC
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Table 3.Rh-catalyzed enantioselective hydrogenation ohgletcetamidoacrylate.

Entry L* [T, h] %ee Conv.
_PPh,
: ‘\\PPhZ
1 \@ 20, 12 61R) 100
49
PPh,
PPh,
2 20, 12 60 R) 100
51
PhaE PPh;
3 Q’ﬂ/ 20,12 | 34R) 100
29
PhoB PPh,
4 @AO 20,12 | 10®) 100
31
thg H ?th
o
5 20,12 | 63R) 100
30
_/PCyz
_PPh,
6 \@ 20,12 | 7(® 100
65
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PPh,

P Cy2

58

4.2. Rh-catalyzed asymmetric hydrogenation of dimet  hyl itaconate.

Dimethyl itaconate is the common model compoundstadies in asymmetric hydrogenation
of substituted acrylates, leading to valuable ¢huyathons for fine organic synthesis.

:<02Me 1) Rh(cod),BF, (2 mol%)/L* (2.2 mol%) CO,Me
CO,Me 2)1bar Hy, MeOH, 20 C, 12 h N_co,me

The solvent optimization for the hydrogenation ofmethyl itaconate, using ligand9,
showed that methanol and a toluene-THF mixture givéhis case similar results (Table 4).

Further test reactions for this substrate with oligands were performed in methanol.

Table 4. Solvent screening in Ré@-catalyzed enantioselective hydrogenation of diyleth
itaconate.

Entry Solvent system Enantiomeric excess, %
1 PhMe 58
2 PhMe-MeOH 10:1 66
3 PhMe-THF 10:1 78
4 MeOH 81

The reactions were performed under the same conditas for the hydrogenation of
acetamidoacrylic and -cinnamic esters. The testlieesf the prepared ligands are given in
Table 5.
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Table 5.Rh-catalyzed asymmetric hydrogenation of dimeiagonate.

Entry L* Solvent Yee Conv.

_PPh

wPPh,
1 \@ MeOH 81 (S) 100

49

PPh,

PPh,
2 MeOH 18 100

3 Q’ﬂ/ MeOH 196 | 100

H -
. | O
MeOH 8(9 100

5 @A MeOH 140 | 100

‘\\Pth
6 \@ MeOH 54(9 | 100
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PPh,

r PCy2
7 @ MeOH 17Q | 100

58

Interestingly, in this hydrogenation reaction thructure of the rigid ligand core played a
significant role in the reaction outcome. The siigbn of the phenyl groups of the
phosphine moiety by cyclohexyls rings led to ariitr selectivity (Entries 1-2 and 6-7). The

ligands with a cyclopentane framework gave poongaselectivity.

4.3 Rh-catalyzed asymmetric 1,4-addition of phenylb  oronic acid to
cyclohexenone.

The 1,4-conjugate addition of organometallic re&g)ém enones is a widely used process for
the asymmetric carbon-carbon bond formation, legadlirs-substituted carbonyl compounds
which are versatile synthons to further organiagfarmations. We examined the applications
of our newly synthesized ligands in the Rh-catadlyzgl-addition of phenylboronic acid to 2-
cyclohexenone, employing tiéayashis procedure® (3 mol % of Rh source and 3 mol% of a
chiral ligand in the presence of;® in dioxane at 100 °C). However, the source of Rh,
temperature and the reaction time significantlyueiced the enantioselectivity. We used
ligand 30 for screening and found the optimal conditions liaggh enantioselectivity in this

reaction.

[Rh] 3 mol%, 30 (3 mol%)

PhB(OH), (5 equiv), dioxane-HZO' =
Ph

%Y. Takaya, M. Ogasawara, T. Hayashi, M. SakaiMijaura,J. Am. Chem. So&998 120, 5579.
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Table 6. Influence of the reaction conditions and the rbodsource in the Rh-catalyzed 1,4-

addition of phenylboronic acid to cyclohexenone.

Entry [Rh] [T,h] %ed % conv % yield
1 Rh(cod)acac 100, 2.5 S8R 100 86
2 Rh(GH,).acac 100, 2.5 63 100 88
3 Rh(GH,).acac 70,5 3R) 100 88
4 Rh(cod)acac 70,5 18 100 92
5 Rh(cod)acac 110,1 3B)( 100 99

These conditions were further used for screenihgratew ligands. Rh(cod)(acac) was found
to be the best Rh source in terms of the reactmamt@selectivity. The prolonged reaction
times, required for the ligands with a pinene caegatively influenced the enantioselectivity,
leading to an almost racemic product. The resilteeligand testing are given in Table 7.

Table 7.Rh-catalyzed 1,4-addition of phenylboronic acid¢yolohexenone.

Entry Ligand [T,h] Yee % conv % yield
_PPh,
1 “_PPh,
@ 100, 16 rac 100 85
49
rPPh2
) PPh,
@ 100, 16 8R) 100 87
51
Ph,P
3 PPh, | 100,25 31R) 100 83
1
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PhoR H PPhy
4 @A 100,25 | 88R) 100 86
30
thg H ?th
> Q'Ar 100, 16 45R) 100 88
29
thg H ?th
6 Q'Ar 100, 2.5 57R) 100 87
29
PhaB PPh;
7 @’AO 100,25 |  68R) 100 88
31

Interestingly, PCPP ligand.X from Achiwawith the opposite configuration gives 31&é of
the same enantiomer of the product, in contraatrtmst 90%eefor a-methylated compound
30. The increase in size of the alkyl substituerthm chain from Me toPr causes a big drop
of enantioselectivity, although a further increts¢he cyclohexyl group improves it again. In
this reaction, the pinene-derived ligands performedatively poorly. In all cases, the reaction
was carried out at 100 °C, leading to 3-phenyldyel@none in high yields (Table 7, entries
1-6). A high enantioselectivity was achieved usthg ligand30 (88 % ee entry 4). The
increase of steric hindrance next to the phosphgneup leads to a decrease iIn
enantioselectivity (entry 4 and entries 6-7). Thargiomeric exces®f the product increased
from 45 % to 57 % when we reduced the time fronhZ8 100 °C to 2.5 h (entries 5 and 6).
With Rh(GH,)2(acac) as the rhodium source the enantioselecuvapped from 88 % to 63
% (Entries 1 and 2). The reaction temperature $® almportant for enantioselectivity.
Decrease of the temperature from 100 °C to 70 °tb #ie same catalyst led a the lower

enantioselectivity (10 %e entry 4). When the temperature was increasedl@°C, again

only poor enantioselectivity was observed (entty 5)
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4.4. Rh-catalyzed asymmetric hydroboration of styre ne.

The hydroboration of alkenes is a valuable reactiomrganic synthesis. The asymmetric
hydroboration of styrene with catecholborane usthgal BINAP as a ligand gave high
enantioselectivity, as was shown Hgyashi®® We have applied our novel chiral P,P-ligands
in the Rh-catalyzed asymmetric hydroboration ofrestg and have revealed a complete
regioselectivity of hydroboration, which gave exatlely branchedi-phenylethanol after the
oxidation (30 % HO,, 2 M NaOH, entries 1-6, Table 8). The ligands wafftlopentane
scaffolds gave better enantioselectivity in comgmari with those with pinene-derived
structures. The increase of steric hindrance indide chain of the cyclopentane-derived
ligands led to higher enantioselectivity which teedt 80 % under optimized conditions (-20
°C, 16 h) (Table 8, entry 6).

H

X
©/\ 20
+ 1) Rh(COD),BF,4 (1 mol%), L* (1.2 mol%) N +

Y

o 2) 30% ag. H,0,, 3 M NaOH; EtOH-H,O oH
/
HB\OD ©/\/10

Table 8 Rh-catalyzed asymmetric hydroboration of styrene.

..||O

Entry L* [T, h] Solvent| 2°:1° %ee Conv. | % yield
_PPh,
_«PPh,

1 \@ 0,6 THF 100:0| rac 100 67
49
PPh,

PPh,

2 0,6 THF 100:0| rac 100 55

51

% a) T. Hayashi, Y. Matsumoto, Y. Itd, Am. Chem. Sod989 111, 3426. b) T. Hayashi, Y. Matsumoto,
Tetrahedron: Asymmeti}99], 2, 601.
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PhaE PPh;
8 Q’ﬂ/ 0,6 THF | 100:0| 73R | 100 75
29
Phel  PPho | 50 16 | THE | 1000 | 73@®) | 85 65
. | Oy
10,16 | THF | 100:0 | 70® | 100 64
29
PhoE L PPh: | 5016 | THF | 1000 | 55®) | 48 67
O
10,16 | THF | 100:0 | 57® | 46 65
30
thg H ?th
3 @'AO 20,16 | THF | 100:0 | 80 R 83 71
110,16 | THF | 100:0 | 80 ®) | 100 69
31

4.5 Rh- and Ru-catalyzed asymmetric hydrogenation o  f C=N and C=0 bonds
and Pd-catalyzed allylic substitution reactions.

We tested several of our chiral diphosphine ligafuisthe Rh-catalyzed hydrogenation of
C=N double bond$’ Ru-catalyzed hydrogenation of a keto esfegnd Pd-catalyzed

%7 (a) Burk, M. J.; Feaster, J. E.Am. Chem. Sot992 114, 6266; (b) Burk, M. J.; Martinez, J. Petrahedron
1994 50, 4399.

% (a) Ireland, T.; Grossheimann, G.; Wieser-Jeunedseknochel, PAngew. Chem1999 111, 3397;Angew.
Chem. Int. Ed1999 38, 3212; (b) Ireland, T.; Tappe, K.; Grossheimann,K&ochel, PChem. Eur. J2002 8,
843. (c) Lotz, M.; Polborn, K.; Knochel, Rngew. Chem2002 114, 4902;Angew. Chem. Int. EQR002 41,
4708. (d) Tappe, K.; Knochel, Petrahedron: Asymmet004 in press
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asymmetric allylic substitutioff The results of these tests are presented in Fablel.
Acetophenone semicarbazone was chosen for screesfintpe ligands in C=N bond
reduction®” In two out of three cases a full conversion watioled with the tested ligands,

although the enantioselectivity was poor.

H H

/N\

COPh

PN

N~ “coph HIN

Rh(COD),BF, (1 mol%), L* (1 mol%) :
MeOH, H, (50 bar), rt, 25 C,16 h ©/\

Table 9.Ru-catalyzed asymmetric hydrogenation of acetopheisemicarbazone.

Entry L* % e Conv. yield
PPh,
1 PPh,
@ 30 R) 100 88%
51
_PPh,
: wPPh,
2 ] 0 ]
49
PhaB PPh;
3 O’ﬂ/ 19 R 100 92%
29

The enantioselective hydrogenationpeketoesters, catalyzed by Ru-diphosphine catalgsts
a well-known and industrially important reactiompadly used for the preparation of chiral
hydroxyester§® We tested two of our novel chiral diphosphineshis reaction (one pinene-

% (a) Trost, B.M.; Van Vranken, D. IChem. Rev1996 96, 395. (b) Heumann, A.; Réglier, Metrahedron
1995 51, 975. (¢) Trost, B. M.; Murphy, D. @rganometallicsl985 4, 1143.
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derived and one cyclopentane-derived compoundipgulsenzoylacetic ester as a substrate.
The catalysts were preparigdsitu from Ru(cod)(GH-). , the ligands and HBr in MeOH (0.5
mol% of each component). In both cases, despitgtlod yields, the enantioselectivity was

too low to be practical (Table 10).

] (@) OH O
Ru(cod)(C4H7), (0.5 mol%) / L* (0.5 mol%)

OFEt >
H, (50 bar), EtOH, HBr (0.5 mol%), 50 T, 16 h

OEt

Table 10 Ru-catalyzed hydrogenation of benzoylacetic ester

Entry L* H, (bar) %ee Conv. % yield
PhaB PPh;
O
1 50 70 100 98
30
_PPh,
: WPPh;
2 @ 50 37 R 100 98
49

We examined the new ligands in the Pd(0)-catalyakygic substitution of racemic 1,3-
diphenylpropen-2-yl acetate with dimethyl malonategording to the procedure ®fost™
[Pd(GH5)CI], was used as the catalyst precursor in the presgngetassium acetatél,O-
bis(trimethylsilyl)acetamide (BSA), theis-phosphine ligand, and the substrate in dry
degassed CiLl,. Despite a good conversion, the yield and the toraeric excess of the

product were low (Table 11).

OAc
/\)\ [Pd(allyl)Cl], (1 mol%)/L* (2 mol%) CH(COMe),
Ph™ XX Ph - /\)\
CH,(CO,Me), Ph™ ™"+ "Ph

BSA (3 equiv.), KOAc (5 mol %)
rt, 1 h

0B. M. Trost, D. J. MurphyQrganometallics1985 4, 1143.
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Table 11.Pd-catalyzed enantioselective allylic substitution

Entry L* % ee Conv. % yield
PPh,
PPh,
1 339 100 78
51
PhaE PPh,
2 @/\ 28 (S 100 75
30
Part Il

New reactions of organozinc compounds

Organozinc compounds were among the first orgaraliitespecies prepared. While some
types of organozinc compounds like Reformafsland iodomethylzinc iodide (Simmons-
Smith)’? reagents found since long a broad applicationrigmmic synthesis, the synthetic
potential of the organozinc species in general Iwsn recognized only recently.The
reasons for that are their lower reactivity in camgon with Grignard reagents and the lack
of general methods for their preparation until relye Due to its highly covalent character,
the carbon-zinc bond is inert to the majority afattophiles like aldehydes, ketones, esters or
nitriles. However, the presence of empty low-lyipeprbitals at the zinc atom allows
transmetalation with a number of transition metahplexes. The availability al-orbitals at

the metal center in those compounds allows for neaction pathways with electrophiles,

which are not available for the corresponding zieagents. Such a mode of reactivity has

" a) F. ReformatskyChem. Ber1887, 20, 1210. b) A. FiirstneAngew. Chem. Int. Ed. Engl993 32, 164.

23) H. E. Simmons, R. D. Smith, Am. Chem. So&959 81, 4256. b) G. Wittig, F. WingleGhem. Ber1964
97, 2146.

3a) P. Knochel, R. D. SingeEhem. Rev1993 93, 2117. b) P. Knochel, J. Aimena, P. JonBstrahedron
1998 54, 8275. ¢) P. Knochel, P. Jon€&xganozinc Reagents. A Practical Approa€ixford University Press.
1999 d) P. Knochel, N. Millot, A. L. Rodriguez, C. EuckerOrg. React2001, 58, 417.

78



been broadly exploited for the formation of newbcar-carbon bonds and efficient cross-

coupling reactions between®spnd spcenters, as was demonstrated, for instance, byshiegi

using catalytic amounts of Pd saffsSimilar catalytic reactions were reported in large
amounts for Cu(l}°> and Ti(IV)"® complexes, which were found to promote numerous
reactions of organozinc reagents with organic ebgtiles.

The synthetic applications of organozinc compougistly increased when it was noticed

that these reagents tolerate a wide range of fumaltigroups. Therefore, they perfectly fit for

the construction of complex functionalized orgamolecules without the need in special

protection-deprotection steps. The chemistry ofanaginc compounds is now a rapidly

growing branch of organometallic chemistry with ar@erspectives and high potential for

numerous industrial applications.

5. New cross-coupling reaction of triorganosilylzinc compounds
with aryl triflates.

During the studies of the halogen-magnesium exahamgction for the preparation of
functionalized organomagnesium reagents, we notieedack of a synthetically useful, mild
and general method for the transformation of a phemydroxyl into a halogen moiety like
iodine and bromine. Such transformation would alfavther functionalization of molecules,
containing phenolic groups, by methods of organamaim or organozinc chemistry,
including the novel ones, recently developed in guoup.”” Several methods can be
considered to perform such transformation:
1) reaction of a phenol with BRBr, at 320 °C®
2) reaction of an aryl triflate with hexabutylditiifollowed by the iodolysis of the C-Sn
bond;
3) reaction of a phenyl triflate with diboron reageritis-(pinacolato)diborofi® or
pinacolboran®) and the subsequent iodolysis of the formed C-dbo

" E. Negishi, L. F. Valente, M. Kobayashi,Am. Chem. Sot98Q 102, 3289.

SB. H. Lipshutz, S. Sengupt@rg. React1992 41, 135.

®D. Seebach, A. K. Beck, B. Schmidt, Y. M. Wafigtrahedron1994 50, 4363.

"a) A. Krasovsky, P. KnocheAngew. Chem. Int. EQ004 45, 3333. b) A. Krasovsky, V. Malakhov, A.
Gavryushin, P. KnocheAngew. Chem. Int. EQ006 47, 6040.

8H. Takaya, S. Akutagawa, R. NoyadBirg. Synth1989 67, 20.

9 H. Azizian, C. Eaborn, A. Pidcock, Organomet. Chem 981, 215, 49.

8T, Ishiyama, K. Ishida. N. Miyaurdetrahedror2001, 57, 9813.

8 M. Murata, T. Oyama, S. Watanabe, Y. Masuda)rg. Chem200Q 65, 164.
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All these methods have certain drawbacks, and snas#l not sufficiently general. One of the
convenient precursors for aryl iodides are theesponding arylsilanes, since an Ar-Si bond
can be readily subjected to iodolysis under reddyivmild conditions. The preparation of
arylsilanes from phenols required a new synthetihyay from an activated phenyl ester to
the corresponding arylsilane. Although several jmabibns described Pd-catalyzed cross-
coupling of hydro- and disilanes with aryl haliddsis reaction proceeds only for a limited
number of substrates and is less useful for aiffates®* The silane partner should be a
nucleophile in this coupling reaction, thereforeaonic silicon species has to be taken as
starting material. Literature research revealed #reown compounds of such type are
relatively few in number and their syntheses ariéicdit and not practical. A notable
exception is the phenyldimethylsilyllithium specieshose chemistry has been profoundly
investigated byFleming®® Phenyldimethylsilyllithium can be readily prepardeg the stirring

of PhMeSiCl with 2 equiv. of Li in THF at 0 °&® During the stepwise formation of this
compound, tetramethyldiphenylsilane is formed filisis cleaved by the excess of Li, finally
giving the silyllithium species. Such splitting selective for disilanes, bearing at least one
aryl group on each silicon atom. In the case o§3ilel the reaction stops after the formation

of hexamethyldisilane (Scheme 60).

Me, Li Me —~ Me Li Me,
Ph—Si—Cl —— > Ph—Si—Si—Ph —— Ph—/Si—Li
ve M€ Me Me
Me\ Li Me\ /Me Li
Me—Si—Cl ———> Me—Si—Si—Me ——<—> no reaction
/ / \
Me Me Me

Scheme 60Reactions of chlorosilanes with Li metal.

The solution of PhMgSILi can be titrated after the preparation anduificgently stable for
storage at least for a week at 0 °C without a @serén concentration. Thus, it may serve as a
precursor for the nucleophilic silicon speciesha planned cross-coupling reaction.

823) M. Murata, H. Ohara, R. Oiwa, S. Watanabe, YasMia,Synthesi2006 11, 1771. b) M. Murata, K.
Suzuki, S. Watanabe, Y. Masudh, Org. Chem1997 62, 8569. c) M. Murata, M. Ishikira, M. Nagata, S.
Watanabe, Y. Masud@rg. Lett.2002 4, 1843. d) Y. Yamanoi]. Org. Chem2005 70, 9607.

8a) I. Fleming, R. S. Roberts, S. C. Smifetrahedron Lett1996 37, 9395. b) I. Fleming, R. S. Roberts, S. C.
Smith,J. Chem. Soc. Perkin Trans1298 7, 1209.
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6.1 Reaction optimization

One of the goals of our investigation was the praggan of enantiopure binaphthyl halides
from chiral 1,1’-bi-(2-naphthol) (BINOL), and we abe R)-binapthylbis-triflate as a model
compound for the development of the new cross-@ogpeaction with silyl species (Scheme
61). The silyllithium reagent, prepared according the published protoc8f, was
transmetalated with 0.5 or 1 equiv. of ZpBMgBr,, t-BuMgCl or iPr,Zn. The resulted
reagents were reacted witR){binapthylbis-triflate in the presence of various Pd- and Ni-

containing catalysts.

OO OTf  PhSiMe,Li + metal additive O ! SiMe,Ph
OTf Ni or Pd catalyst, THF - | I SiMe,Ph

82 83

Scheme 61Synthetic plan for the new cross-coupling reactbaryl triflates.

Neither of the several screened Pd catalysts gavsilane83. We then turned our attention
to nickel catalysis, since the cross-coupling rieacdf sterically hindered BINODis-triflate
usually perform well with Ni catalysf§.Several reaction conditions tested for the tesssr

coupling reaction are described below (Scheme 62):

84p. Kasak, M. Putald@etrahedron Lett2004 45, 5279 and refs. therein.
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MgBr,-THF (3 equiv)
NiCl,(dppp) (5 mol%), rt

traces of product

ZnBr, (3 equiv) .
Pd(PPh3), (5 mol%), rt

t-BuMgCl (3 equiv)‘ OO SiMe,Ph

no reaction

inl
NiCl,(dppp), 70 T l ! osiMe,ph MM
ZnBr,(3 equiv)
] . t-BuMgCl (3 equiv)
PhSiMe,Li - > 30% yield
(3 equiv) NiCly(dppp) (5 mol%) rt
+
i-PryZn (3 equiv) ] .
OO : > reduction to 1,1'-binaphthyl
OTf NiCly(dppp) (5 mol%), rt
oo
t-BuMgCl (3 equiv) ]
> complex mixture
82 Pd(PPhs),(5 mol%), rt

5 mol% of a catalyst

THF as a solvent )
t-BuMgCl (3 equw)‘

Fe(acac)s (5 mol%), rt

reduction to 1,1'-binaphthyl

ZnBr;, (3 equiv) N
NiCl,(dppp) (5 mol%), rt

64% vyield of 83

ZnBr, (1.5 equiv)

NiCl,(dppp), (5 mol%)
0°C - rt

87% vyield of 83

Scheme 62Screening of the reaction condition for the Niatged cross-coupling reaction

of aryl triflates with silyimetal reagents.

The optimal conditions were established finally fabowing: 1.2 equiv of (PhMgSi),Zn
(preparedn situfrom 2.4 equiv. PhM&ILi and 1.2 equiv. ZnB}, 5 mol% of NiCh(dppp) as

a catalyst, THF, 1 h at room temperature. The ya¢lcompound3in this reaction was 87%.
In order to determine the scope of the processtandptimize the ligand for the nickel
catalysis, we continued the investigation of theaation, using 2-naphthyl nonaflate as a
substrate. The catalyst Ngppp) turned out to be the best among the seierabmplexes

screened.
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ONf :
PhMe,SiLi (2.4 equiv), ZnBr, (1.2 equiv) SiMe,Ph
catalyst (5 mol%), THF, rt, 1h

84a 85

Table 12.Optimization of the catalyst.

Entry Catalyst Yield (GC), %
1 NiCl(dppp) 73
2 NiClx(dppe) 70
3 NiCly(PPh); 41
4 NiCl2(PBuw). 0
5 PACL(PPh), 0

Various leaving groups were also tested, usingsthifonate esters ¢f-naphthol as models.
From the four sulfonate esters test@ehaphthyl triflate §4) turned out to be the best

concerning the yield of the arylsilaBé (Table 13).
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OoX .
PhMe,SiLi (2.4 equiv), ZnBr, (1.2 equiv) SiMe,Ph
NiCl,(dppp) (5 mol%), THF, t, 1h

85
Table 13.Optimization of the leaving group.
Entry Leaving group X Yield, %
1 Nf 73
2 Tf 88
3 Ts 82
4 Ms 51

6.2 Cross-coupling reaction of silylzinc and silyla luminium compounds

Based on the results of these experiments, we dhedeiflate group as the leaving group for
this cross-coupling reaction. A number of aryls#ianwas prepared starting from the

corresponding triflates in good to excellent yiel@lse results are presented in Table 14.

oTf PhMe,SilLi (2.4 equiv), ZnBr, (1.2 equiv) SiMezPh
_ -
R NiCl,(dppp) (5 mol%), THF, rt
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Table 14.Ni-catalyzed cross-coupling reaction of aryl &ifls with silylzinc reagents.

Entry Product Reaction Yield, %
time (h)
SiMe,Ph
1 1 88
85
‘ ‘ 86
87
MeoOSiMezPh 3 64
4 88
ro
> O\OSiMezPh 6 63
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F3C

OSiMezPh

6 1 54
90
1 71
7 EtO,C SiMe,Ph
01
PhMeZSI N
8 \C[VMe 8 71
S 9
L
9 N SiMe,Ph 8 72
03
PhMe,Si SiMe,Ph 3 65
10
94
) ) 24 64
11 PhMe,Si SiMe,Ph
95
A
12 7 1 75
N 96
SiMe,Ph
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E ! SiMe,Ph
13 SlMezph 6 77a,b
I[i Ili 83

14

SiMe,Ph
OO 97

2Double amount of the silylzinc reagent was useétRacemic product was obtained

Despite the good vyields of products in many cases reaction was found to have several
limitations, which were revealed during further éistigations. No reaction or low yields are
observed for sterically hindered substrates likesityletriflate. The bis-silyl product 83,
obtained from enantiopureR-BINOL-bitriflate, turned out to be racemic. Whifer the
enantiopure material the optical rotation is -4@7.12, cyclohexanéy,for the synthesized
compound3 it was equal to zero. Attempts to adjust the ieaatonditions in order to avoid
racemization failed. Supposedly, the reaction in case takes placeia formation of an
intermediate nickelacycle, which is planar or pssss a very low epimerization barrier. The
formation of similar metallacycles during the crassipling reactions of 2,2'-
diiodobinaphthyls in the presence of Pd has beemodstrated® Moreover, it is known that
2,2’-bimetallic derivatives of 1,1’-binaphthyls mess a relatively low epimerization barrier,
so that 2,2'-dilithio-1,1-binaphthyl epimerizes ake -40 °C” On the other hand, the Ni-
catalyzed cross-coupling of the chiral binaphthitiftate with diphenylphosphine proceeds
with complete retention of configuratifhwhich shows a possibility to achieve this resnilt i

our case.

8 T. Hoshi, H,. Shionori, T. Suzuki, M. Ando, H. Hagra,Chem. Lett1999 1245.

8 p. Kaséak, P. Mikla$, M. Putald, Organomet. Cher2001, 637-639 318.

7K. J. Brown, R. J. Murdoch, Am. Chem. Sot984 106, 7843.

8D. Cai, J. F. Payack, D. R. Beuder, D. L. HugfesR. Verhoeven, P. J. Reid@rg. Synth1999 76, 6.
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In order to overcome the above-mentioned limitagiohthis reaction, we investigated briefly
the possibility to use other silylmetal reagentidble substitution for the (PhM®i),Zn can
be tris-(trimethylsilyl)aluminium which can be obtainedith@ugh in low yield, by the
reaction between M8ICI, Al and Li metals in refluxing ether in thegsence of catalytic

amounts of metallic mercury (Scheme %3)

Hg (cat.) N
ether, 35C, 96 h

MesSiCl (excess) + Al * Al(SiMez);  20-40%

Scheme 63Preparation ofris-(trimethylsilyl)aluminium.

This reagent can be isolated after filtration amaperation of the reaction mixture and
crystallization from pentane at -78 °C. The neahpound at room temperature is a highly
pyrophoric liquid, forming big colourless needlesidw 0 °C. First attempts demonstrated
that the cross-coupling reaction with 1-naphthfjétte in THF can be successfully catalyzed
by NiClx(dppp), but the reaction is too sluggish at roompgerature. It was found to proceed
optimally at room temperature in dioxane in thespree of 2 equiv. of LiCl, using 5 mol% of
NiCl,(dppp) as catalyst, leading to 1-trimethylsilylnd@iene in 79% vyield. Earlier, the
reaction of (MgSi)sAl with aryl bromides was described Byost® Interestingly, the reaction
between 1-naphthyl triflate and (Ph)#&,Zn gives mixture of products, probably, due to a
higher steric hindrances. However, the aluminiuagent was found incompatible with the
most functional groups like esters or halides. Gmig trimethylsilyl group out of three could
be transferred during the reaction. The difficdtia the preparation and handling of this
reagent as well as the toxicity of mercury, rediiifer its preparation, make its use less
advantageous. Several products, obtained from theatsdlyzed cross-coupling reaction of
tris-(trimethylsilyl)aluminium and aryltriflates, aré@ewn below (Table 15):

OTf  Al(SiMes); (1.5 equiv.), LICI (2 equiv) SiMe3
R Ni(dppp)Cl, (5 mol%), dioxane, rt - R

8. Roesch, G. Altnaul. Organomet. Chem98Q 195, 47.
% a) B. Trost, J. Yoshid&,etrahedron Lett1983 24, 4895. Reactions of Al(SiM} with allylic acetates and
alkynes have been described: b) B. M. Trost, Jhitlas M. LautensJ. Am. Chem. Sot983 105, 4494; c¢) L.
Roesch, G. Altnau, G. Jashemiker-Zeitund 983 107, 128.
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Table 15. Comparison of Ni-catalyzed cross-coupling readtioof (MegSi);Al and
(PhMeSi),Zn with aryl triflates.

Yield and Yield and
reaction time reaction
with time with
Entry Starting material Product (PhMeSi)Zn | (MesSi)Al
(R=Ph) (R=Me)
MeO. l I LOTf | MeO. l '! _SiMe,R
1 86 86a
98 71%, 1 h 52%, 19 h
OTf SiMe,R
N N
4 =
2 S S 96 96b
75%, 1 h 71%, 19 h
96a ° °
<:> <:> 91 complex
mixture
3 71%, 1 h
9l1a
F3C\©/0Tf F3C\©/SiMeZR 90 90b
4 54%, 1 h 57%, 1h

90a

89




OTf SiMe,R

5 OO OO Complex 96d

mixture
79%, 19 h
96¢c

This method in some cases can be considered aslaroemtary to the coupling withis-

(phenyldimethylsilyl)zinc.
6.3 Conversion of phenols into aryl iodides and ary Iboronic esters.

Initially, we considered the cross-coupling reactiof silylmetal reagents as a part of a
synthetic method for the conversion of phenols ary iodides. A commonly used synthetic
protocol for the conversion of arylsilanes into tberresponding iodides includes their
treatment with an excess of I&.Several arylphenyldimethylsilanes, prepared frdma t

corresponding triflates as described above, cosal@dsily transformed into the aryl iodides
with this reagent in C}ClI, at 0 °C (Scheme 64).

SiMe,Ph . I
ICI (2.1 equiv)
R- > R + Phl
CH,Cl,, 0C, 1 h

Scheme 64Conversion of arylphenyldimethylsilanes into aodides.

The structures and the yields of the iodoareneasthsgized according to this method, are

given in Table 16:

°1B. C. Berris, G. H. Hovakeemian, Y.-H. Lai, H. M@sgh, K. P. C. Vollhardt]. Am. Chem. Sot985 107,
5670.
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Table 16.Conversion of arylphenyldimethylsilanes into dodides.

Entry Starting material Product Yield
SiMe,Ph
1 Oy
85
2 MeO. : MeO 89%
88 SiMe,Ph C\,
G ey O~ |
SiMe,Ph
87
~ O~
PhMe,Si SiMe,Ph
95
N SiMe,Ph N !
2
4
74 Me j@/ 0
5 ve— j@/ <S 56%
S 92
101




O O

6 7896

l l SiMe,Ph l l |

98 100

% equiv of TMSCI was added.

An interesting behaviour was demonstrated by 2-pldenethylsilyl-2’-hydroxy-1,1'-
binaphthyl 98 (entry 6). The reaction with ICI in GBI, led exclusively to the product,
identified by mass-spectra asv@nachlorinated iodobinaphthol. The exact positiontiod
chlorine atom in this molecule was difficult to &slish. The mechanism of the formation of
this compound is not clear. We supposed that BBN#, formed on the first step, might react
with the free phenolic group, giving the correspogdsilyl ether. The reaction of this silyl
ether with the second molecule of ICI occurs as electrophilic attack, leading to an
intermediate arenonium cation. Due to the stenmdf@nce of this substrate, the addition of
chlorine tends to proceed abnormally. The attacthédrine may occur, obviously, on several
positions of the naphthalene ring, thus leading tifferent substitution pattern. In order to
avoid this side reaction, according to this hypstfeit should be sufficient to protect the
phenol hydroxyl. We performed the iodination reawctiin the presence of 10 equiv of
MesSiCl, which was added before the iodinating reagémeed, in this case the single
reaction product was the desired iodophdril (entry 6).

Beside the synthesis of aryl iodides, the arylgtamrmay serve as precursors for the
preparation of several other classes of substitatedes. Arylsilanes react with the excess of
BCl; in CH,Cl, at 0 °C, giving aryldichloroboranésThose can be transformed into stable
arylboronic esters, which might be further involvatb numerous transition metal-catalyzed

reactions (Scheme 65):

Me
FG. | 1) BCl3 (6 equiv), 0 C, 16 h  FC~ P
?i—Ph > B\
o 2) MeOH o

3)
Me><OH

Scheme 65Conversion of aryldimethylphenylsilanes into appnic esters.

92D, KaufmannChem. Ber1987, 120, 853.
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The attack of BGl on the aryldimethylsilyl chloride under the reaaticondition does not
take place, as we have never observed the formafitwo different boronic esters in this
reaction. Three different arylboron 2,2-dimethy|paioediolates were obtained from the

aryldimethylphenylsilanes prepared before, as shiowhe Table 17.

Table 17.Conversion of aryldimethylphenylsilanes into appinic esters.

Entry Starting material Product Yield

o)

|
1 SiMe,Ph BjojL 71%
85 85a

MeO MeO
| O | e |
, _0O
88 SiMe,Ph I|3
88a S

O 0
\O

87

In general, we developed a new synthetic methodhertransformation of phenols into the
corresponding aryl iodides and arylboronic estéghe intermediate formation of arylsilanes.
The key step of this method is an unprecedentedalibyzed cross-coupling reaction of
silylmetallic speciedis-(phenyldimethylsilyl)zinc otris-(trimethylsilyl)aluminium with aryl
triflates. The scope and limitations of this metihade been investigated.
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6. Novel method of thiolation of organozinc and organomagnesium
compounds.

Many aromatic and heteroaromatic thio-derivativesseh biological activities and their
synthesis attracts a lot of attentidngreat number of new copper and palladium catalyze
aryl-sulfur bond formation reactions have been méygedescribed®® The preparation of
arylthiols and their derivatives from the correspiog halides is synthetically highly
advantageous, since aryl halides are among the coosnon aryl derivatives. In one variant,
it can be performedia the conversion of a halide to the correspondiytjitmium, followed

by the reaction with elemental sulfur. This reaatibowever, is strictly limited in scope, as
most of functional groups are incompatible witharglithium chemistry. On the other hand,
the use of less reactive (and more tolerant to tionalities) organometallic species like
organomagnesium or organozinc reagents is not odenvefor the introduction of a thiol
group due to the lack of sufficiently reactive swulfelectrophiles and is limited by the
synthesis of substituted sulfides. Recently, in guoup a simple and extremely versatile
methods for the preparation of Grignard and zirageats from the corresponding aryl and
alkyl bromides were developédlt looked reasonable, therefore, to design a gesgnthetic
method for the introduction of a thiol group usimganozinc or organomagnesium reagents,
which would tolerate a broad variety of functiogabups.

6.1 New thiolation reaction of organomagnesium comp ounds.

In our search for a suitable sulfur-containing elguhile, we turned our attention to
alkylthiuram disulfides. Their reaction with orgametallic reagents should givi,N'-
dialkyldithiocarbamates, which can be easily hygset to the corresponding thiols. On the
other hand, thiuram disulfides are cheap, easyatwdle, non-hygroscopic and non-toxic
solids. Tetramethylthiuram disulfide (TMTRP?2) is the best available representative of that
class of compounds and a multiton industrial proddi®e reaction between TMTD and
phenylmagnesium bromide has been reported, but galye26% vyield of the producf.A
possible explanation of this poor result can beldwe solubility of TMTD and the reaction
product - magnesium dimethyl dithiocarbamate, whictakes the reaction mixture
heterogeneous and causes the formation of by-ptedWe anticipated that the increase in

% a) G. Solladié, inComprehensive Organic Synthe&is M. Trost, |. Fleming, E. Winterfeld (EdsVol. 6,
Pergamon Pres$991, 133. b) C. G. Bates, R. K. Gujadkur, D. VenkataaaOrg. Lett.2002 4, 2803.c) F. Y.
Kwang, S. L. BuchwaldQrg. Lett.2002 4, 3517. C. Savarin, J. Srogl, L. S. Liebeskifulg. Lett.2002 4,
4309. d) Y.-J. Chen, H.-H. Che@rg. Lett 2006 8, 5609.

% J. R. Greenwell). Org. Chem197Q 35, 1500.
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the reactivity of the Grignard reagents as wellhasincrease in the solubility of the resulting
magnesium salts, acquired by the addition of Li€lthe mixturé’® should positively
influence the yield of this reaction. The first cean attempt between phenylmagnesium
choride-lithium chloride and solid TMTD in THF led encouraging 70% vyield of th&
phenylIN,N-dimethyldithiocarbamate (Scheme 66):

S
M _s__NMe,

Me,N”™ S

MgBr-LiCl 102 S STNMeZ
THF, 1t B} ©/ S

103, 70%

Scheme 66Reaction of PhMgBr-LiCl with TMTDX02).

We found that the preliminary dissolution of TMTDB CHClI, significantly facilitates the
process, as TMTD is insoluble in neat THF. Thisugoh was added to the 1 M solution of
PhMgBr-LiCl in THF at 0 °C within several minutesdaallowed to reach room temperature
within 2 h. Under these conditions, the yield abquct103reached 94%. Using this protocol,
a number of various arylN,N-dimethyldithiocarbamates were prepared in exceligelds
(Table 18). The method of the preparation of thégard reagent did not influence the
reaction output. Equally good results were dematetr by aryl- and hetarylmagnesium
compounds, obtained by the direct Mg insertion =Tin the presence of LiCl, bromine- or
iodine-magnesium exchange witirMgCI-LiCl or, as in the case of indol (Table &8try 9)

by the direct metalation wittPrMgCI-LiCl in THF (RT, 12 h).

Table 18. Synthesis ofS-aryl-N,N-dimethyldithiocarbamates from arylmagnesium cldesi

in the presence of LiCl.

Entry Grignard reagent Product of typet Yield, %

FsC MgCI-LiCl FsC S l|\l\
1 Y 84
S
104

95



o/j o_ _O
|
0 S_ _N 91
~
MgCI-LiCl \[s(
105
s A
MgCI-LiCl \W ™~
83
Ki S
106
Br Br |
. S_ _N
MgCI-LiCl T ~ 89
Y s
107
MgCI-LiCl
S_ _S
EtO \l% 95°
EtO N
© o 108
\
MgCI-LiCl ST(N\
! gl §
S s
109
S
/ \ @\SAN 96
o~ ~MgCL-LiCl s |
110
MgCI-LiCl s r|\1
= = ~
| | Y 92
NN N S
N N
111
\
MgCI-LiCl N
s
9

I
N
H

96




: [ OMgCI-LiCl OH |
CXrr
S

113

10 784

MgCI-LiCl < T}/J\l\
f < 0
11 / . \ U a 90%
S 114

%Prepared by the direct insertion of Mg into thel dmomide; "prepared by the exchange

reaction from the corresponding iodidgrepared by the metalation of indole wiBYMgClI-

LiCl; “complete retention of the chirality observed dutimg reaction.

We applied our method to the synthesis of chirahphthol113 (entry 10), starting from the
2-iodo-2’-hydroxybinaphthyl 100 (prepared from R)-BINOL monotriflate via the
corresponding phenyldimethylsilyl derivati88, as described in section 5.3). The product
was obtained with complete retention of chiraliompoundl13 was previously used as a
ligand for Cu-catalyzed asymmetric addition of #tkyc and alkylaluminium species to

linear conjugated enonés.

6.2 New thiolation reaction of organozinc compounds

Despite the many advantages of Grignard reagemy, @are poorly compatible with some
functional groups. From this point of view, orgamuzreagents are preferable, because they
demonstrate a much broader range of compatibiftty. far, no direct methods for the
transformation of organozinc reagents into thiasenbeen described, and a protocol for such
synthetic transformation would be highly desirab®ur further studies on the thiolation
reaction revealed that organozinc compounds arallggeffective in the reaction with
tetramethylthiuram disulfide as Grignard reagefristhis case, the addition of LiCl is not
necessary. The reaction proceeds at room tempenaithin several hours, affordirgaryl-
andS-alkyldimethyldithiocarbamates in good to excellgigids. Aryl, primary and secondary

alkyl and benzylzinc chlorides and bromides reamathly, as shown in Table 19.

%'S. M. W. Bennett, S. M. Brown, A. Cunningham, M. Bennis, J. P. Muxworthy, M. A. Oakley, S.
Woodward,Tetrahedror200Q 56, 2847.
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| S S
THF-CH,CI
N S )J\ 2, R )J\
R-Zn-Hal or RyZn + e ~ - - ~ ~
s '|\' RT, 2-24 h S '|\‘

s
102 70-91% yield

Table 19 Synthesis o&-phenyl and S-alkyN,N-dimethyldithiocarbamates from organozinc

compounds.

Entry Organozinc derivative Product Yield

S N
1° ©/ZnCI ©/ i 88%
S

S N
~
2 O/ZnBr O/ T 91%

S _N
~
ZnBr @/ Y
P @ S 79%

116

o L
40 \/O\H/\/\ZnBr o WS l|\l/ 8%

98



)k 70%
5¢ \, Zn S ||\]/

2 obtained by the transmetalation of PhMgCl with Eni@ THF; ° obtained by the direct
insertion of Zn into the alkyl bromide in the prase of LiCl (see Part 8f,0btained fronmp-

pinenevia the hydroboration and the B-Zn exchange reaction.

6.3 Synthesis of thiols and sulfides from dithiocar bamates

For the compounds, bearing no groups which areitsengo organolithium reagents, the
cleavage of the dithiocarbamate group can be aetliby the treatment with MeLi in ether,
followed by aqueous workup. Noteworthy, most of #nglthiols are highly sensitive toward
the oxidation by atmospheric oxygen, which requttesr handling under inert atmosphere
and makes their chromatographic purification diffic Mesitylthiol (119, less prone to such
oxidation, was obtained in this way in 83% yieldhother route includes the treatment of a
dithiocarbamate with KOH (1 equiv) in absolute EtO& an example, produdi20 (the
potassium salt) was precipitated by the additiopaesftane and isolated in 95% vyield (Scheme
67).

Me | Me
S N\ MeLi (1.66 equiv) SH
\!,/ E,0,0-20C, 12h 83%
+
Me Me then H Me Me
106 119
S N KOH (1 equiv) = SK
= i - | 95%
| EtOH, 25C, 8 h S
\N S N 20
111 !

Scheme 67Base-promoted cleavage $faryl-N,N-dimethyldithiocarbamates.
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In order to develop a one-pot method for the tramsétion of dimethyldithiocarbamates into
unsymmetric sulfides, we checked a cleaving agleat tan be readily removed after the
reaction. Ethylenediamine (EDA) turned out to be exwellent reagent for this purpose.
Heating of a dimethyldithiocarbamate with an exces€£DA (12 equiv), followed by its
removalin vacuoand the treatment with an alkylation reagent mteglia direct route for the
synthesis of unsymmetric sulfides from dimethylaitarbamates (Scheme 68). Following
this protocol, 2-thienylbenzylsulfidel21) and 3-indolylbutylsulfide ¥22) were obtained in
84% and 77% yields, correspondingly.

3) BnCl (2 equiv)

S
1) NH,(CH,),NH, (12 equiv
@SAN/ ) NHo(CH)2NH; (12 equiv) @\ o
S | 2) evaporation in vacuo S S
121

110

S\H/N\ 1) NH,(CH,),NH, (12 equiv) SN
\ S 2) evaporation in vacuo - \ 77%
N
H 112

3) Bul (2.5 equiv) N 122
H

Scheme 68. One-pot transformation of S-aryl-N,N-dimethyldithiocarbamates into

arylalkylsulfides.

In summary, we developed a highly versatile protdoo the transformation of organozinc
and organomagnesium compounds into the correspgndimethyldithiocarbamates. The
resulting dimethyldithiocarbamates can be readdydformed into the corresponding thiols
by several methods and bysitu alkylation of the formed thiols converted intofglgs. This

synthetic transformations are simple, practical gnge high yields for different types of
organozinc and organomagnesium reagents. A broadtyaf functional groups tolerates

this new method, especially in the case of orgaromagents.

7. New efficient Ni-catalyzed cross-coupling of arylzinc compounds

The transition metal catalyzed cross-coupling tieastbetween aryl organometallics and aryl

or heteroaryl halides are quite important in moderganic chemistry. A number of the
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resulting biaryl products are of great industriabif Although arylboronic acids and their
derivatives are preferred nucleophiles for thesetrens due to their availability and excellent
stability,”” in many cases polyfunctional aryl or heteroaryiczieagents are an attractive
alternative? The required arylzinc compounds can be prepayetihé transmetalation from
the corresponding magnesium or lithium organomiesdli by the direct zinc insertion into
aryl halides® or by an 1/Zn-exchange reactidfi* Palladium-catalyzed cross-couplings
require typically 1-3 mol% of a palladium phosphioemplex. Both catalyst components
(palladium and the phosphine) are expensive whictens large-scale applications. In light
of this, we have turned our attention to the usaickel, an intrinsically more active metal.
Various Ni-catalyzed Suzuki cross-coupling reactidvave been describ&fwhereas only
few nickel-catalyzed cross-couplings of organozlrdvatives are knowt?>

While studying the cross-coupling reactions of zind compounds, we noticed that the
reaction between 4-methoxyphenylzinc bromide, mexpaby the transmetalation of 4-
methoxyphenylmagnesium bromide with ZpBind some reactive electrophiles like ethyl 4-
bromobenzoate in a THF-NMP mixture gave tracesroflypct at room temperature even in

the absence of any added catalyst (Scheme 69):

% (a) Metal-Catalyzed Cross-Coupling Reactios. de Meijere, F. Diederich, Eds.)"2ed., Wiley-VCH,
Weinheim, 2004 (b) J. Tsuji, Transition Metal Reagents and Catalysts: Innovation Organic Synthesis
Wiley, Chichester,1995 (c) Top. Curr. Chem2002 219. (d)Transition Metals for Organic SynthegM.
Beller, C. Bolm, Eds.) Wiley-VCH, Weinheir998.

°"a) N. Miyaura, A. SuzukiChem. Rev1995 95, 2457. (b) G. A. Molander, B. Biolattd, Org. Chem2003
68, 4302.

% (a) E. Negishi, L. F. Valente, M. KobayasHi, Am. Chem. Sod98Q 102, 3298. (b) M. Kobayashi, E.
Negishi,J. Org. Chem198Q 45, 5223. (c) E. Negishiicc. Chem. Re4982 15, 340. (d) J. Tamaru, H. Ochiai,
T. Nakamura, Z. Yoshid&,etrahedron Lett.1986 27, 955. (e) M. Qian,; E. Negishl,etrahedron Lett2005
46, 2927. (f) X. Zeng, F. Zeng, E. Negislirg. Lett 2004 6, 3245. (g) X. Zeng, M. Qian, Q.Hu, E. Negishi,
Angew. Chem., Int. EQ004 43, 2259. (h) M. Qian, Z. Huang, E. Negis@irg. Lett 2004 6, 1531.

%'P. Knochel, W. Dohle, N. Gommermann, F. F. KneigelKopp, T. Korn, I. Sapountzis, V. A. VAngew.
Chem., Int. Ed2003 42, 4302.

1% 3@) R. D. RiekeSciencel989 246, 1260. (b) T. P. Burns, R. D. Riekk, Org. Chem1987, 52, 3674. (c) J.
Lee, R. Velarde-Ortiz, A. Guijarro, J. R. Wurst,[R.Rieke,J. Org. Chem200Q 65, 5428. d) A. Krasovsky, V.
Malakhov, A. Gavryushin, P. Knochéingew. Chem., Int. EQ00G 45, 6040, see also Chapter 8.

191(@) F. F. Kneisel, M. Dochnahl, P. KnocheAngew. Chem., Int. E004 43, 1017. (b) L.-Z. Gong, P.
Knochel,Synlett2005 267.

192@) V. Percec, J.-Y. Bac, D. H. Hill. Org. Chem1995 60, 1060. (b) S. Saito, S. Oh-tani, N. Miyauda,
Org. Chem1997, 62, 8024. (c) A. F. Indolesd.etrahedron Lett1997, 38, 3513. (d) J.-C. Galland, H. Savignhac,
J.-P. GenetTetrahedron Lett1999 40, 2323. (e) K. Inada, N. Miyard,etrahedron200Q 56, 8657. (f) V.
Percec, G. M. Golding, J. Smidrkal, O. Weihold,Org. Chem2004 69, 3447.

103 2) B. H. Lipshutz, P. A. Blomgred, Am. Chem. Sot999 121, 5819. (b) V. P. W. Bohm, T. Weskamp, C.
W. K. Gstéttmayr, W. A. Herrmann,Angew. Chem., Int. ECR00Q 39, 1602. (c) C. A. Quesnelle, O. B.
Familoni, V. SnieckusSynlett1994 349. (d) C. E. Tucker, J. G. de Vri@gpics in Catalysi2002 19, 111.
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ZnBr Br

traces of a transition metal
+ > MeO CO,Et
THF-NMP, rt, 1-24 h

OMe CO,Et 123

Scheme 69Cross-coupling reaction of an arylzinc halide andagyl bromide in the presence
of the traces of transition metals.

This could be ascribed to the presence of Pd arddies in commercial ZnBrindeed, no
product was formed, when extra pure ZnBAldrich, 99.999% purity) was used for the
reaction. Further experiments excluded the infleent Pd traces, whereas Ni salts were
found to promote the coupling reaction under ttezswlitions even at the level of 1fhol%,
and 0.01 mol% was sufficient to achieve full corsien for some substraté&? However, a
substantial amount of the product of the arylzimembcoupling was observed. Other
transition metals like Fe or Mn were not activecaglysts under the same conditions. This
process could have good perspective for industisa. Therefore, we started optimization
studies of this cross-coupling reaction. Two isshad to be addressed during the reaction
optimization: the low reactivity of the electrorchi aryl halides and the observed extensive
homocoupling of the organozinc reagents.

7.1. Optimization of the reaction conditions and th e catalytic system.

For the optimization of the solvent mixture, we shothe test reaction between 4-
methoxyphenylzinc bromide (made by the transmeteladf 4-methoxyphenylmagnesium
bromide-lithium chloride with 1 equiv. of ZnBrand 4-bromotoluene (0.05 mol% Ni(acac)
1.2 equiv. of the zinc reagent, THF-cosolvent Bodm temperature, 6 h). The conversion of
4-bromotoluene was determined by GC-analysis witittadecane as internal standard. The

effect of different cosolvents on the conversiosusimarized in Table 20.

194 For Ni-catalyzed cross-coupling reactions, usitiieporganometallics, see: (a) J. W. Han, N. Togand'.
Hayashi,Synlett2002 871. (b) E. Shirakawa, K.Yamasaki, T. HiyarSgnthesisl998 1544. (c) J. Terao, H.
Watanabe, A. Ikumi, H. Kuniyasu, N. Kambd, Am. Chem. SoQ002 124, 4222. (d) J. Terao, S. Nii, F. A.
Chowdhury, A. Nakamura, N. KambAdv. Synth. Ca2004 346, 905. (e) V. Percec, J.-Y. Bae, D. H. Hill,
Org. Chem1995 60, 6895.
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ZnBr-LiCl Br

Me
Ni(acac), (0.05 mol%)
+ THF-cosolvent (5:2)

25C,6h O
MeO 124

OMe Me
1.2 equiv

Table 20. Influence of co-solvents on the cross-couplingctiea of 4-methoxyphenylzinc

bromide and 4-bromotoluene in THF.

Co-solvent Conversion Co-solvent Conversion

THF <5% DMF <5%

N-methylpyrrol- 44% DMSO <5%
idinone (NMP)
N,N-
_ _ <5% EtN 11%
dimethylacetamide
(DMAC)
i N-(2-methoxy-
N,N’-dimethyl- _
<5% ethyl)-pyrroli- 68%
propyleneurea .
dinone
(DMPU)
Tetramethylurea N-ethylpyrrol-
<5% o 88%
(TMU) idinone (NEP)
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None of the tested solvents afforded the couplingdyct exceptN-alkylpyrrolidinones,
among whichN-ethylpyrrolidinone (NEP) was the most efficienheloptimal ratio THF-NEP
after further optimization was found as 8:1. Withhigher concentration of NEP in the
reaction mixture the conversion decreased. In mb#te cases, the complete conversion was
observed within 1 h and a significant amount of-djthethoxybiphenyl as a by-product was
formed. Trying to inhibit this side reaction, wevlkainvestigated the influence of different
ligands on this cross-coupling reaction, using 4hmeyphenylzinc bromide and ethyl 4-
chlorobenzoate as reactants (0.05 mol% Ni(acdkP mol% of ligand, 1.3 equiv of 4-
MeOGsH4ZnBr, THF-NEP (8:1), 25 °C, 48 h). The yield of theupling productl23 was
determined by GC-analysis, usingoctadecane as an internal standard and the caopari
with an authentic sample of the product. The resoitthe ligand optimizations are given in

Table 21.

ZnBr Cl

Ni(acac), (0.05 mol%) CO,Et
L (0.2 mol%) O

* THF-NEP (8:1) B} O
25, 48 h
e 123

OMe COZE'[

Table 21.Ligand optimization for the Ni-catalyzed Negishogs-coupling reaction.

Entry Ligand Yield (GC)

1 Ph,p” " pph, 61%
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PPh 0
Phop” N2 1%
Me
< P 53%
3
]\
<5%
<o P °
3
47%
PhsP
(MesN)3P
62%
o)
9%
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N —
9 & =4 50%
\_/

(EtO)P(O)H 71%
10
N/ \ NMe, 18%
11 —
12 (EtOLP(O)H-DMAP 81%
13 no ligand <5%

Without a ligand, this reaction is very sluggistdagives only traces of the desired product
(entry 13). Surprisingly, diethyl phosphite (enfr®) appeared to be the best ligand for this
reaction, affording 71% yield of compouri®3 along with only a small amount of the
homocoupled side product. Among other ligands, DPR#ntry 1) and tris-
(dimethylamino)phosphine (entry 7) showed a goadop@mance. Triphenylphosphine (entry
5) was less active and, interestingly, did notuefice the product yield even in a large excess
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(up to 1 mol%, ratio 20:1 to Ni). Noteworthy, theaet order of the reagent mixing
significantly influenced the reaction rate. The imatt method was the addition of the
arylmagnesium reagent to the solution of ZnRremixed with NEP. If the Grignard reagent
solution is first mixed with ZnBr a precipitate quickly forms, and the followingupding
reaction proceeds much slower. This observationbeaexplained by the fast formation of
polymeric zinc-halide associates in the arylzindidea solution, which possess a lower
reactivity. The precomplexation with NEP seems uppsess this undesirable process, and
then significantly increases the reactivity. Sorna-heterocycles were also found to be active
as ligands in this reaction. Thus, 2,2’-bipyridifentry 9) afforded 50% yield of the target
compound, although along with a large amount ofitbmocoupling product. Furthermore,
we used the same reaction for screening seveaaldignixtures. Diethyl phosphite - triphenyl
phosphine and especially diethyl phosphite - DMAR) were found superior as additives to
Ni (entry 12) and the last mixture yielded 81% lé tcoupling product. The optimal ratio
Ni:diethyl phosphite turned out to be 1:4. Otheogpbhites like iPrOxP, (MeO}P(O)H,
(iPrO)LP(O)H, (BuO)P or (PhOJP were by far less active as ligands.

7.2 Ni-catalyzed cross-coupling of arylzinc compoun ds with aryl- and alkenyl
halides and triflates

Several results of the aryl-aryl cross-couplingctiea with this optimized catalytic system
(0.05 mol% of NiC4, 0.2 mol% (EtO)P(O)H and 0.2 mol% of DMAP, THF-NEP (8:1)) are

shown in Table 22.

§ 2
R Z:\_Br R2 NiCl, (0.05 mol%), (EtO),P(O)H (0.2 mol%l RX —/R
DMAP (0.2 mol%), THF-NEP (8:1) \ /
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Table 22. An efficient Ni-catalyzed cross-coupling reactioh arylzinc halides with aryl

halides and sulfonates.

Entry| Ar*-znX Ar?-X Product To°C,h | Yield
ZnBr Br
MeQ
~
OMe N 50°C,6 | 47%
1 Boc—N__~ “Boc
125
ZnBr COzEt CO,Et
O 25°C, 48| 81%
; g
MeO 123
OMe Cl

ZnBr COzEt i CO,Et
MeO O 123

OMe Br 25°C, 1 | 87%
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O
(@)
4 B O O O 50°C, 18| 76%
| s
N
126

ZnBr Br
'\i(j/ 250C. 1 | 82%
5 @ X

N
»
6 ZnBr N

AN 25°C, 24| 81%
94 gnes
N
NfO
128 129

As shown in Table 22, a broad range of substratese involved into this reaction. Electron-
rich, electron-poor and heterocyclic zinc compouacals be coupled with aryl and heteroaryl
bromides, chlorides and nonaflates. Electron-righizanc halides react with aryl bromides to
give the desired products within several hour®atr temperature in good to excellent yields
(entries 2, 3, 6). With heteroaryl electrophilemngtimes prolonged reaction time or elevated
temperature (entries 1 and 6) is required. Arybddes also react, but in comparison to the
corresponding bromides the reaction times are loage the yields lower (entry 2). The
electron-poor 3-pyridylzinc bromide, which is often problematic substrate for cross-
coupling reactions, affords a good yield of thequat (entry 4). We also attempted to employ
some aryl tosylates, mesylates and phosphates isnréaction, but could not achieve
acceptable yields of products under our conditions.
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The required organozineagents were obtained mostigm the corresponding bromides or

iodidesvia halogen-magnesium exchange wiRrMgCI-LiCl,"®

or by the direct insertion of
Mg, followed by the transmetalation with 1 equo¥ZnBr».

Beside the aryl-aryl cross-coupling, we have fotimat arylzinc halides can also react with
alkenyl halides and triflates in the presence af catalytic system, although it required a
higher amount of the catalyst (1 mol% Ni(acad) mol% (EtO)P(O)H, 4 mol% DMAP, 1.3

equiv. of ArZnBr, THF-NEP (8:1)) (Scheme 70).

Ni(acac), (1 mol%)

. /
. ZnBr Ri THF-NEP (8:1), 25C 1 X
* Z X (EtO),P(O)H (4 mol%) R—

DMAP (4 mol%)

Scheme 70Ni-catalyzed cross-coupling reaction of arylziratithes with vinyl electrophiles.
The reactions were complete at room temperatureirwd period between 15 minutes and
some hours and gave the desired prodi8&136in 71-88% vyield. The results of the aryl-

alkenyl cross-coupling reaction in the presenca Nf catalyst are summarized in Table 23.

Table 23.Ni-catalyzed cross-coupling reaction of arylziratithes with vinyl electrophiles.

Entry Ar-ZnBr Electrophile Product Conditions | Yield

ZnBr
I
B O 25°C, 15 | 85%
1 ©/; MeO 130 min

OMe
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ZnBr

2 X _-CesHis 25°C, 30 79%
OMe | ncgy B | MeO 131
131a
ZnBr
3 CIJ\CI 25°C, 6h | 88%
OMe 132a MeO OMe ’ °
132
4 ZnBr Br II !I 25°C, 12 h| 81%
NOAC OAC
133 134
5 ZnBr l ‘ 25°C. 6h | 77%
- C
135a 135
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ZnBr O
6 OO L O X 0 25°C, 24 h| 67%
@Asfmeg, SiMes

136a 136

In summary, we have developed a very efficient lgata system, based on Nigl
(EtO)LP(O)H and DMAP for the cross-coupling reaction kesw arylzinc halides and aryl
and alkenyl bromides, triflates, nonaflates andvat#d chlorides. An extremely small
amount of a transition-metal catalyst (0.05 mol% illiusually required and a broad range of
highly functionalized substrates react at room teragre, giving the cross-coupling products

in good to excellent yields.

8. Direct preparation of organozinc compounds from alkyl bromides
in the presence of LiCl.

Organozinc compounds are important intermediatesoriganic chemistry due to their
compatibility with many functional groug$The direct insertion of zinc into organic halides
is the most attractive and simple method for thepgaration of functionalized organozinc
halides. Whereas several polar solvents such as OMMMPA, DMF, DMSO or TMU can

be used the most common and convenient one for indusagrdlication is THE?® The

preparation of unactivated alkylzinc bromides inFTflom alkyl bromides can be achieved
only by using highly activated zinc powder (Riek@)?’ or requires the presence of
coordinating groups as well as high temperattffe3he use of Rieke Zn also allows the

preparation of arylzinc reagents starting from aogides'® The stability of Rieke Zn is not

1054) K. Tagaki, N. Hayama, S. Inokav@yll. Chem. Soc. Jpr98Q 53, 3691; b) K. TagakChem. Lett1993

469; c) K. Tagaki, Y. Shimoishi, K. Sasakthem. Lett1994 2055; d) T. N. Majid, P. KnocheTetrahedron
Lett. 199Q 31, 4413

106 1. Ikegami, A. Koresawa, T. Shibata, K. TakagiOrg. Chem2003 68, 2195.

1972) R. D. Rieke, P. T. Li, T. P. Burns, S. T. Uhin,Org. Chem1981, 46, 4323. b) R. T. Arnold, S. T.
Kulenovic,Synth. Commurl.977, 7, 223.

108 9) L. Zhu, R. M. Wehmeyer, R. D. Riekk,Org. Chem1991, 56, 1445; b) R. D. Rieke, M. V. Hanson, J. D.
Brown, Q. J. NiuJ. Org. Chem1996 61, 2726; c) P. Knochel, M. C. P. Yeh, S. C. BerkTdlbert.J. Org.
Chem.198§ 53, 2390.
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sufficiently good and its price is quite high. Téfre, the development of a practical zinc
insertion procedure using a commercial zinc powdsuld be highly desirable.

Recently, in our laboratory it was found that théMBy-exchange reaction can be dramatically
accelerated by the addition of Li€fBased on this result, we have examined the effect o
LiCl on the zinc insertion reaction in the casealidyl bromides, using ethyl 4-bromobutyrate
as a model compound. Practically no insertion reactf zinc powder, activated by addition
of a little amount MgSiCl, took place in neat THF in the absence of LKwever, we found
that the addition of LiCl (1-1.3 equiv.) into theaction mixture leads to a relatively fast
reaction. Primary and secondary alkyl bromides ghigh yields of the corresponding
organozinc derivatives after 1-50 h at temperathetween 25 and 50 °C. The concentrations
of the resulted Zn reagents were determined byitiladion with a standard kolution in THF.
Then, the reagent solution was treated with antrelgiile, if needed, in the presence of a
catalyst. Various electrophiles like acyl chloridedlyl halides or thiuram disulfides react
smoothly with the resulting alkylzinc bromides, igiy the products in excellent yields. The
yields of the alkylzinc reagents and the produbtséd on the exact amount of the alkylzinc

reagent used) are given in Table 24.

Zn (1.4 equiv), LiCl (1.4 equiv E*
Alk-Br ( quiv) ( a )= Alk-ZnBr-LiCl ——— Alk-E

THF, 25-50 C, 1-50 h
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Table 24.Insertion of zinc into alkyl bromides in the prese of LiCl and the reactions with

electrophiles.

Entry Alk-ZnBr-LiCl Product Conditions | Yield of
_ of insertion| Zn reagent
and electrophile .
reaction | /product,
%
(CH,)3ZnBr-LiCl
O
137a CO,Et
|@C02Et
137
CN(CHy)4ZnBr-LiCl CO,Et
NC
138a

2 50°C, 8h 87(80)

|@002Et

138
EtOZC(CHz)ganr-LiC|
139a EtO,C 50°C,1h 95(93)
3 | CO,Et
139
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Me
anBr—LiCI

(@)
50°C, 1h 88(77)
CsHi1 140a Me
QCOCI CsH1q 140
AcO(CH5)4ZnBr-LiCl CO,Et
141a
I CO,Et 25°C,6h 96(83)
141
n-OctZnBr-LiCl
142a p 50°C, 24 h 92(89)
n-Oct
142
O
CI(CH4)sZnBr-LiCl ©)J\(CH2)SC' 50°C,12h| 93(89)
143a 143
@COC|
: _ZnBr-LiCl
144a 50°C,6h 96(91)

Qcou

Oi@
144
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ZnBr-LiCl

<>_/ CO,Et 50°C,50 h| 86(82)
9 145a M

EtO,C
2 T\Br 145

10

@/ZnBr—LiCI |
S N
N
116a @/ 1( 500C,24h|  83(79)
116

| S
N S )J\
e W/ \S N/
g |

The use of Zn powder in the presence LO€ClI allows an expedient preparation of
functionalized alkylzinc reagents starting fromnpary alkyl bromides. Thus, unactivatad
OctBr and 1-bromo-5-chloropentane react cleanly i in the presence of LiCl affording
the corresponding alkylzinc reagents in >90% vyiel@ke reaction with PhCOCI in the
presence of 20 mol% of CuCN-LiCl provides ketotd§, 142 and143in high yields (Table
24, entries 4, 6, 8). The formation of cyclobutytimdzinc bromidel45a proceeds without
ring-opening side reactions (entry 9), leading raétylation to unsaturated est&édas Pd-
catalyzed coupling of the formed alkylzinc reagemtsh ethyl 3-iodobenzoate lead to
bifunctionalized arenes39and141in good yields (entries 3 and 5). The inserticact®n is
also efficient in the case of secondary alkyl bresi Adamantylzinc bromidel17g was
obtained by the direct insertion of Zn in the preseof LiCl in 83 % yield, giving after
treatment with tetramethylthiuramdisulfide dithideamatel17in 79% yield (entry 10).

The nature of the activation of zinc dust with Li@l speculative. However, it can be
envisioned that the role of LICl may be to remoapidly the formed organozinc reagent from
the metal surface by leading to highly soluble RAnXI| complexes and allowing thus a
rapid reaction of a further molecule of R-X avomglithe competitive deactivation of an active
metal site. Beside, the formation of the zinc ca®rpk with Clinstead of usual alkylzinc

species should increase the free energy of thetimseeaction, thus facilitating the single
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electron transfer from the zinc surface onto thiedbanolecule. Indeed, this effect is general
for zinc insertion reaction, as it was also fouhdttLiCl greatly promotes formation of
arylzinc iodides from aryl iodides and Zn dust.

In conclusion, we have shown that the use of Zndsswn the presence of LiCl in THF
allows a simple, highly efficient preparation ofbeoad range of functionalized alkylzinc
reagents. Syntheses of alkylzinc reagents werenmeeid from cheap and readily available
alkyl bromides. All reactions proceed within a cenient temperatures range (25°C — 50°C),
and can be readily extended to the large scaleapagpn.

In summary, we discovered a novel, very simple jragttical method for the preparation of
alkylzinc reagents from the corresponding primand asecondary alkyl bromides. This
method allows using relatively cheap alkyl bromidesl the conventional solvent THF for
the preparation of highly synthetically valuablkyd¢inc bromides from a very broad range of
substrates. This method can be expected to findndmstrial application for the scaled

preparation of alkylzinc reagents.

9. Summary and outlook

In the first part of this work we described the gation and the testing results of several
new chiral diphosphines, suitable as ligands fandition metal-catalyzed enantioselective
reactions. The diphosphines were prepared applyirgy originally designed synthetic
sequence, based on the sigmatropic [2,3]-allylphioge-allylphosphine oxide rearrangement
reaction as a key step. Initially, the sequencetestafrom 2-alkylidenecyclopentanones,
prepared by the condensation of several aliphatiehgdes with cyclopentanone. The
resulting enones were reduced to the corresporadiyiic alcohols, which were subjected to
enzymatic kinetic resolution leading to the singteantiomers of the alcohols. The
stereoselective rearrangement of the correspondipigenylphosphinites gave enantiopure
allyldiphenylphosphine oxides. They were subjedtethydroboration-oxidation sequence to
obtain the corresponding-hydroxy-diphenylphosphine oxides. The diphenylgtsoyl
group was reduced to the corresponding diphenyjgfine and protected as a borane
complex, the hydroxyl moiety was converted to thesytate and substituted by the
diphenylphosphinide anion, followed by a protectwith borane. Finally, theis-phosphine-
boranes were deprotected according to the newlygmes protocol, using the highly
nucleophilic polyamineN,N'-bis-(3-aminopropyl)-piperazine to afford the correspiog
enantiopure diphosphine ligands. According to tegjuence, three different diphosphine

ligands were synthesized (R = M&Rr, cyclohexyl):
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PRE  EPh PhP PPh, Ph,P  PPh,

29 30 31
o 0 OH
NaOH, RCHO NaBH,-CeCl3
H,O-MTBE MeOH-H,0, 5 T
18-45% 93-96%
OH
- P(O)Ph;
Amano PS lipase Ph,PCI-DMAP :
- — -
vinyl acetate, OAR PhMe, 80, 6 h R
hexane, 45C 47-48% 20-76%
] HO
9BBN . po)Ph, y P(O)Ph,
9-BBN R m-CPBA (3 equiv) B
THF, 75C, 48 h R CH.Cl, R
55-67% for 2 steps
Ti(Oi-Pr),4 (0.6 eq.) HO i
| 1 PPh2BHs MSQ PPh,:BH,
PMHS (6 eq.) : MsCI-EtgN H E
> D E——E z
PhMe, 105, 2 h GAR CH,Cl, R
then BH3-Me,S
and 25% HF, 12 h 96%
HaN //\ Ph,P
BHs:Ph,P N N, ’z y PPhy

i PPh,:BH
Ph,PH, t-BuOK HoZTTeE

\/ .
- - 28a ‘ -
THF, 50 C, 18 h OAR 105, 2 h R

then BH3-Me,S filtration through SiO, in Et,O
52-54% for 2 steps 95-97%

Scheme 71Synthesis of chiral diphosphines with a cyclopeatscaffold.

The allylphosphinite-allylphosphine oxide rearramgat reaction was successfully performed
using allylic alcohols from natural chiral pool:)-(nyrtenol andtranspinocarveol. The
previously developed synthetic methods were usddatssform the resulting allylphosphine
oxides intobis-phosphine ligands40 and51):
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hydroboration, PPh,

OH
oxidation,
P(O)Ph,  reduction, PPh,
[2,3]-rearrangemen£ substitution
50

\

(-)-myrtenol (46) 51
P(O)Ph;  hydroboration, _PPh,
oxidation, =
OH reduction, :
[2,3]-rearrangemeni substitution . wPPh,
trans-pinocarveol (47) 48 49

Scheme 72Synthesis of diphosphine ligands from naturaglearc allylic alcohols.

y-Hydroxydiphenylphosphine oxides could be smoothidgluced on Raney Ni into the
corresponding dicyclohexylphosphine derivatives.eyihwere transformed into “mixed”
dicyclohexyl-diphenyl phosphine ligand$8( and 65), using the previously developed
synthetic transformations:

P(O)Ph, P(O)C
e H, (50 bar), - ©)Cy. reduction PO
: Raney Ni : substitution :
OH -
(10% mass.) OH deprotection PPh
MeOH
50 C, 48h
59 62, 98% 65
OH OH
qu (50 b:ll_r), reduction PPh;
aney Ni substitution
P(OPhz  (10% mass.) P(O)Cy2  geprotection PCy:
_— > —_— >
MeOH
50 <C,48h
52 55, 97% 58

Scheme 73Synthesis of ,mixed” diphosphine ligands.

Enzymatic kinetic resolution was successfully agublio other substituted cyclopentanols.
Using this method,trans2-(diphenylphosphinoylmethyl)-cyclopentanol wastamed in
enantiopure form and transformed into chiral digtase ligand PCPPL), using similar to

the previously developed synthetic procedures:
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reduction

OH  P(O)Ph, 9" PO)Ph, substitution  PhoP PPh;
O LiCH,P(O)Ph, Q) EKR QJ deprotection
> — _ =
THF
- 0,
rac-67, 79% 40%, 98% ee PCPP (1)

Scheme 74Chemoenzymatic synthesis of PCPP.

In order to develop a modular approach to the thohesphorus ligands of this type, a
synthetic method for a common chiral precurg®was elaborated. The method is based on
the highly efficient enzymatic kinetic resolutiof tbans2-(phenylthiomethyl)cyclopentanol
followed by the conversion of the thiophenyl moietio the iodide. It allowed to obtain 35 g
of the chiral precursof72 with >99.5% ee in a single batch, using only one simple
chromatographic separation during the synthesiesmFthe iodide72, the ligand1l was
obtained in enantiopure form in 3 simple steps.idess the use of allylic iodidé2 allows
preparing the whole family of the PCPP analogs wéhous substituents on the phosphorus

atoms, using quite simple synthetic protocol.

1) EKR
2) separation via H

_PhSMe, Buli ' the acid-base
DABCO THF extraction of the Oﬂ
SPh

OH

.,I,O

SPh monosuccinate
rac-70 70, 28% yield for 2 steps
O/\OMe O/\OMe
CHy(OMe); E Mel (6 equiv) B
Amberlyst-15 resin QASPh heating in - @/\I
RT, 24 h autoclave
71, 100% 72, 74% vyield

Scheme 75Synthesis of chiral intermediaf.

Some of the methods, developed during the invasgiigeof the 1,3-diphosphines, were
applied in the synthesis of a new 1,4-diphosphiganid 66, starting from cyclopentenone.
Since in this case the enzymatic methods wererndful, the resolution was performed by
the preparation of a diastereomeric ester WRRRINOL (79). Following this sequence, the

ligand66 was obtained for the first time in enantiomeriggure form.
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OH

0 Zn, CHyl,
PhZPCI CpZZrCIz 1) 9-BBN-H cis-trans
" AcOH T CHCl, 2)mCPBA 85:15

P(O)Ph; P(O)Phy P(O)Ph,
74, 96% 75, 55% rac-76, 77%
Ph,P(0O)
1) oxidation —
2) esterification HO PhZP(O) Ph,P PPh,
79, 29% for 2 steps 76, 90% 66, 52% for 2 steps

Scheme 76Synthesis of chiral diphosphine ligaGé

Finally, the new ligands were tested in several RRu- and Pd-catalyzed enantioselective
reactions. Enantioselectivities in the range 08896 were achieved for the Rh-catalyzed 1,4-
addition of phenylboronic acid to cyclohexenones ttydrogenation of acetamidocinnamic
acid and the hydroboration of styrene. The developgnthetic methods can be readily
applied for the synthesis of other new diphosphofesrious kinds.

In the second part of this work, several new reastiof organozinc compounds were
investigated Bis-(phenyldimethylsilyl)zinc species, prepargdsitu from the corresponding
silyllithium compound, was found to react with \ars aryl triflates in the presence of

Ni(dppp)CL as a catalyst, giving corresponding aryl silanes.

OTF pnMe,SiLi (2.4 equiv), ZnBr, (1.2 equiv) SiMe,Ph
_ -
R NiCly(dppp) (5 mol%), THF, rt

Scheme 77Cross-coupling of aryl triflates with silylzinompounds.

Using this method, 14 various arylsilanes were eorently prepared from the corresponding
triflates in 54-88% vyield. Similarlytris-(trimethylsilyl)aluminium reacted with several ary

triflates with Ni catalysis, affording aryltrimethgilanes. The products of these new coupling
reactions could be readily transformed into coroesiing aryl iodides and arylboronic esters.
Therefore, the developed method presents a newest@ghnique for the transformation of a

phenol into the corresponding aryl iodide or arytivoc ester.
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SiMe,Ph _ |
ICI (2.1 equiv)
R- > R + Phl
CH,Cl,, 0C, 1 h
e

R | 1) BCl; (6 equiv), 0 C, 16 h RS 0

?i—Ph > B\
Me 2) MeOH o

3)
Me><OH

Scheme 78Conversion of aryl silanes into aryl iodides angll@ronic esters.

During the studies of the influence of LiCl on tleactivity of organometallic compounds, a
new method for the thiolation of organomagnesiund anganozinc compounds by the
reaction with tetramethylthiuram disulfide was @edied. The resulting dithiocarbamates
were obtained in excellent yields from a broad etgriof functionalized organozinc and

organomagnesium compounds.

S
M _s_NMe,

MezN S \n/

R- - R Y 78-96%
THF-CH,Cl,, rt S
103

| S
/N\n/s\s)l\ll\l/ .
S M
102 .
R-Zn-Hal or R,Zn Rig" N\~ 70-91% yield
THF-CH,Cl, |
R = alkyl, aryl rt, 2-24 h

Scheme 79New method for thiolation of organomagnesium arghnozinc compounds.

The resulting dithiocarbamates can be readily caaddanto corresponding thiols, or after the

cleavage in situ alkylated into unsymmetrical sld8.
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SK

S N KOH (1 equiv) =
| EtOH, 25, 8 h “
X S
N
111

N
120

S\H/N\ 1) NH,(CH,),NH, (12 equiv) Se
\ S 2) evaporation in vacuo B} \ 77%

H 112 3) Bul (2.5 equiv) H 122

Scheme 80Conversion of dithiocarbamates into thiols andides.

Further studies on the reactivity of organozinc poands revealed the high activity of Ni salt
in the presence of N-alkylpyrrolidinones as cosotsen the cross-coupling reaction with aryl
halides and sulfonates. The thoroughful screenihgcasolvents, ligands and additives
allowed elaboration of a highly efficient and veilsamethod for the cross-coupling of
arylzinc compounds with various aryl and alkenykatlophiles in the presence of small

amounts of Ni as a catalyst.

ZnB X 2
R 2 r R NiCl; (0.05 mol%), (EtO),P(O)H (0.2 mol%) RY —/R
DMAP (0.2 mol%), THF-NEP (8:1) \ /
Ni(acac), (1 mol%) o2

) /
. ZnBr Ri THF-NEP (8:1), 25C 1 X
+ % (EO),P(O)H (4 mol%) R—

DMAP (4 mol%)

Scheme 81New Ni-catalyzed cross-coupling reaction of anytizcompounds.

Finally, a new highly versatile method for te pnejien of primary and secondary alkylzinc
compounds from the corresponding alkyl bromides desloped. It was discovered that the
commercial zinc powder readily reacts with alkybimides in the presence of 1.0-1.4 equiv.

of LiCl in THF at temperatures 25-50 °C , givingresponding alkylzinc species.
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Zn (1.4 equiv), LiCl (1.4 equiv) _ E"
Alk-Br »  Alk-ZnBr-LiCIl —— Alk-E
THF, 25-50 C, 1-50 h

Scheme 82Synthesis of organozinc compounds from alkyl bawsi

Formerly, such insertion reaction was known onlydtikyl iodides, which were not suitable
for the large-scale industrial applications duetheir high prices. The resulting alkylzinc
compounds were reacted in situ with various elgttites, affording the products in good to
excellent yields. This newly developed method wiien new horizons in the industrial

application of organozinc compounds.
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Experimental Part
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10. General considerations

Unless otherwise stated, all reactions were camigdwith magnetic stirring and, if air or
moisture sensitive, in flame-dried glassware uratgon. Syringes used to transfer reagents
and solvents were purged with argon prior to use.

Solvents

Solvents were dried according to standard methgdslistillation over drying agents as
follows: dichloromethane, DMF, NMP and pentane (@aHHF, diethyl ether and DME
(Na/benzophenone), toluene (Na), methanol, ethandl isopropanol (Mg), pyridine and
triethylamine (KOH).

Reagents

Reagents of > 98% purity were used without furgnanification. The following reagent were
prepared according to literature procedure:

CUCN2LiCI*® solution (1.0 M) was prepared by drying CuCN (886, 10 mmol) and LiCl
(848 mg, 20 mmol) in a Schlenk-flask under vacuom5 h at 140°C. After cooling to RT,
dry THF (10 mL) was added and stirring was contihuetil the salts were dissolved.

Organolithium reagents:

n-Butyllithium was used as approx.1.5 M solutiorhgxanes (Chemetall) and titrated prior to
use.

t-Butyllithium was used as approx.1.5 M solutiorpentane (Chemetall) and titrated prior to
use.

Phenyldimethylsilyllithium was prepared and titdiees described byleming *°

Content determination of organometallic reagent:

Organolithium and organomagnesium solutions wetatéid according to the literature
procedures’® The concentration of organozinc solutions weremteined by back titration of
iodine in THF.

Chromatography

Thin layer chromatography (TLC) was performed usahgminium plates, coated with SIO
(Merck 60, F-254). The spots were visualized by light and by treating the plate with
different solutions:

s KMnOq4 (3 g), KCO;5 (20 g), KOH (0.3 g) in water (300 mL)
* Phosphomolybdenic acid (10 g) in absolute ethat@d (nL)

« Cerium molybdate: phosphomolybdenic acid (5 g), STk (2 g), conc.
H.SO, (12 mL) in water (230 mL).

19p Knochel, M. C. P. Yeh, S. C. Berk, J. Talb&rQrg. Chem1988 53, 2390.
10(@) H. S. Lin, L. A. Paquett&ynth. CommurL994 24, 2503. (b) A. Krasovskiy, P. Knoch&@ynthesi®006
5, 890.
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Flash column chromatography was performed using 6600.040-0.063 mm; 230-400 mesh
ASTM) from Merck. The amount of silica gel was adéted according to the
recommendations @till.***

Analytical data

Melting points were measured on a Buchi B-540 apparatus.

NMR spectra were recorded on a Varian Mercury 200, VIRBS and on a Bruker ARX 300,
AMX 600 instruments. Chemical shiftd/ppm) were given relative to CD£(7.26 ppm, for
'H-NMR, 77.0 ppm for*C-NMR).

For the characterization of the observed signaliplidities the following abbreviations were
applied: s (singlet), d (doublet), dd (doublet deti dt (doublet triplet), t (triplet), g (quar}et
m (multiplet) and br (broad).

Infrared spectra were recorded from 4000-400com a Nicolet 510 FT-IR or a Perkin-
Elmer 281 IR spectrometer or BX FT-IR System witBraith Durasampl IR 1I, ATR unit in
substance. Samples were measured either as neadilm between sodium glass plates for
liquids and as potassium bromide tablets for solidse absorption bands were reported in

wave numberswcm?).
Optical rotations were measured on a Perkin-Elmer 241 polarimeter.

Mass spectroscopymass spectra were recorded on a Finnigan MAT 86 Finnigan 90
instrument for electro impact ionization (El). Highsolution mass spectra (HRMS) were
recorded on the same instruments. Fast atom bomieatd FAB) samples were recorded in
either a 2-nitrobenzyl alcohol or a glycerine-matri

Determination of the enantiomeric excess

Gas chromatography(GC) was performed on the following columns:

* Chirasil-L-Val, Varian, CP7495 (25.0 m x 2fén x 0.12um),

* Chirasil-Dex CB, Varian, CP7502 (25.0 m x 5@ x 0.25um),
12.10 psi, 2.8 mL/min, Hflux.

* TFA-y-Cyclodextrin, Astec, G 9105-18 (30.0 m x 35t x 0.00um),
10.86 psi, 2.1 mL/min, Hflux.

High Performance Liquid Chromatography (HPLC) was performed on a Dionex
instrument with a UV/vis diode array detector oe tbllowing columns (elueni:PrOHhA-
hexane, isocratic):

e Chiralcel OD-H
e Chiralcel OD
e Chiralcel AD
e Chiralcel OJ.

11. Typical procedures (TP)

Hiw. C. still, M. Khan, A. Mitra,). Org. Chem1978 43, 2923.
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11.1. Typical procedure for the condensation of cy  cloalkanones with aliphatic
aldehydes (TP1).

To aqueous KOH solution (0.5 M, 500 mL) was addeel ¢ycloalkanone (500 mM) and
methyl tert-butyl ether (MTBE, 200 mL). With stirring, the &ldyde (400 mM) was slowly
added and the mixture was refuxed with vigorousisg for 3 h. The phases were separated
and the organic layer washed with ag. KH§00%, 100 mL), dried (N&Q,), concentrated
and distilledin vacuousing 40-cm silver-plated Vigreux column. The proid were obtained
as colourless liquids.

11.2 Typical procedure for the Luche reduction of e nones (TP2).

The enone (100 mmol) was added to the solutione®@lin MeOH (0.4 M, 250 mL, 1 equiv.)
and the mixture was cooled to 0 °C. NaBB.90 g, 1 equiv.) was added slowly in portions so
that the temperature did not exceed 5 °C. The maxtas stirred 15 min at 0 °C quenched
with ag. KHSQ (5%, 200 mL) and extracted three times withCEtThe organic phase was
dried over NgSOy, evaporated and the residue distiliedracuo

11.3 Typical procedure for the enzymatic kinetic re  solution of cyclic allylic
alcohols with Amano lipase (PS-A) (TP3).

The allylic alcohol (100 mmol) was dissolved in hag (200 mL) and vinyl acetate (12.6 g,
150 mmol, 1.5 equiv.) was added, followed by theafum PS lipase (fronPseudomonas
cepacia 5 mass.% to the substrate). The mixture was thlighirred at 35 °C for 12 h and
fillered. The solvent was removead vacuo and the residue chromatographed on silica
(pentane-ether 3:1).

11.4 Typical procedure for the preparation and in s  itu rearrangement of allyl
diphenylphosphinites (TP4).

A 250 ml Schlenk-flask was charged with toluene ig@}, the allylic alcohol (15 mmol) and
DMAP (1.93 g, 15.8 mmol, 1.05 equiv). The solutas cooled to 0 °C and neat,P@&I
(3.50 g, 15.8 mmol, 1.05 equiv.) was added slowhe mixture was heated at the specified
temperature and time and the rearrangement wastaneahiby®'P spectra. After the reaction
completion, the mixture was filtered while stillthibrough a pad of Celite and evaporaied
vacua The residue was recrystallized from £H-heptane mixture.

11.5 Typical procedure for the hydroboration of all  yldiphenylphosphine oxides
with 9-BBN and oxidation with m-CPBA (TP5).

The allyldiphenylphosphine oxide (10 mmol) was digsd in a dry argon-flushed Schilenk-
flask in 9-BBN solution in THF (25 mL of 0.5 M saion, 12.5 mmol, 1.25 equiv.). The
mixture was heated at 50 °C for the specified tifflee slow evaporation of THF usually
leads to the crystallization of the hydroboratioaduct. In a separate flask:CPBA (15 g of

the 70% preparate, 60 mmol, 6 equiv.) was dissoime@GH,Cl, (150 mL) and the solution
was dried over N&Oy. To this solution, cooled to 10 °C, the reactiomtore in THF was

added slowly, keeping the same temperature. Theéumixvas stirring for 30 min at RT,
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added slowly to aq. N&Os (25% in HO, 100 mL) and stirred for 1 h more. The organic
phase was washed twice with 10% ag. ammonia, taemaged brine, dried (N80O;) and
evaporatedn vacuo To the residue, ether was added (30 mL) and ikeure was stirred for
12 h. The white precipitate of the diphenylphosplgiralcohol was filtered and dried vacuo

11.6 Typical procedure for the reduction of phosphi ne oxides by Ti(IV)-PMHS
(TP6).

The phosphine oxide (7 mmol) was dissolved in todugl5 mL) and Ti(@r), (2.1 mL, 4.2
mmol, 0.6 equiv.) was added. To this mixture, paymylhydrosiloxane (PMHS, 2.5 mL, 42
mmol, 6 equiv.) was added and the mixture was Heatel05 °C for 2 h, unti'P showed
complete conversion. The black solution was codiedn and BH-Me,S (0.85 mL, 8 mmol,
1.1 equiv) was added. After 10 min, MeOH (5 mL) waded carefully. When the gas
evolution ceased, the mixture was poured into stigldottle, containing aq. HF (24%, 20 mL)
and stirred for 12 h. The organic layer was sepdratvashed with 10% aq. NHdried
(N&S(Oy) and passed through a short column of silica. ddlamn was washed with ether.
The combined filtrates were evaporatadvacuoto give the phosphine-borane as a viscous
mass in nearly quantitative yield.

11.7 Typical procedure for the synthesis of bis-pho sphine boranes from
phosphine-borane alcohols (TP7).

Into a 100 mL Schlenk-flask was placed a phospbm@ne alcohol (5 mmol) and dry
dichloromethane (40 mL). Cooled to —20°C and dmgthiylamine (1.7 mL, 12 mmol) was
added. Methanesulfonyl chloride (0.78 mL, 11 mmeds added at this temperature dropwise
with a good stirring. The mixture was left at —20f 2 h and, still cold, poured into dry ether
(200 mL). After 5 min, the white precipitate wakefied off through a pad of silica gel, the
filter cake washed with ether (100 mL) and thedik concentrated on rotary evaporator to
about 10 mL. The residual solvents and the excédgls€| were removed in oil pump
vacuum during 5 h. The mesylate was used in thesteg without purification.

In a 100 mL Schlenk-flaskBuOK (1.68 g, 15 mmol) was dissolved in THF (25 nalbd neat
diphenylphosphine (2.80 g, 15 mmol) was added. draege solution was cooled to —20°C
and the solution of the mesylate in THF (10 mL) whksvly added. The mixture was heated
at 50°C for 18 h. BgtMe,S (2.0 mL, 20 mmol) was added and the reaction urextvas
transferred into a 250 mL erlenmeyer flask with maebl (10 mL). When gas evolution
ceased, saturated NWEI (50 mL) was added, the aqueous layer extracteidet with
dichloromethane (20 mL portions). Combined orgatracts washed with saturated brine,
dried (MgSQ) and evaporated. The residue was dissolved in Isrmalount of
dichloromethane - pentane mixture (1:1) and pastedugh silica. The filtrate was
concentrated to dryness and to the oily residuameX20 mL) was quickly added. In several
minutes, crystallization of the product starts.eAfL2 h, the product was filtered off and dried
in vacuo

11.8 Typical procedure for the deprotection of a p  hosphine borane with N,N’-
bis-(3-aminopropyl)piperazine (TP8).

A phosphine-borane (1 mmol) was placed into a 10Sahlenk-tube and dissolved in toluene
(2 mL). To the solution, diN,N’-bis-(3-aminopropyl)-piperazine (0.5 mL, excessywdded.
The mixture was heated at 100°C for 2 h in the cdsbBarylphosphine boranes and 12 h for
dicyclohexylphosphine boranes, cooled down andtetilwith ether (10 mL). The solution
was filtered in argon atmosphere through a padefipusly dried silica and the filtrate was
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evaporated. The resulting phosphine was obtaineal \&hite foam or very viscous oil and
stored under argon.

11.9 Typical procedure for the hydrogenation of a diphenylphosphine oxide
over Raney Ni (TP9).

6.0 g of Raney Ni (50% in water, Acros) was washweee times with 20 mL portions of

methanol and transferred in methanol into a 200 stainless steel autoclave. The
diphenylphosphine oxide (8 mmol) was added, andatheclave was charged with hydrogen
to 50 bar pressure. Hydrogenation was performeB0atC for 48 h. The autoclave was
depressurized, the contents were filtered throughad of Celite and the precipitate was
washed successively with methanol. The filtrate weaaporated to give the product as a
colourless solid in quantitative yield.

11.10 Typical procedure for the cross-coupling of s ilylzinc reagents with aryl
triflates (TP10).

A solution of PhMgSiLi (0.65 M in THF, 3 mL, 2 mmol) was cooled td-2C. ZnBp (1.0 M
solution in THF, 1 mL, 1 mmol) was added dropwige mixture was warmed up to RT and
stirred for 15 min. An aryl triflate (0.8 mmol, Omol in the case of histriflate or a
hydroxy-triflate) and NiCGl(dppp) (22 mg, 0.04 mmol, 5 mol%) was added, aedrésulting
solution was stirred at RT. After 1 h, sat. )l (20 mL) was added and the mixture was
extracted with ChLCl, (2x15 mL). The organic phase was washed with bdned (NaSQy)
and concentratedh vacuo The residue was purified by column chromatografgentane-
CH.CL,).

11.11 Typical procedure for the cross-coupling of t ris-(trimethylsilyl)aluminium
with aryl triflates (TP11).

In a 25 mL Schlenk-flask was placed LIiCl (70 mdy tnmol) and driedn vacuoat 120 °C
for 1 h. On cooling, dry dioxane (5 mL) was addido the flask, Al(MgSi); (300 mg, 1.2
mmol) was carefully added by a syringe and thetune was stirred until it becomes
homogeneous. An aryl triflate (0.8 mmol) and N{@ppp) (22 mg, 0.04 mmol, 5 mol%) was
added, and the resulting solution was stirred afd®The specified time. Sat. N&I (20 mL)
was carefully added and the mixture was extracted ®H,Cl, (2x15 mL). The organic
phase was washed with brine, dried {8l&) and concentrateth vacuo The residue was
purified by column chromatography (pentanezCH).

11.12 Typical procedure for the conversion of aryld imethylphenylsilanes into
aryl iodides (TP12).

An aryl silane (0.5 mmol) was dissolved in &Hb (1 mL) and to this solution was added ICI
(0.5 M solution in CHCl,, 2.2 mL, 1.1 mmol, 2.2 equiv.) at 0 °C. The migtwas stirred 1 h
at 0 °C, diluted with CbkLCl, and washed with ag. M&0O3; (10%, 20 mL). The organic phase
was washed with brine, dried (P&0,) and concentrateth vacuo The residue was purified
by column chromatography (pentane-Ci).
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11.13 Typical procedure for the conversion of aryld imethylphenylsilanes into
arylboronic esters (TP13).

An arylsilane (0.5 mmol) was dissolved in &H, (1 mL) and to this solution at 0 °C was

added BJ (1.0 M solution in CHCI,, 3.0 mL, 3 mmol, 6 equiv.). The mixture was stirdes

h at RT. The volatiles were removadvacuoand to the residue was added MeOH (3 mL),
followed by 2,2-dimethyl-1,3-propandiol (0.26 g52nmol, excess). The mixture was stirred
1 h at RT, the solvents were removiedvacuo and the residue was purified by column
chromatography (pentane- QEl,).

11.14 Typical procedure for the halogene-magnesium exchange reaction in the
presence of LiCl (TP14).

A dry and argon flushed 10 mL flask, equipped vatimagnetic stirrer and a septum, was
charged withi-PrMgCILiClI (1.5 mL, 1.4 M in THF, 2.1 mmol, 1.05 equivNeat aryl
bromide or aryl iodide (2 mmol, 1 equiv.) was addddthe specified temperature. The
reaction mixture was stirred, and the completiorihef halogene-magnesium exchange was
checked by GC-analysis using tetradecane as intstaredard.

11.15  Typical procedure  for  the preparation of  S-ar  yl-N,N-
dimethylditiocarbamates from arylmagnesium halides (TP15).

The freshly prepared as specified magnesium reagastcooled to 0 °C and the solution of
tetramethylthiuram disulfide (TMTD, 2.28 g, 9.5 minm CH,CI, (7 mL) was added at this
temperature. The mixture was allowed to reach thiwil-2 h. After the reaction was
completed, sat. NKCI solution (25 mL) was added and the mixture wasaeted with
CH.Cl,. The solvent was evaporated and the product wasigou by recrystallization
(CH.Cl,-heptane) or flash chromatography (£CH,Cl,-pentane).

11.16 Typical procedure for the preparation of N,N -dimethylditiocarbamates
from organozinc compounds (TP16).

A 25 mL Schlenk-flask containing a solution of TMTD.00 g, 4.16 mmol) in C¥l, (5 mL)
was cooled to 0°C, and the organozinc compoundapeeipas specified was added slowly at
this temperature. The reaction mixture was sti28dh at RT (a white precipitate of zinc
dimethyldithiocarbamate formed), then was dilutethwether (30 ml) and filtered. The
precipitate was washed with ether, the filtratepewvated and the residue was purified by
column chromatography (SQCH,Cl,-pentane).

11.17 Typical procedure for the Ni-catalyzed cross -coupling reaction of
arylzinc halides with aryl electrophiles (TP17).

In a dry and argon flushed 25 mL flask, equippethwsi magnetic stirrer and a septum, to the
ZnBr; solution (0.67 mL, 1.5 M in THF) and-ethylpyrrolidinone (NEP, 0.17 mL) was
added dropwise the arylmagnesium halide, prepasespecified (1.57 mL, 0.83 M in THF),
then the catalyst solution (0.08 mL in NEP, coraggpng to 0.05 mol% NiG] 0.2 mol%
(EtO)LP(O)H and 0.2 mol% DMAP), and the aryl electroplfiled mmol). The mixture was
stirred at the specified temperature and time| tim GC of an aliquot showed the reaction
completion, quenched with sat. MEl solution, extracted twice with ether, and thedurct
was purified by column chromatography.
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11.18 Typical procedure for the Ni-catalyzed cross -coupling reaction of
arylzinc halides with alkenyl electrophiles (TP18).

In a dry and argon flushed 25 mL flask, equippeth\ai magnetic stirrer and a septum, to the
ZnBr; solution (0.67 mL, 1.5 M in THF) and-ethylpyrrolidinone (NEP, 0.17 mL) was
added dropwise the arylmagnesium halide, prepasespecified (1.57 mL, 0.83 M in THF),
then the catalyst solution (0.08 mL in NEP, coroespng to 1 mol% NiG, 4 mol%
(EtO)LP(O)H and 0.2 mol% DMAP), and the alkenyl electitgplil.0 mmol). The mixture
was stirred at the specified temperature and tioméi) the GC of an aliquot showed the
reaction completion, quenched with sat. J@Hsolution, extracted twice with ether, and the
product was purified by column chromatography.

11.19 Typical procedure for the insertion of Zn in  to alkyl bromides in the
presence of LiCl and reaction with an electrophile (TP19).

Anhydrous LiCl (7 mmol) was placed in a Schlenlskand dried for 20 min at 130-140 °C
on high vacuum (1 mbar). Zinc powder (7 mmol) wddeal and the heterogeneous mixture
of Zn and LiCl was dried again 10-20 min at 130-1€0 THF (5 mL) was added and Zn was
activated by the addition of BrGBH,Br (5 mol %) and MgSIiCl (2 mol %). The alkyl
bromide (5 mmol) was added neat at room temperafure reaction heated and stirred for
the specified time and temperature (checked by G&yais of reaction aliquots, until the
conversion was higher than 98%). The organozingengiawas titrated using 1 mmol of iodine,
carefully separated from the remaining zinc powdsging a syringe, and transferred into
another Schlenk-flask. The specified electrophiid &he catalyst were added. The reaction
mixture was stirred for the specified time and tlygrenched with sat. ag. N&I (15 mL).
The aqueous phase was extracted with ethyl ac&at®& mL), the organic phase was dried
(N&xS(Oy) and concentrateid vacuo The crude residue was purified by flash chromaipky.

11.20 Typical procedure for the asymmetric Rh-cata lyzed hydrogenation of
methyl acetamidocinnamate and methyl acetamidoacryl ate (TP20).

In a dried 50-mL Schlenk-flask under argon was gdaehMe (9 mL) and MeOH (1 mL). The
ligand (0.011 mmol, 2.2 mol%) and Rh(CQBJIr,; (4.1 mg, 2 mol%) was added, followed by
the substrate (0.5 mmol). The flask was flushedh wit and then the contents were stirred
under a slightly positive pressure of fér 12 h at RT. The reaction mixture was evapatate
and the product purified by a short column chrometphy (CHCI,-pentane). The
enantiomeric excess was detemined by chiral GCgutfie comparison with an authentic
product sample.

Methyl N-acetylphenylalaninate: column Chiralé#Val (Chrompak, 25 m0.12 umx0.22
pm); 140°C const. Retention timeRJ-enantiomer 10.5 ming-enantiomer 11.3 min.

Methyl N-acetylalaninate: column ChiralditVal, 120°C const., R)-enantiomer 1.94 min,
(S-enantiomer 2.06 min.

11.21 Typical procedure for the asymmetric Rh-cata lyzed hydrogenation of
dimethyl itaconate (TP21).

In a dried 50-mL Schlenk-flask under argon was gdaeand MeOH (10 mL). The ligand
(0.011 mmol, 2.2 mol%) and Rh(COBF, (4.1 mg, 2 mol%) was added, followed by
dimethyl itaconate (0.5 mmol). The flask was flusiveith H, and then the contents were
stirred under a slightly positive pressure of idr 12 h at RT. The reaction mixture was
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evaporated and the product purified by a shortmalehromatography (pentane-ether). The
enantiomeric excess was detemined by chiral GC ffeoison with commercial dimethyR}-
a-methylsuccinate):

column TFA-cyclodextrine; 6@ for 3 min, then ramp°Z/min to 100C, (R)-enantiomer
19.0 min, §-enantiomer 19.6 min.

11.22 Typical procedure for the asymmetric Rh-cata Ilyzed 1,4-addition of
phenylboronic acid to cyclohexen-2-one (TP22).

Into a 10 mL Schlenk-tube under argon was placexasie (2.5 mL), water (0.25 mL),
cyclohexen-2-one (96 mg, 1 mmol) and PhB(®@K)70 mg, 1.4 mmol). To this mixture,
Rh(COD)(acac) (9.3 mg, 0.03 mmol, 3 mol%) and ipand (0.03 mmol, 3 mol%) was added.
The mixture was stirred for 2.5 h at 100 °C. W#femL) was added and the mixture was
extracted with BEO. The organic phase was washed with brine, driddSQ,) and
concentrated in vacuo. Flash chromatography (pertimer 3:1) gave 3-
phenylcyclohexanone as colourless oil.

Chiral HPLC (Chiralcel OD-H,n-heptana/PrOH 98:2, 0.3 mL/min): §-enantiomer 44.0
min, (R)- enantiomer 47.0 min.

'H NMR (300 MHz, CDCY): & 7.30-7.20 (m, 5H), 3.01 (m, 1H), 2.60-2.30 (m, ARI)LO-

2.00 (m, 2H), 1.89-1.70 (m, 2H) ppm.

3C NMR (75 MHz, CDC}): 8 211.0, 144.3, 128.6, 126.6, 126.5, 48.9, 44.71,432.7, 25.5
ppm.

11.23 Typical procedure for the asymmetric Rh-cata lyzed hydroboration of
styrene with catecholborane (TP23).

A mixture of [Rh(cod)]BF, (8.2 mg, 0.020 mmol, 1 mol %) and a ligand (0.48im0.05 M

in EO, 0.020 mmol, 1 mol%) in dry THF (2 mL) was stdror 10 min at RT in a 10 mL
Schlenk-tube under argon. Styrene (2 mmol, 0.23 m&3 added to the resulting orange
solution. The homogeneous mixture was cooled to*€2@nd stirred at this temperature for
15 min before the addition of freshly distilled @atholborane (2.4 mmol, 0.26 mL). The
reaction was stirred at -10 °C for 16 h and theenghed by the addition of EtOH (2 mL). Aqg.
NaOH (2 M, 2 mL) and 30 % 4, (1 mL) were added subsequently and the mixture was
warmed up to RT, over a period of 2 h under vigeretirring. The mixture was extracted
with ELO, the organic phase was washed with NaOH (1 Mjeband dried (MgS®). The
residue was purified by flash chromatography (pesHether 4:1) to give 2-phenylethanol as a
colourless liquid.

HPLC (Chiralcel OD-H,n-heptang/PrOH 98/2, 0.4 mL/min, 215 nm)R)-enantiomer 35.5
min, (§-enantiomer 43.7 min.

'H NMR (300 MHz, CDC}): 4 7.20-7.09 (m, 5H), 4.66 (d,= 6.5 Hz, 1H), 2.80 (br s, 1H),
1.30 (d,J= 6.5 Hz, 3H) ppm.

13C NMR (75 MHz, CDC}): 5 146.4, 128.8, 127.7, 125.9, 70.6, 25.6 ppm.

11.24 Typical procedure for the asymmetric Rh-cata lyzed hydrogenation of
acetophenone semicarbazone (TP24).

Into a dry 50 mL Schlenk-flask was placed MeOH (B)nfRh(cod)]BF4 (4.1 mg, 0.020

mmol, 1 mol %) and a ligand (0.02 mmol, 1 mol%).eTholution of acetophenone
semicarbazone (238 mg, 1 mmol) in MeOH (5 mL) wadea. The mixture was transferred
into a steel autoclave under argon, and it wahédsvith hydrogen. The mixture was stirred
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at RT under 50 bar Hfor 16 h. The volatiles were removedvacuoand the product was
purified by chromatography (silica, ether).

Chiral HPLC (Chiralcel OJn-heptanatPrOH 90/10, 0.6 mL/min):R)-enantiomer 13.3 min,
(9-enantiomer 15.7 min.

'H NMR (300 MHz, CDC}): 8 7.75 (s, 1H), 7.56-7.53 (m, 2H), 7.30-7.25 (m, 2H37 (q,J

= 6.7Hz, 1H), 1.34-1.32 (m, 3H).

3C NMR (75 MHz, CDC}): 5 166.4, 142.1, 131.9, 130.7, 127.6-125.9 (m), 52001.

11.25 Typical procedure for the asymmetric Ru-cata lyzed hydrogenation of
ethyl benzoylacetate (TP25).

Into a dry 50 mL Schlenk-flask was placed acet@enl), Ru(cod) (GH;)2 (3.2 mg, 0.010
mmol, 0.5 mol %) and the ligand (0.01 mmol, 0.5 ¥plWhen the complex is dissolved,
HBr (0.2 mL, 0.3 M in MeOH) was added and the solutwas stirred 30 min at RT. The
solvents were removed in vacuo and the residue dissolved in EtOH (12 mL) and
benzoylacetic ester (384 mg, 2 mmol) was added. mhdure was transferred into an
autoclav under argon and stirred at 50 °C and 5(Hbgressure for 16 h. The solvent was
removed in vacou and the residue purified by chtography (silica, ether). The product
(ethyl 3-hydroxy-3-phenylpropionate) was obtainedgaolourless oil.

HPLC (Chiralcel OD,n-heptana/PrOH 95/5, 0.9 mL/min):R)-enantiomer 13.9 min §-
enantiomer 11.1 min.

'H NMR (300 MHz, CDC¥): & 7.31-7.18 (m, 5H), 5.07-5.02 (m, 1H), 4.09 Jc& 8.1 Hz,
2H), 3.25 (dJ=3.6 Hz, 1H), 2.72-2.57 (m, 2H), 1.18 Jt 6.9 Hz, 3H).

13C NMR (75 MHz, CDC}): 5 172.5, 143.4, 128.8, 128.0, 126.1, 70.7, 61.1),44.4.

11.26 Typical procedure for the asymmetric Pd-cata lyzed allylic substitution
reaction (TP26).

In a 10 mL Schlenk-tube, [Pd(allyl)GI[3.7 mg, 0.01 mmol), KOAc (5.0 mg, 0.05 mmol, 5
mol%) and the ligand (0.02 mmol, 2 mol%) were digsd in CHCl, (4 mL). 3-Acetoxy-1,3-
diphenylpropene (252 mg, 1 mmol) in &, (2 mL), N,O-bis-trimethylsilylacetamide (610
mg, 2 mmol, 2 equiv.) and dimethyl malonate (0.4, r8Lmmol, 3 equiv) were added. The
mixture was stirred 2 h at RT, then quenched watth NH,C| and extracted with ether (3x15
mL). The organic phases were washed with watengbdried and concentrated. The residue
was purified by column chromatography (pentanegtard transmethyl 2-carbomethoxy-
3,5-diphenylpent-4-enolate was obtained as a veloie.

Mp.: 93-94.5°C

HPLC (Chiralcel OD-H,n-heptana/PrOH 98/2, 0.4 mL/min):R)-enantiomer 25.0 minY-
enantiomer 27.1 min.

'H NMR (300 MHz, CDC}): 4 7.27-7.06 (m, 10 H), 6.40 (d, J = 15.8 Hz, 1 H256(dd,J; =
15.8 Hz,J, = 8.4 Hz, 1H), 4.19 (ddl; = 10.8 HzJ, = 8.4 Hz, 1H), 3.88 (d] = 8.4 Hz, 1H),
3.61 (s, 3H), 3.43 (s, 3H).

3C NMR (75 MHz, CDC}): 5 168.1, 167.7, 140.2, 136.8, 131.8, 129.1, 12838,4], 127.8,
127.4,127.0, 126.4, 57.5, 52.5, 52.3, 49.0.
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12. Syntheses of new alkyl analogs of PCPP

Synthesis of 2-isobutylidenecyclohexanone (17)

Prepared according to tAé>1 from cyclohexanone (49.0 g, 500 mmol) and isolaltighyde
(28.8 g, 400 mmol). Colourless liquid, yield 39.%6%%). The analytical data corresponds to
those given in the literaturé?

Bp.: 90-92 °C (10 mbar).

'H NMR (300 MHz, CDC}): 5 6.05 ¢ = 10.0 Hz, 1H), 3.00-2.85 (m, 1H), 2.57-2.49 () 1
2.48-2.40 (m, 1H), 2.38-2.20 (m, 2H), 1.89-1.72 4id), 0.99 (d,J = 11.8 Hz, 6H).

13C NMR (75 MHz, CDC}): 8 201.8, 145.3, 138.8, 40.4, 27.1, 25.6, 24.7, 2249, 22.0.

IR (KBr, cmi'): 2958 (s), 2866 (m), 1717 (vs), 1653 (s), 147}, @198 (m), 831 (w), 549
(w).

Synthesis of 2-isobutylidenecyclohexanol (18)

OH

=

Prepared according to thEP2 from 2-isobutylidenecyclohexanone (15.2 g, 100 mfmo
Colourless liquid, yield 14.9 g (97%). The analgtidata corresponds to those given in the
literature*?

Bp.: 66-69 °C (1 mbar).

'H NMR (300 MHz, CDC}): 5 4.77 (d,J = 9.6 Hz, 1H), 3.98-3.95 (m, 1H), 2.97-2.94 (m,
1H), 2.80-2.60 (m, 1H), 2.03-1.60 (m, 4H), 1.456L(f, 2H), 0.92 (dJ = 6.7 Hz, 6H).

¥C NMR (75 MHz, CDC}): 5 133.5, 127.8, 72.8, 34.2, 27.5, 27.4, 23.5, 2&31.9.

Synthesis of 1-(1-diphenylphosphinoyl-2-methyl-propl)cyclohexene (19)

112 patersonTetrahedron1988 44, 4207.

113 kelkar, S. V.: Arbale, A. A.: Joshi, G. S.; Kulkars. H., Synth. Comm99Qq 20, 839.
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Prepared according to ti#4 from 2-isobutylidenecyclohexanol (2.31 g, 15 mmadaction
time 3 h, reaction temperature 100 °C. Yield 3.90%90).

Mp.: 160-161 °C.

'H NMR (300 MHz, CDC}): & 7.92-7.86 (m, 2H), 7.69-7.65 (m, 2H), 7.45-7.42 @Hl),
7.33-7.26 (m, 3H), 5.69 (s, 1H), 2.58 (dd, J1 =18 J2 = 6.8 Hz, 1H), 2.40-2.32 (m, 1H),
1.95-1-56 (m, 4H), 1.25-1.16 (m, 4H), 0.97 {d&; 6.7 Hz, 3H), 0.81 (d] = 6.7 Hz, 3H).

3C NMR (75 MHz, CDC}): 5 134.6, 133.7, 132.7, 131.3, 131.0 (m), 130.5 (28.5, 127.5
(m), 54.5 (dJ=71.4 Hz), 39.7, 29.8, 28.2, 25.3, 23.3, 22.5721

3P NMR (81 MHz, CDCH): 6 31.9.

IR (KBr, cmi'): 2925 (w), 1436 (m), 1172 (s), 1098 (m), 698 (74)5 (vs).

MS (El, 70 eV): 339 (17), 338 (27), 295 (48), 203)(202 (100), 201 (36), 77 (10).
HRMS: calcd. 338.1800 ($zH,70OP), found: 338.1776.

Synthesis of 1-(1-diphenylphosphinoyl-2-methyl-propl)cyclohexene epoxide (mixture
20a and 20b)

To the solution om-CPBA (70%, 0.81 g, 3.3 mmol, 1.1 equiv) in £&Hp (20 mL),19 (1.01
g, 3 mmol) was added at O °C. After 3 h, the reactvas quenched with aqg. 205 (10%,
25 mL), the organic phase washed with aqsN#tine, dried (Ng5Qy), evaporatedn vacuo
andrecrystallized from CbLl,-hexane.The mixture of20a and20b was obtained as white
solid, overall yield 0.89 g (84%).

Mp.: 188-189 °C.

3P NMR (81 MHz, CDCH): 8 31.44 (major), 31.67 (minor).

IR (KBr, cmi): 2934 (w), 1437 (m), 1177 (s), 1115 (m), 746 (D2 (s), 695 (vs).

MS (El, 70 eV): 311 (17), 203 (24), 202 (100), 202)(Z'7 (8).

HRMS: calcd. 354.1749 ($H270,P), found: 355.1814.

Synthesis of 2-(1-diphenylphosphinoyl-2-methylpropycyclohexanols (21 and 22)
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OH PQ ~
? =0 oH | B=o
/Y + O‘\/\r
21 22

In a 25 mL Schlenk-flaskl9 (1.01 g, 3 mmol) was dissolved in THF (5 mL) and;BVe,S
(0.36 mL, 3.6 mmol, 1.2 equiv) was added. The nmxtuas stirred 24 h at RT and quenched
with MeOH (2 mL). This solution was slowly addedtbh® solution oim-CPBA (70%, 2.2 g,

9 mmol, 3 equiv.) in CkCl, (20 mL) and stirred for 6 h. The mixture was questtwithag.
NaS;05 (10%, 25 mL),the organic phase washed with ag.Nbtine, dried (Ng&5O), and
evaporatedn vacuo.The residue was subjected to column chromatographsilica (ether-
CH.CI,-MeOH 50:50:1) which afforded compoun@s (653 mg, 61%, more polar) ar?
(216 mg, 21%, less polar) as white crystallinedsoli

Compound 21:

Mp.: 199-200 °C.

'H NMR (300 MHz, CDC}): 5 7.92-7.83 (m, 4H), 7.48-7.40 (m, 6H), 3.30 (bs),1452 (d,
J =10.8 Hz, 1H), 2.33-2.25 (m, 1H), 1.99-1.95 {id), 1.76-1.67 (m, 2H), 1.58-1.47 (m, 3H),
1.17 (d,J = 7.0 Hz, 3H), 1.20-0.95 (m, 3H), 0.88 (&= 7.0 Hz, 3H).

13C NMR (75 MHz, CDC}): 5 134.6 (dJ = 32.0 Hz), 133.6 (d] = 32.0 Hz), 131.6 (ddl, =
4.1 Hz,J, = 2.6 Hz), 131.4 (d] = 8.8 Hz), 130.8 (d] = 8.5 Hz), 128.8 (dd]; = 19.3 Hz J, =
11.2 Hz), 69.4, 45.1, 42.9 (@= 49.3 Hz), 35.9, 32.7, 27.0, 26.0, 24.4, 21.810.3 Hz).
3P NMR (81 MHz, CDC}): 8 37.3.

IR (KBr, cmit): 3282 (w), 2921 (m), 1436 (m), 1168 (s), 1067 848 (w), 716 (vs), 700 (vs).
MS (El, 70 eV): 258 (18), 243 (48), 203 (24), 202q),01 (18).

HRMS: calcd. 356.1905 (5H290,P), found: 357.1984 ( [M+H).

Compound 22:

Mp.: 193-194 °C.

'H NMR (300 MHz, CDC}): 8 7.82-7.70 (m, 4H), 7.49-7.37 (m, 6H), 4.79 (s, 1M$6 (d,J
=12.9 Hz, 1H), 2.32-2.22 (m, 1H), 2.17-2.13 (m)1H80-1.26 (m, 8H), 1.20 (d,= 7.3 Hz,
3H), 1.16-0.95 (m, 1H), 0.88 (d,= 7.3 Hz, 3H).

13C NMR (75 MHz, CDC}): 5 137.4, 136.5, 134.7, 133.8, 132.3Jd 9.2 Hz), 131.5 (dd]

= 9.2 Hz,J, = 2.6 Hz), 130.1 (dJ = 8.5 Hz), 128.9 (d) = 11.1 Hz), 128.4 (d] = 11.4 Hz),
76.7, 52.6 (dJ = 63.3 Hz), 40.3 (d) = 7.0 Hz), 36.7 (dJ = 7.4 Hz), 27.3, 25.5, 23.4, 23.3,
21.9, 21.4.

3P NMR (81 MHz, CDC}): 3 40.8.

IR (KBr, cmit): 3350 (w), 2930 (w), 1438 (m), 1167 (s), 1102,(#)5 (m), 698 (vs).

MS (El, 70 eV): 313 (21), 295 (12), 258 (24), 244)(1B43 (100), 203 (17), 202 (56), 201
(39).

HRMS: calcd. 356.1905 ($z2H.70,P), found: 356.1908.
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Synthesis of 2-isobutylidenecyclopentanone (23)

My

Prepared according to thdP1 from cyclopentanone (42.0 g, 500 mmol) and
isobutyraldehyde (28.8 g, 400 mmol). Colourlesaitigyield 24.8 g (45%)).

Bp.: 62-64 °C (2 mbar).

'H NMR (300 MHz, CDC}): 8 6.31-6.22 (m, 1H), 2.54-2,22 (m, 2H), 2.27-2.21, @hl),
1.89-1.83 (m, 2H), 0.96 (d,= 6.7 Hz, 6H).

13C NMR (75 MHz, CDC}): 5 208.0, 142.7, 135.3, 38.8, 29.4, 26.9, 22.8, 2102,

IR (KBr, cm®): 2963 (s), 2871 (m), 1720 (vs), 1649 (s), 146§ (203 (m), 826 (w).

MS (El, 70 eV): 138 (100), 123 (28), 95 (14), 82 (&3) (20).

HRMS: calcd. 138.1045 (§H,40), found: 138.1037

Synthesis of 2-isobutylidenecyclopentanot§c-24)

OH
m

Prepared according to thEP2 from 2-isobutylidenecyclopentanone (13.8 g, 100 afim
Colourless liquid, yield 13.3 g (95%). The analgtidata corresponds to those reported in the
literature*

Bp.: 90-93 °C (10 mbar).

'H NMR (300 MHz, CDC}): 8 5.32-5.24 (m, 1H), 4.30-4.27 (m, 1H), 2.40-2.26 @Hi),
2.18-2.03 (m, 1H), 1.83-1.66 (m, 2H), 1.62-1.48 gH), 0.91 (dJ = 1.7 Hz, 3H), 0.89 (d]
= 1.7 Hz, 3H).

¥C NMR (75 MHz, CDC}): 5 143.8, 132.0, 76.0, 35.9, 29.1, 27.0, 23.1, 222%.

Synthesis of §)-2-isobutylidenecyclopentanol (24)
OH
(YT
Prepared according to tHEP3 by the resolution of racemic 2-isobutylidenecyciujaeol
(rac-24,14.0 g, 100 mmol), reaction time 12 h, reactiongerature 35 °C. The mixture after
the enzymatic kinetic resolution was separateddbynan chromatography on silica (pentane-
ether 3:1). Colourless liquid, yield 6.58 g (47%99%ee

Chiral GC: column TFA-cyclodextrine; 6% const. R)-enantiomer 37.1 min, §-
enantiomer 39.0 min.

14 A F. Simpson, C. D. Bodkin, C. P. Butts, M. A.nditage, T. Gallagher]. Chem. Soc. Perkin 200Q 18,
3047.
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[0]o?°: -69.2 (c 2.00, CbCl,).
The spectral data are identical to those of thermac compound.

Synthesis of 1-[(R)-1-diphenylphosphinoyl-2-methylpropyl)]cyclopentere (25)

©\:P:O
Prepared according to thEP4 from 2-isobutylidenecyclopentano24, 2.1 g, 15 mmol),
reaction time 6 h, reaction temperature 80 °C.dv&V4 g (77%), >99%e

Chiral HPLC (Chiralcel ODn-heptanatPrOH 99/1, 0.6 mL/min):R)-enantiomer 34.8 min,
(9-enantiomer 29.9 min.

'H NMR (300 MHz, CDC}): & 7.85-7.82 (m, 2H), 7.66-7.60 (m, 2H), 7.42-7.39 @Hi),
7.31-7.19 (m, 3H), 5.63-5.60 (m, 1H), 2.98-2.93 (M), 2.30-1.85 (m, 7H), 0.96 (d,= 6.6
Hz, 3H), 0.79 (dJ = 6.6 Hz, 3H).

3C NMR (75 MHz, CDC4): 6 138.0 (d,J = 6.5 Hz), 135.4 (dJ = 21.0 Hz), 134.2 (d] =
22.5 Hz), 132.8, 132.1 (d, = 14.8 Hz), 131.9, 131.6 (d,= 7.8 Hz), 131.2, 129.0, 128.8,
128.3, 128.2, 114.0, 48.5 (@~ 63.2 Hz), 37.4, 37.3, 32.8, 28.8, 23.8, 21.432d,J=7.5
Hz).

3P NMR (81 MHz, CDCH): 6 31.6.

IR (KBr, cmi'): 2957 (m), 1438 (s), 1179 (vs), 116 (w), 700 (&893 (s).

MS (El, 70 eV): 324 (11), 203 (24), 202 (100), 77)(ZL (13), 47 (21).

HRMS: calcd. 324.1643 (£H.s0P), found: 324.1624.

Synthesis of (R,2R)-2-[(1R)-1-diphenylphosphinoyl-2-methylpropyl)]cyclopentarol (26)

Prepared fron25 (3.24 g, 10 mmol) according to thé®5. White solid, yield 2.22 g (65%)).

Mp.: 220-220.5 °C
[0]0?°: -65.5 (c 0.88, ChLCl,).

'H NMR (300 MHz, CDC}): & 7.85-7.76 (m, 4H), 7.41-7.20 (m, 6H), 5.72 (s, 144p5 (m,
1H), 2.48 (dJ = 9.3 Hz, 1 H), 2.12-2.05 (m, 2H), 1.93-1.91 (H)11.56-1.53 (m, 1H), 1.50-
1.43 (m, 4H), 1.14 (d] = 7.8 Hz, 3H), 0.82 (d] = 7.8 Hz, 3H).
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13C NMR (75 MHz, CDC}): 5 134.8 (dJ = 15.0 Hz), 133.5 (d] = 15.0 Hz), 132.0, 131.8 (d,
J=8.5Hz), 131.7 (d] = 8.5 Hz), 131.6 (d] = 10.9 Hz), 131.2, 129.8 (d= 11.3 Hz), 129.3,
129.2, 129.0, 128.0, 72.7, 47.9, 44.70¢;, 67.1 Hz), 34.4, 32.5, 30.8, 26.9, 25.9, 21.7(d,
7.8 Hz).

3P NMR (81 MHz, CDC}): 5 38.2

IR (KBr, cmi'): 3367 (s), 2958 (s), 1438 (s), 1164 (s), 1089753 (S), 545 (vs).

MS (El, 70 eV): 258 (12), 243 (37), 203 (23), 202q),201 (18).

HRMS: calcd. 342.1749 (5H,70,P), found: 342.1752.

Synthesis of (R,2R)-2-[(1R)-1-diphenylphosphinyl-2-methylpropyl)]cyclopentand-

borane complex (27)

OH P'BHj

Prepared fron26 (2.40 g, 7 mmol) according to tAé>6. White solid, yield 2.28 g (96%).

Mp.: 110-112°C
[a]o?°: 14.6 (c 0.9, CbLCLy).

'H NMR (300 MHz, CDC}): & 7.85-7.17 (m, 4H), 7.36-7.29 (m, 6H), 3.49-3.47, (th),

3.00 (d,J = 21.7 Hz, 1H), 1.78-1.70 (m, 2H), 1.49-1.43 (iH)21.30-1.21 (m, 3H), 0.97 (d,
=11.4 Hz, 3H), 0.92 (d] = 11.4 Hz, 3H).

13C NMR (75 MHz, CDC}): 5 132.9, 131.7 (dJ = 7.8 Hz), 131.6 (dJ = 8.5 Hz), 130.3 (dJ

= 5.0 Hz), 130.2, 129.8 (d, = 8.5 Hz), 129.6, 129.1, 127.7, 127.6 Jd= 5.0 Hz), 127.5,
127.3, 87.6, 47.2, 43.5 (d= 52.3 Hz), 43.2, 33.6, 32.7, 31.9, 27.4, 20.6119

3P NMR (81 MHz, CDC}): 5 18.4 (bs).

IR (KBr, cmi'): 3436 (s), 2961 (vs), 2402 (s), 1436 (vs), 1162738 (vs).

MS (El, 70 eV): 339 (50), 242 (28), 227 (48), 183)(4B36 (100), 107 (52).

HRMS: calcd. 340.2127 (£H30BOP), found: 340.2136.

Synthesis of [(5,2R)-2-[(1R)-1-diphenylphosphinyl-2-methylpropyl)]-cyclopentyl]-
diphenylphosphinebis-borane complex (28)

BH3:_PPh2 EPhZ:BHS

(T

Prepared fron27 (1.70 g, 5 mmol) according to tAé7. White crystals, yield 1.36 g (52%).

Mp.: 205-206 °C

[a]p? : -149.4 (c 0.70, CkCly).

'H NMR (300 MHz, CDC})): 5 8.38-8.33 (m, 2H), 8.14-8.11 (m, 2H), 8.00-7.94 ¢Hl),
7.73-7.46 (m, 12H), 3.74-3.62 (m, 2H), 3.10-2.95 (), 2.15-1.95 (m, 1H), 1.90-1.40 (m,
12H), 1.20 (d)) = 16.1 Hz, 3H), 1.01 (dl = 14.2 Hz, 3H).
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3C NMR (75 MHz, CDC}): 5 134.2, 34.1, 133.3, 133.2, 133.1, 133.0, 132.9,6,3131.5,
131.3, 131.1, 129.3, 129.2, 129.0, 128.9, 128.8,6127.7, 47.6, 39.9, 38.5, 31.1, 30.8, 29.0,
23.0, 22.5, 22.0, 20.8, 19.2, 19.1.

3P NMR (81 MHz, CDCH4): 5 17.3 (bs).

IR (KBr, cmi): 2390 (s), 1436 (s), 1064 (s), 732 (vs), 697,(84B (m).

MS (EI, 70 eV): 508 (12), 419 (31), 418 (100), 310)(6L85 (23), 183 (29), 108 (12).

HRMS: calcd. 522.2948 (§gH42B2P,), found: 522.2962.

Synthesis of [(5,2R)-2-[(1R)-1-diphenylphosphinyl-2-methylpropyl)]-cyclopentyl]-
diphenylphosphine (29)

Ph

Ph
\ | _Ph

Prepared fron28 (522 mg, 1 mmol) according to ti#8. White foam, yield 484 mg (98%).

[a]p? : -4.8 (c 1.05, CKCL,).

'H NMR (300 MHz, CDC}): & 7.51-7.13 (m, 20 H), 3.00-2.82 (m, 2H), 2.75-2(5§ 1H),
2.05-1.95 (m, 1H), 1.92-152 (m, 4H), 1.45-1.30 BH), 0.59 (dJ = 16.5 Hz, 3H), 0.28 (dI
= 16.5 Hz, 3H).

3C NMR (75 MHz, CDCH): 5 139.3, 139.0, 138.6, 138.3, 138.2, 138.0, 13338,2, 134.3,
134.0, 133.6, 133.3, 133.1, 129.0, 128.5, 128.8,212128.0, 127.9, 127.5, 41.4, 41.0Jc;
38 Hz), 40.6 (dJ = 32 Hz), 31.7, 31.5, 29.4, 24.5, 21.1, 18.4.

3P NMR (81 MHz, CDCH4): 5 1.09 (d,J = 1.5 Hz), -15.3 (dJ = 1.5 Hz).

IR (KBr, cm%): 2954 (s), 1433 (s), 741 (s), 696 (vs), 506 (m).

MS (El, 70 eV): 495 (4), 418 (25), 417 (100), 309)(3®B5 (15), 183 (14).

HRMS: calcd. 494.2292 (§£5H36P,), found: 494.2275

Synthesis of 2-ethylidenecyclopentanone (34)

ag

Prepared according to thEP1 from cyclopentanone (126.0 g, 1.5 mol) and acetalde
(52.8 g, 1.2 mol). Colourless liquid, yield 23.718%).

Bp.: 65°C (12 mbar).

'H NMR (300 MHz, CDC)): & 6.33-6.30 (m, 1H), 2.33-2.27 (m, 2H), 2.06-2.0Q @hl),
1.70-1.62 (m, 2H), 1.51 (di; = 13.2 Hz,J, = 2.1 Hz, 3H).

13C NMR (75 MHz, CDC}): 5 207.1, 138.7, 132.4, 38.9, 26.8, 20.0, 14.5.

IR (KBr, cmi): 2967 (s), 1721 (vs), 1656 (vs), 1230 (m), 1266 840 (w).

MS (El, 70 eV): 110 (100), 95 (42), 82 (11), 67 (28},(43), 53 (11).

HRMS: calcd. 110.0732 (#£1,00), found: 110.0746.
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Synthesis of 2-ethylidenecyclopentanot &c-32)

OH
@/A

Prepared according to thEP2 from 2-ethylidenecyclopentanon84( 11.0 g, 100 mmol).
Colourless liquid, yield 10.4 g (93%).

Bp.: 40-42 °C (0.8 mbar).

'H NMR (300 MHz, CDC}): & 5.53-5.45 (m, 1H), 4.30-4.27 (m, 1H), 2.45-2.2Q @Hl),
2.15-2.03 (m, 2H), 1.95-1.76 (m, 2H), 1.58-1.52 &H).

13C NMR (75 MHz, CDC}): 5 146.8, 118.1, 75.7, 36.0, 27.2, 22.3, 14.9.

IR (KBr, cm™): 3351 (s), 2960 (vs), 1713 (w), 1433 (m), 1084.(m

MS (El, 70 eV): 112 (62), 97 (100), 84 (32), 83 (3M,(31), 69 (30), 41 (25).

HRMS: calcd. 112.0888 (l1,0), found: 112.0892.

Synthesis of §)-2-ethylidenecyclopentanol (32)
OH
(7
Prepared according to th&P3 by the enzymatic kinetic resolution of racemic 2-
ethylidenecyclopentanonea-34, 100 mmol), reaction time 3 h, reaction temperatl&€C.

The mixture after the reaction was separated byneolchromatography on silica (pentane-
ether 3:2). Colourless liquid, yield 5.26 g (47%99%ee

Chiral GC: column TFA-cyclodextrine; 6% const. R)-enantiomer 22.1 min, §-
enantiomer 24.0 min.

[a]o? : +231 (c 1.41, CELCly).

The spectral data are identical to those from @iegemic compound.

Synthesis of 1-[(R)-1-diphenylphosphinoyl-ethyl)]cyclopentene (35)

O-L
Prepared according to theP4 from (§-2-ethylidenecyclopentanoB4, 1.68 g, 15 mmol),
reaction time 6 h, reaction temperature 80 °C.dv&l1 g (70%).
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Mp.: 133-134°C.

[a]o?: +276 (c 1.2, CKCL,).

'H NMR (300 MHz, CDC}): 8 7.76-7.62 (m, 4H), 7.41-7.31 (m, 6H), 5.40 (s, 13p5-3.20
(m, 1H), 2.30-1.90 (m, 4H), 1.70-1.50 (m, 2H), 1(8d,J; = 16.5 Hz,J, = 14.4 Hz, 3H).

3C NMR (75 MHz, CDC4): & 140.5, 140.4, 133.6, 133.4, 132.3, 132.2, 13139,8, 131.7-
131.4 (m), 131.2, 129.6, 129.4, 129.2, 128.8, 128742 (d,J = 65.8 Hz), 36.5, 32.7, 23.7,
23.5,13.8.

3P NMR (81 MHz, CDC}):  34.0.

IR (KBr, cmi'): 3432 (m), 3056 (m), 1438 (s), 1181 (vs), 1118 7€0 (vs), 550 (vs), 537
(vs).

MS (EI, 70 eV): 296 (30), 203 (25), 202 (100), 209)(6L71 (18), 155 (16), 77 (15).

HRMS: calcd. 296.1330 (GH»:0P), found: 296.1305.

Synthesis of (R,2R)-2-[(1R)-1-diphenylphosphinoyl-ethyl)]cyclopentanol (37)

Prepared fron35 (2.96 g, 10 mmol) according to th@&5. White solid, yield 2.10 g (67%).

Mp.: 173-174°C.

[@]p?: -31 (c 1.1, CHCL).

'H NMR (300 MHz, CDC)): & 7.79-7.68 (m, 4H), 7.50-7.26 (m, 6H), 4.06-4.01, (th),
2.55-2.51 (m, 1H), 2.10-1.80 (m, 2H), 1.73-1.30 &H), 1.08 (dd,J);= 16.8 Hz,J, = 7.5 Hz,
3H).

3C NMR (75 MHz, CDC}): 5 132.7, 132.1, 131.7-131.2 (m), 129.4-129.1 (m§.82128.7,
71, 4, 46.4 (dJ) = 37.2 Hz), 38.3, 34.0, 33.1, 21.7, 11.1.

3P NMR (81 MHz, CDCHh): 5 41.7.

IR (KBr, cmit): 3376 (s), 2959 (m), 1437 (s), 1159 (vs), 1139782 (vs), 546 (vs).

MS (El, 70 eV): 203 (8), 202 (100), 155 (4), 77 (2).

HRMS: calcd. 314.1436 (fgH230,P), found: 314.1442.

Synthesis of (R,2R)-2-[(1R)-1-diphenylphosphinyl-ethyl)]cyclopentanol-boranecomplex
(38)
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Prepared fron87 (2.20 g, 7 mmol) according to tA¢>6. White crystalline solid, yield 2.10 g
(96%).

Mp.: 173-174 °C.
[a]o?: -42 (c 1.4, CHCL,).

'H NMR (300 MHz, CDC}): & 7.75-7.67 (m, 4H), 7.39-7.18 (m, 6H), 4.21-4.17, (th),
2.67-2.64 (m, 1H), 2.10-1.95 (m, 1H), 1.85-1.70 (rHl), 1.56-1.42 (m, 4H), 1.31-1.16 (m,
1H), 1.02 (dd,); = 18 Hz,J,= 8.5 Hz, 3H).

13C NMR (75 MHz, CDC}): & 132.9, 132.8, 131.8-131.5 (m), 131.2, 131.0, 12928.4-
129.1 (m), 128.9, 128.6, 74.0, 49.3, , 41.7)(d,34.0 Hz), 36.4, 33.2, 23.9, 11.0.

3P NMR (81 MHz, CDC}): 8 22.6 (bs), 21.6 (bs).

IR (KBr, cmi'): 3413 (vs), 2951 (s), 2381 (vs), 1436 (vs), 1097734 (s), 696 (vs).

MS (El, 70 eV): 311 (100), 310 (29), 309 (27), 292)(214 (30), 185 (61), 183 (35).
HRMS: calcd. 312.1814 (£5H26BOP), found: 312.1833.

Synthesis of [(B,2R)-2-[(1R)-1-diphenylphosphinyl-ethyl)]-cyclopentyl]-diphenyl-
phosphinebis-borane complex (39)

BH3:_PPh2 EPhZ:BHg

(T

Prepared fron38 (1.56 g, 5 mmol) according to tA&€7. White crystals, yield 1.33 g (54%).

Mp.: 206-207 °C

[a]p?° : -183 (c 1.0, ChLCL).

'H NMR (300 MHz, CDC}): & 7.89-7.68 (m, 6H), 7.45-7.39 (m, 2H), 7.25-7.12 (f&H),
3.40-3.15 (m, 1H), 2.40-2.22 (m, 1H), 2.10-1.85 (rHl), 1.81-0.83 (m, 6H), 0.26 (dd; =
17.1 Hz,J, = 6.3 Hz, 3H).

13C NMR (75 MHz, CDC}): & 133.5, 133.1, 133.0, 132.9, 132.7-132.3, 131.611%m),
130.7, 130.5, 129.3-128.9 (m), 50.1, 37.9J¢& 35.2 Hz), 30.9, 29.2, 28.7 (d,= 7.6 Hz),
24.2,16.3.

3P NMR (81 MHz, CDCH): 8 24.0 (bs), 17.2 (bs).

IR (KBr, cm™): 2388 (vs), 2350 (s), 1437 (s), 1070 (s), 738,687 (vs), 511 (s).

MS (El, 70 eV): 479 (5), 389 (30), 281 (3), 185 (33 (9).

HRMS: calcd. 494.2635 (H3sB2P»), found: 479.2252 ([M-Bi™).

Synthesis of [(B,2R)-2-[(1R)-1-diphenylphosphinyl-ethyl)]cyclopentyl]diphenyl-
phosphine (30).
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Prepared fron39 (495 mg, 1 mmol) according to th€8. White foam, yield 452 mg (97%).

[a]o?: +3.8 (c 1.1, CHCLy).

'H NMR (300 MHz, CDC}): & 7.53-7.19 (m, 20H), 2.94-2.92 (m, 1H), 2.90-2.87, (H),

2.05-1.95 (m, 1H), 1.78-1.71 (m, 2H), 1.50-1.05 @H), 0.68 (ddJ; = 9 Hz,J, = 6.8 Hz,

3H).

3C NMR (75 MHz, CDCH}): 5 137.9, 137.8, 137.5, 137.3, 135.8, 135.6, 1333,7, 133.4,
132.6, 132.4, 131.7, 131.5, 127.7, 127.3, 127.2,11226.8 (m), 49.6 (d] = 31.3 Hz), 39.3
(d,J=33.7 Hz), 31.1, 30.5, 28.2, 22.0, 15.9.

3P NMR (81 MHz, CDC}): 8 1.45 (d,J = 8.1 Hz), -15.0 (dJ = 8.1 Hz).

IR (KBr, cmi'): 2957 (m), 1480 (m), 1433 (s), 740 (s), 697 (vs).

MS (El, 70 eV): 390 (22), 389 (100), 281 (10), 188)(1183 (18).

HRMS: calcd. 466.1979 (§H3.P»), found: 466.1969.

Synthesis of 2-cyclohexylmethylidenecyclopentanor{é0)

Prepared according to thdP1 from cyclopentanone (42.0 g, 500 mmol) and
cyclohexanecarbaldehyde (44.8 g, 400 mmol). Coéssrliquid, yield 25.6 g (36%).

Bp.: 72 °C (0.3 mbar).

'H NMR (300 MHz, CDCJ): 8 6.31 (dt,J, = 9.6 Hz,J, = 2.4 Hz, 1H), 2.56-2.50 (m, 2H),
2.27-2.21 (m, 2H), 2.18-2.02 (m, 1H), 1.88-1.83 @Hl), 1.66-1.55 (m, 4H), 1.21-1.07 (m,
6H).

13C NMR (75 MHz, CDC}): 5 208.1, 141.2, 135.6, 41.0, 39.1, 36.0, 32.9, 32610, 25.9,
20.9, 20.2.

IR (KBr, cm™): 2926 (vs), 2851 (s), 1720 (vs), 1650 (s), 1449, (1193 (m).

MS (El, 70 eV): 178 (65), 121 (10), 97 (100), 95 (Z8) (30), 67 (31), 41 (21).

HRMS: calcd. 178.1358 (gH150), found: 178.1356.

Synthesis of 2-cyclohexylmethylidenecyclopentanalgc-33)

OH
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Prepared according to tié2 from 2-cyclohexylmethylidenecyclopentanod®,(17.8 g, 100
mmol). Colourless liquid, yield 17.3 g (96%).

Bp.: 102-106°C (0.8 mbar).

'H NMR (300 MHz, CDC}): 8 5.33-5.28 (m, 1H), 4.30-4.27 (m, 1H), 2.29-2.27, (th),
1.96-1.53 (m, 10H), 1.18-1.14 (m, 6H).

3C NMR (75 MHz, CDC}): & 144.3, 133.4, 76.0, 39.0, 35.8, 34.1, 33.1, 32900, 26.7,
25.7, 24.0.

IR (KBr, cmi™): 3400 (s), 2925 (vs), 2851 (s), 1713 (s), 164 (148 (s), 1243 (m).

MS (EI, 70 eV): 162 (43), 119 (29), 98 (11), 97 (1,0m (22), 80 (52).

HRMS: calcd. 180.1514 (GH200), found: 180.1520.

Synthesis of §)-2-cyclohexylmethylidenecyclopentanol (33)

H

YO
Prepared according to tAé°3 by the resolution of racemic 2-cyclohexylidenecpeontanol
(rac-33, 18.0 g, 100 mmol), reaction time 12 h, reactemperature 45 °C. The mixture after

the enzymatic kinetic resolution was separateddiynen chromatography on silica (pentane-
ether 3:1). Colourless liquid, yield 8.64 g (48%99%ee

-lllo

Chiral GC: column TFA-cyclodextrine; 7& const. R)-enantiomer 36.1 min, §-
enantiomer 31.4 min.

[@]o® : +157(c 1.4, CHCL,).

Spectral data are identical to those from the raceompound.

Synthesis of 1-[R)-diphenylphosphinoyl-cyclohexyl-methyl)]cyclopentee (41)

Q\gzo
Prepared according to thEP4 from (§)-2-cyclohexylidenecyclopentanoBg, 2.70 g, 15
mmol), reaction time 12 h, reaction temperatur€@QYield 3.82 g (70%).

Mp.: 214-215 °C.

[a]o?°: +391 (c 1.6, CKCL,).

'H NMR (300 MHz, CDC})): & 7.81-7.78 (m, 2H), 7.63-7.57 (m, 2H), 7.40-7.31, @Hl),
7.27-7.24 (m, 3H), 5.57-5.54 (m, 1H), 3.02-2.96 (H), 2.30-1.88 (m, 5H), 1.58-1.54 (m,
6H), 1.05-0.95 (m, 6H).
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13C NMR (75 MHz, CDC}): 8 138.4, 135.7 (dJ = 37.5 Hz), 134.5 (d] = 32.5 Hz), 132.4,
131.7, 131.5, 131.0 (d,= 27.2 Hz), 129.0, 128.8, 128.2, 128.1, 48.3)(d,66.7 Hz), 38.5,
38.4,38.4,37.1, 34.0, 32.7, 26.9, 25.8, 22.8.

3P NMR (81 MHz, CDC}): 8 31.3

IR (KBr, cmi?): 3436 (m), 2927 (s), 2851 (m), 1436 (m), 1182688 (s), 550 (vs).

MS (El, 70 eV): 364 (23), 282 (49), 281 (22), 203)(4&D2 (100), 201 (31).

HRMS: calcd. 364.1956 (H29OP), found: 364.1953.

Synthesis of (R,2R)-2-[(R)-diphenylphosphinoyl-cyclohexylmethyl)]cyclopentaol (43).

Prepared frord1 (3.64 g, 10 mmol) according to thé®5. White solid, yield 2.87 g (75%).

Mp.: 248-249 °C

[a]o?: -51.6 (c 0.76, ChLL).

'H NMR (300 MHz, CDC}): 8 7.84-7.73 (m, 4H), 7.43-7.20 (m, 6H), 5.82 (s, 14P2-3.96
(m, 1H), 2.39-2.35 (m, 1H), 2.13-0.89 (m, 18H).

13C NMR (75 MHz, CDC}): 8 133.4 (d,J = 38.1 Hz), 132.2 (dJ = 38.3 Hz), 130.6-130.3
(m), 130.1, 129.8, 129.6, 129.4, 127.9, 127.6-1Zm}% 71.3, 46.5, 43.5 (dl = 67.2 Hz),
38.0, 36.6, 33.4, 32.1, 29.4, 27.7, 26.3, 25.4).20.

3P NMR (81 MHz, CDC}): 8 39.3.

IR (KBr, cmil): 3402 (s), 2929 (vs), 2853 (s), 1438 (s), 1166780 (vs), 699 (vs), 546 ().
MS (El, 70 eV): 300 (17), 299 (26), 298 (100), 203)(1202 (58).

HRMS: calcd. 382.2062 ($5H3:0,P), found: 383.2187 ([M+H).

Synthesis of (R,2R)-2-[(R)-diphenylphosphinyl-cyclohexylmethyl)]cyclopentant

borane complex (44).

OH P'BHg
H

S0 g

Prepared frord3 (2.67 g, 7 mmol) according to tié6. White solid, yield 2.55 g (96%).

Mp.: 261-262 °C (dec.).

[0]o?°: +4.0 (c 0.90, CKCL,).

'H NMR (300 MHz, CDC}): & 7.88-7.74 (m, 4H), 7.39-7.20 (m, 6H), 3.52-3.04 (),
3.02 (dJ = 18.1 Hz, 1H), 2.10-0.92 (m, 19H).
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13C NMR (75 MHz, CDC}): & 133.2-133.0 (m), 131.3, 129.1-129.0 (m), 128.93787.2,
40.0 (d,J = 37.2 Hz), 34.2, 29.8, 29.7, 29.2, 29.1, 23.86232.0, 20.5.

3P NMR (81 MHz, CDC}): 8 17.6 (bs).

IR (KBr, cmi?): 3475 (vs), 3410 (vs), 2960 (vs), 2390 (vs), 2890 1437 (s), 1067 (s), 739
(vs).

MS (El, 70 eV): 339 (100), 319 (28), 227 (59), 188)(8.49 (99), 41 (40).

HRMS: calcd. 380.2440 (£Hs,BOP), found: 380.2452.

Synthesis of [(B,2R)-2-[(R)-diphenylphosphinyl-cyclohexylmethyl)]-cyclopenty]-
(diphenyl)phosphinebis-borane complex (45)

BH3:_PPh2 _Pth:BH3

TR

Prepared frond4 (1.90 g, 5 mmol) according to ti@7. White crystals, yield 1.46 g (52%).

Mp.: 188-189 °C

[0]o?°: -146 (c 0.95, ChCL,).

'H NMR (300 MHz, CDC}): & 8.22-7.83 (m, 8H), 7.75-7.27 (m, 12H), 4.03-3.85 (H),
3.27-3.14 (m, 1H), 2.88-2.67 (m, 1H), 2.20-1.83 2i), 1.60-0.75 (m, 15H).

13C NMR (75 MHz, CDCH): 5 133.7, 133.6, 133.3, 133.2, 132.7, 132.6, 13233,4], 131.8,
131.5, 131.4, 131.1, 130.7-130.4 (m), 129.3, 12028,8, 128.7, 44.7, 40.4, 40.2, 39.9, 39.3,
37.0, 36.5, 31.4, 30.4, 22.8, 21.7.

3P NMR (81 MHz, CDCH4): 8 16.4 (bs), 15.6 (bs).

IR (KBr, cmit): 2400 (s), 1436 (s), 1101 (m), 1064 (s), 740888 (vs), 516 (m).

MS (El, 70 eV): 490 (39), 469 (100), 201 (25), 158)(3.36 (34).

HRMS: calcd. 562.3261 (§gH46B2P>), found: 562.3282.

Synthesis of [(B,2R)-2-[(R)-diphenylphosphinyl-cyclohexylmethyl)]-cyclopenty]-
(diphenyl)phosphine (31)

Ph Ph
\ | _Ph

Prepared frord5 (560 mg, 1 mmol) according to tié8. White foam, yield 502 mg (94%).

[0]o?°: -11 (c 0.89, CHCL,).

'H NMR (300 MHz, CDCY): 8 7.24-7.12 (m, 20H), 2.93-2.78 (m, 2H), 2.67-2.55 (H),
2.06-0.60 (m, 17H).

3C NMR (75 MHz, CDCH): 5 138.2, 138.0, 137.7-137.4 (m), 137.0, 134.4, 1323B.3,
133.0, 132.6, 132.3, 132.0, 131.8, 129.9, 127.5,412127.0, 126.5, 41.3 (d,= 34.5 Hz),
40.6, 31.6 (dJ = 38.3 Hz), 31.4, 29.3, 29.2, 28.7, 24.6, 24.52221.1, 18.4.

3P NMR (81 MHz, CDCh): 8 -3.4 (d,J = 12.9 Hz), -17.3 (d] = 12.9 Hz).
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IR (KBr, cm™): 2956 (s), 1433 (s), 1092 (s), 1026 (s), 740685, (Vs).
MS (El, 70 eV): 418 (23), 417 (100), 309 (30), 185K (B3 (13).
HRMS: calcd. 534.2605 (§8H40P2), found: 534.2593.

13. Syntheses of chiral phosphine ligands with a pinene
scaffold.

Synthesis of [(R,3S,5R)-6,6-dimethyl-2-methylenebicyclo-[3.1.1]hept-3-y(Hiphenyl)-
phosphine oxide (50).

P(O)Ph,

Into a 250 mL Schlenk-flask under argon was plagedimethylaminopyridine (7.60 g, 62
mmol) in dry toluene (120 mL). (-)-Myrtenol (9.5Q §2 mmol) (Dragoco, >99%e€ was
added and the solution cooled down to —30°C. At temperature, diphenylchlorophosphine
(11.2 mL, 62 mmol) was added dropwise in 5 min. Thgture was allowed to reach room
temperature and heated at 100°C for 48 h, thesrdilt hot through a pad of Celite, and the
solid was washed with of hot toluene (50 mL). Thieate evaporatedh vacuq the residue
filtered off and washed with ether. Yield 20.8 §¥8), white crystalline solid.

Mp.: 189.5-190°C.
[a]p? : -35.0 (c 1.05, ChLL).

'H NMR (300 MHz, CDC}): & 7.88-7.82 (m, 4 H), 7.50-7.43 (m, 6 H), 4.56J¢; 3.4Hz, 1
H), 3.91 (s, 1 H), 3.64 (bs, 1 H), 2.41-1.94 (nH)61.24 (s, 3 H), 0.77 (s, 3 H).

13C NMR (75 MHz, CDC}): 8 145.4 (d,J = 8.5 Hz), 134.5 (dJ = 10.0 Hz), 133.2 (d,J =
13.2 Hz), 132.2 (d) = 8.5 Hz), 131.7 (m), 131.5 (d= 8.5 Hz), 129.1 (d) = 11.2 Hz), 128.6
(d,J=11.2 Hz), 112.3 (d] = 7.6 Hz), 52.0, 41.0, 39.9, 34.9 (&5 67.1 Hz), 26.9, 26.5, 26.1,
21.7.

%P NMR (81 MHz, CDCH): 5 37.0.

IR (KBr, cm™): V 3435 (bs), 3054 (w), 2981 (m), 2920 (s), 1631 (437 (s), 1174 (s),
1116 (s), 720 (s), 701 (vs), 538 (s), 606 (m).

MS (El, 70 eV)m/z (%): 155 (19), 201 (68), 202 (100), 203 (76), 483), 293 (22), 335
(29), 336 (28).

HRMS: calcd. 336.1643 ($3H2s0P), found:336.1647.

Synthesis of (1S,2S,3S,5R)[3-(Diphenyl-phosphinoyl)-6,6-dimethyl-bicyclo[3.11]hept-2-
yl]-methanol (52).

OH

P(O)Ph,

The phosphine oxidB0 (8.0 g, 20 mmol) was dissolved under argon inN).5HF solution
of 9-BBN (Aldrich, 50 mL, 25 mmol) and the mixtues heated at 70°C in a sealed tube for
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12 h. Into a 0.5 L 3-necked flask was placed theddsolution ofmetachloroperbenzoic acid
(25 g, 106 mmol, 70-75% Acros) in GEl, (250 mL), the flask was cooled to 15°C in an
aceton-dry ice cooling bath and the solution of ligdroborated phosphine oxide was added
there at such a rate that the temperature didxoateel 20°C. After the end of the addition, the
mixture was stirred for 1 h and filtered. The &lie was stirred for 15 min with the solution of
80 g NaS;0s in 200 mL HO, the layers separated and the organic phase wasiee with
100 mL portions of 2 M NaOH, then with saturatethéy dried (NaSQ,) and evaporated.
The semi-solid residue was stirred 24 h with e(i@0 mL), the precipitate was filtered off,
washed with ether and dri@advacuo Yield 5.65 g (67%), white solid.

Mp.: 185.5-186 °C

[0]o?°: 56.6 (c 0.66, ChCl,).

'H NMR (300 MHz, CDC}): 7.94-7.82 (m, 2 H), 7.80-7.67 (m, 2 H), 7.50& (&n, 6 H),
4.81 (bs, 1 H), 3.83 (bs, 1 H), 3.52-3.25 (m, ZH%8 (bs, 1 H), 2.27 (bs, 1 H), 2.12-1.90 (m,
2 H), 1.87-1.65 (m, 3 H), 1.19 (s, 3 H), 0.98 ($4)3

13C NMR (75 MHz, CDC#): 5 135.9, 134.6, 134.2, 132.9, 132.0, 131.7, 131.1 £d8.7 Hz),
130.4 (d,J = 8.7 Hz), 129.5 (dJ = 11.0 Hz), 129.1 (d] = 11.0 Hz), 89.0, 65.4 (d,= 12.0
Hz), 46.1, 41.5 (d) = 3.8 Hz), 40.0 (d) = 55.0 Hz), 39.5, 29.4, 29.0, 28.7, 28.5, 27.0321
3P NMR (81 MHz, CDCH): 539.1.

IR (KBr, cmi): V 3370 (bs), 2882 (s), 1437 (s), 1162 (s), 720 @0, (8), 538 (vs), 1117 (m).
MS (El, 70 eV)m/z (%): 155 (19), 201 (68), 202 (100), 203 (76), 483), 293 (22), 335
(29), 336 (28).

HRMS: calcd. 354.1749 (GH270.P), found:355.1825 [M+H].

Synthesis of (1S,2S,3S,5R)[3-(Diphenylphosphanyl)-6,6-dimethyl-bicyclo[3.1.]hept-2-
yl]-methanol-borane complex(53).
OH

PPh,:BH;

Prepared from compourts? (3.54 g, 10 mmol) according to tAd°6. Yield 3.34 g (95%),
white viscous foam.

[a]p®® +86.8 (c 1.15, ChCly).

'H NMR (300 MHz, CDCY): 7.82-7.72 (m, 2 H), 7.61-7.52 (m, 2 H), 7.41Z(@n, 3 H),
7.27-7.18 (m, 3 H), 3.55-3.35 (m, 2 H), 2.61 (b${)12.17-2.00 (m, 2 H), 1.94-1.77 (m, 2 H),
1.43-0.99 (m, 4 H), 1.12 (s, 3 H), 0.95 (s, 3 H).

13C NMR (75 MHz, CDC}): 5 132.8 (d,J = 8.8 Hz), 132.3 (dJ = 8.8 Hz), 131.8, 131.6,
131.1, 129.3 (d) = 4.7 Hz), 129.2 (d] = 4.7 Hz), 128.8, 71.1 (d,= 5.6 Hz), 48.5, 48.4, 41.1,
38.1, 33.8, 33.3, 32.5, 27.4, 24.1.

3P NMR (81 MHz, CDC}): 8 21.0 (bs).

IR (KBr, cmi'): V 3434 (s, bs), 2932 (s), 2387 (m), 1437 (s), 1485, (1070 (vs), 1027 (s),
740 (m), 695 (vs).

MS (El, 70 eV)m/z(%): 40 (48), 108 (55), 183 (100), 185 (41), 188)( 213 (80), 267 (85).
HRMS: calcd. 352.2127 (5H3002P), found:351.2047 ([M-HJ).

Synthesis of (5,2S,3S,5R)-3-(diphenylphosphino)-6,6-dimethylbicyclo[3.1.1]ept-2-yl]-
methyl}(diphenyl)-phosphine bis-borane complex (54)
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PPhZ:BH3

PPhZ:BHg

Bis-phosphine boran®4 was synthesized from3 (1.76 g, 5 mmol) according to the Typical
ProcedureTP7. The residue after the solvent evaporation waskipidissolved in of ether
(25 mL). In some minutes, crystallization of th@guct started, after 12 h the crystals were
filtered off, washed with small amount of ether asied in vacuo Yield 1.28 g (48%),
colorless crystals.

Mp.: 195.5-196 °C.

[a]o®® -47.3 (c 0.69, ChLCl,).

'H NMR (300 MHz, CDC}): & 7.90-7.80 (m, 2H), 7.62-7.53 (m, 2H), 7.52-7.44 @Hl),
7.33-7.09 (m, 10H), 7.10-6.98 (m, 2H), 6.86-6.73 @AH), 3.58-3.35 (m, 1H), 3.13-2.81 (m,
2H), 2.25-2.00 (m, 1H), 1.99-1.86 (m, 1H), 1.77, (bd), 1.64 (bs, 1H), 1.20 (d,= 10.3 Hz),
1.09 (s, 1H), 0.87 (s, 3H), 0.71(s, 1H), 0.503().

13C NMR (75 MHz, CDC}): 5 133.5 (dJ = 9.4 Hz), 133.0, 132.9, 132.8, 132.7, 132.1,831.
131.7, 131.6, 131.3, 131.0, 130.9-130.7 (m), 136, = 10.3 Hz), 129.9 (dJ = 9.7 Hz),
129.5, 129.1, 129.0, 128.2, 44.2, 40.7)¢, 8.5 Hz), 39.1, 37.4, 29.0, 28.5, 27.9, 27.5, 27.2
23.0.

3P NMR (81 MHz, CDC}): & 17.4 (bs), 19.0 (bs).

IR (KBr, cmi): Vv 2919 (m), 2383 (s), 2401 (s), 1437 (s), 1106 (H0F4 (m), 739 (s), 698
(vs), 500 (m).

MS (El, 70 eV)m/z(%): 183 (24), 185 (14), 262 (10), 429 (100), 430), 519 (17).

HRMS: calcd. 534.2948034H4.B,P,), found:534.2926.

Synthesis of (5,2S,3S,5R)-3-(diphenylphosphino)-6,6-dimethylbicyclo[3.1.1]lept-2-yl]-
methyl}(diphenyl)-phosphine (51).

PPh,

PPh,

Bis-phosphine borang4 (535 mg, 1 mmol) was deprotected to furntshaccording to the
Typical Procedurd@ P8 (heating at 105 °C for 2 h). Yield 487 mg (96%asgy foam.

[a]o>® 4.0 (c 0.75, CKCLy).

'H NMR (300 MHz, CDC}): & 7.55-7.47 (m, 2H), 7.45-7.35 (m, 2H), 7.33-7.23 @Hl),
7.22-7.10 (m, 10H), 7.10-7.00 (m, 2H), 6.84-6.74 BH), 3.22 (tJ = 9.1 Hz, 1H), 2.65 (J

= 13.1 Hz, 1H), 2.54-2.40 (m, 2H), 2.32-2.21 (m)12114-2.03 (m, 1H), 1.82-1.71 (m, 1H),
1.69-1.58 (m, 1H), 1.28 (d,= 9.8 Hz, 1H), 1.08 (s, 3H), 1.04 (s, 3H).

3C NMR (75 MHz, CDC}): 8 138.8 (d,J = 12.9 Hz), 137.9 (d] =12.6 Hz), 137.1 (d] =
13.5 Hz), 136.7 (d] = 14.7 Hz), 133.3 (d] = 20.8 Hz), 132.1, 131.8, 131.6, 128.1-126.7 (m),
43.6 (d,J = 13.5 Hz), 40.1, 38.6-38.3 (m), 38.2, 30.3-29.2, (#7.1-26.6 (m), 26.6 (d] =
31.7 Hz), 22.2.

3P NMR (81 MHz, CDC4): & 15.7 (dJ = 3.2 Hz), -16.3 (d,J = 3.2 Hz).

IR (KBr, cmi'): V 2929 (vs), 2854 (m), 2371 (w), 1448 (w), 1064 (w).
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MS (El, 70 eV)m/z(%): 201 (29), 262 (24), 276 (20), 321 (21), 420Q), 430 (29).
HRMS: calcd. 506.2292054H36P>), found:506.2288.

Synthesis of [LS,2S,3S,5R)-3-(dicyclohexylphosphinoyl)-6,6-dimethyl-bicycloB.1.1]hept-
2-yll-methanol (55).

HO

i)

@

According to the Typical Procedufié?9, compoundb2 (2.83 g, 8 mmol) was reduced into
the cyclohexyl addud@5. Yield 2.87 g (98%), white solid.

Mp.: 164-165°C

[a]p®® 12.9 (c 1.35, CbLCly).

'H NMR (300 MHz, CDC}): 8 6.05 (bs, 1H), 3.92 (bs, 1H), 3.66-3.48 (m, 1H)032.78 (m,
1H), 2.59 (bs, 1H), 2.31-1.05 (m, 36H), 0.94 (s).3H

13C NMR (75 MHz, CDC}):  65.8, 46.3, 42.7, 39.7, 39.1, 37.8, 37.0, 35.68,328.3, 27.3,
27.2-24.9 (m), 20.5.

3P NMR (81 MHz, CDC4): 5 62.0

IR (KBr, cm™): V 3436 (m, bs), 2929 (vs), 2854 (m), 2371 (w), 1448 1064 (w).

MS (El, 70 eV)m/z (%): 214 (45), 241 (30), 267 (31), 335 (22), 282)( 336 (100), 337
(33).

HRMS: calcd. 366.26880,,H40P0,), found:367.2767([M+H]).

Synthesis of [1LS,2S,3S,5R)-3-(dicyclohexylphosphoryl)-6,6-dimethylbicyclo[31.1]hept-
2-yllmethanol borane complex (56).

R

~

BH,

Prepared from compournsb (2.58 g, 7 mmol) according to thEP6. Yield 2.40 g (94%),
white viscous foam.

[a]p®® 2.6 (c 0.91, CKCLy).

'H NMR (300 MHz, CDC)): & 4.01-3.92 (m, 1H), 3.80-3.70 (m, 1H), 3.00-2.8Q (Hi),
2.55-2.37 (m, 1H), 2.31-1.06 (m, 33H), 1.01 (s, .3H)

3C NMR (75 MHz, CDC}): 6 63.3, 49.3, 43.5, 41.3, 40.0, 37.1, 33.2, 32.84,328.8, 28.0,
27.7,27.2-27.0 (m), 25.2, 21.3, 21.0, 20.4.

3P NMR (81 MHz, CDC4): 8 17.2 (bs).

IR (KBr, cm™): V 3435 (s, bs), 2930 (vs), 2380 (m), 1634 (w, b4%91(m), 1070 (m).

MS (El, 70 eV)m/z(%): 117 (31), 170 (35), 198 (47), 225 (35), 239)( 319 (49), 333 (58),
334 (53), 361 (100), 377 (77).

HRMS: calcd. 364.30660Q::H4:BOP), found:363.3014([M-H] ).

Synthesis of 1S,25,3S,5R)-dicyclohexyl{(2-[(diphenyl-phosphino)-methyl]-6,6
dimethylbicyclo-[3.1.1]hept-3-yl}phosphinebis-borane complex (57).
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Pth:BH3

Pcyz:BHg

Bis-phosphine boran®&7 was synthesized fro®6 (1.83 g, 5 mmol) according to the Typical
Procedure TP7. The residue after evaporation of the filtrate wadsssolved in
dichloromethane (10 mL). Methanol (50 mL) was added the solution was concentrated on
rotary evaporator to a half volume and left at 0OA@er 12 h, the precipitate was filtered off,
washed with small amount of ether and diregtacuo Yield 1.20 g (44%), colorless crystals.
Mp.: 204-205°C (dec.).

[a]o®® 14.4 (c 0.73, ChLCly).

'H NMR (300 MHz, CDC}): 5 7.98-7.88 (m, 2H), 7.68-7.58 (m, 2H), 7.51-7.42 @H),
7.35-7.23 (m, 3H), 3.68-3.42 (m, 1H), 3.09-2.91 (Hi), 2.43-2.14 (m, 4H), 1.91-0.57 (m,
31H), 0.53-0.29 (m, 1H).

%C NMR (75 MHz, CDC}): 5 132.7 (d,J = 8.3Hz), 131.9, 131.2, 131.1, 130.4, 129.9)(d,
9.6 Hz), 129.7, 129.0, 129.0 (@ 9.6 Hz), 44.8, 41.0, 39.3, 37.4, 34.7J¢; 32.0 Hz), 32.7
(d,J=32.0 Hz), 28.2-25.8 (m), 23.4, 22.0-21.3 (m).

3P NMR (81 MHz, CDCH4): & 16.8 (bs), 28.7 (bs).

IR (KBr, cmi): V 2930 (vs), 2853 (m), 2378 (s), 1437 (m), 1070, BB (m), 695 (m)

MS (El, 70 eV)m/z(%):183 (7), 435 (100), 436 (27), 530 (14), 532)(4632 (19).

HRMS: calcd. 546.8887034Hs4B2P,), found:531.3467 ([M-BH]").

Synthesis of 1S,2S,3S,5R)-dicyclohexyl{(2-[(diphenyl-phosphino)-methyl]-6,6
dimethylbicyclo-[3.1.1]hept-3-yl}phosphine (58).

PPh,

Pcyz

Bis-phosphine boranB7 (550 mg, 1 mmol) was deprotected5® according to the Typical
Procedurd P8 (heating at 105 °C for 2 h). Yield 497 mg (96%3cwous foam.

[a]o®® 4.5 (c 0.93, ChLCL,).

'H NMR (300 MHz, CDC}): & 7.64-7.52 (m, 2H), 7.47-7.35 (m, 2H), 7.35-7.21, @hi),
7.20-7.10 (m, 3H), 3.40-3.20 (m, 1H), 2.60-2.23 @hl), 2.22-2.08 (m, 1H), 1.98-1.81 (m,
1H), 1.80-0.46 (m, 32H).

3¢ NMR (75 MHz, CDC}): 5 138.8 (d,J = 12.3 Hz), 137.4 (dJ = 13.8 Hz), 133.3 (d] =
20.8 Hz), 131.7 (d) = 18.8 Hz), 128.2-126.8 (m), 43.4 (0= 12.3 Hz), 40.8-39.7 (m), 38.0,
32.8-32.1 (m), 29.7 (d] = 17.6 Hz), 29.0 (dJ = 12.3 Hz), 28.9-28.4 (m), 28.0 (@~ 10.3
Hz), 27.1, 27.0-26.0 (m), 25.4 @z 17.0 Hz).

3P NMR (81 MHz, CDC}): & 8-3.4 (s), -17.4 (s).

IR (KBr, cmi®): V 2923 (vs), 2849 (s), 1447 (m), 1434 (m), 1262 (b@96 (m), 1027 (m),
738 (s), 696 (s).

MS (El, 70 eV)m/z(%): 41(5), 55 (7), 183 (6), 185 (5), 435 (1006426), 437 (4), 451 (8).
HRMS: calcd. 518.3231(54H4sP,), found:518.3222.
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Synthesis of 1S,2R,3S,5R)-2-(diphenyl-phosphinoylmethyl)-6,6-dimethyl-bicydo[3.1.1]-
heptan-3-ol (59).
_/P(O)th

4-Dimethylaminopyridine (10.2 g, 84 mmol) was plddato a 250 mL Schlenk-flask and
dissolved under argon in dry toluene (100 mLlyanspinocarveol 47) (12,7 g, 84 mmol)
was added, mixture cooled to —30 °C, and at tingpeFature diphenyl chlorophosphine (15.2
mL, 84 mmol) was added dropwise in 5 min. The nmixtwas allowed to reach ambient
temperature and heated at 80 °C for 4%#® NMR showed complete rearrangement
(diphenylphosphinite: 126 ppm, diphenylphosphinédex 29 ppm). The hot mixture was
filtered through a pad of Celite and the filter eakashed with toluene. The filtrate was
concentrated to about 70 mL and borane-dimethyldeutomplex (12 mL, 120 mmol) was
added carefully. The solution was heated at 500t fh, cooled down and carefully poured
into a 1 L Erlenmeyer flask with methanol (70 mAjter 4 h, the solution was evaporated
vacuo and the residue redissolved in dichloromethane f@). m-Chloroperbenzoic acid
(70%, 25 g, 106 mmol) was dissolved separatelyichldromethane (200 mL), the solution
was dried over MgSPand placed into 0.5 L 2-necked flask with a drogpiunnel and a
thermometer. The flask was immersed into acetogeedr cooling bath, and the solution of
the hydroborated adduct was added slowly so tleateimperature did not exceed 15 °C. After
the completion of the addition, the mixture wasretl for 1 h and filtered. The filtrate was
stirred with the solution of of N&,Os (80 g in 200 mL) HO for 10 min, the layers separated
and the organic phase washed twice with 2 M NaO®B0 (hL), then with saturated brine,
dried and evaporated. The semi-solid residue wiaedt24 h with ether (200 mL), the
precipitate was filtered off, washed with ether aigd in vacuo. Yield 18.4 g (62%), white
solid.

Mp.: 200-200.5°C.

[a]p®® —4.2 (c 0.75, CHG).

'H NMR (300 MHz, CDCY): & 7.71-7.63 (m, 4H), 7.50-7.36 (m, 6H), 5.56 (bs),14434-
4.24 (m, 1H), 3.64 (bs, 1H), 2.56-2.38 (m, 2H),2213 (m, 2H), 1.94-1.86 (m, 1H), 1.14 (s,
3H), 0.99 (s, 1H), 0.96 (s, 1H), 0.91 (s, 3H).

%C NMR (75 MHz, CDC}): 8 134.6, 133.2, 132.7, 132.4-132.3 (m), 131.5J(¢,9.2 Hz),
130.8 (d,J = 9.2 Hz), 129.3 (m), 129.1 (m), 70.2, 51.3J¢& 14.4 Hz), 48.3, 41.8, 38.7, 38.0
(d,J=69.2 Hz), 37.0, 34.5, 27.9, 24.2.

3P NMR (81 MHz, CDC}): & 36.0.

IR (KBr, cm): V 3351 (bs), 1438 (s), 1173 (vs), 1120 (s), 740, 45 (S).

MS (El, 70 eV)m/z(%): 155 (20), 201 (78), 202 (100), 215 (32), 831).

HRMS: calcd. 354.17490,,H250,P), found:355.1809 ([M+H]).

Synthesis of {[(R,59)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-ylimethyl}diphenyl)-
phosphine oxide (48).

P(O)Ph,
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The synthesis and the rearrangement of diphenyjtioise 47awas performed as described
for the synthesis d&9 using one-tenth of the amounts of the reagents.mixture after the
rearrangement reaction was filtered and the solwistevaporateth vacuo The residue was
purified by column chromatography (@El,-Et,O 1:1). White highly hygroscopic solid, yield
2.06 g (73%).

Mp.: 50-52°C.

[0]o?% -10.1 (c 0.85, ChCl,).

'H NMR (300 MHz, CDC}): & 7.73-7.63 (m, 4H), 7.43-7.30 (m, 6H), 5.30-5.25 (),
3.07-2.95 (m, 2H), 2.15-2.02 (m, 2H), 1.90-1.82 (H), 1.08 (s, 3H), 0.86 (s, 1H), 0.83 (s,
1H), 0.62 (s, 3H).

¥C NMR (75 MHz, CDC}): 5138.6 (d,J = 11.0 Hz), 134.5 (dJ = 28.2 Hz), 133.2 (d] =
28.2 Hz), 131.8, 131.4, 131.3, 131.2, 128.9-128\% (22.3 (d,J = 11.0 Hz), 47.4, 40.5, 39.8,
38.9, 38.4, 31.9 (dl = 9.1 Hz), 26.5, 21.4.134.6, 133.2, 132.7, 13833 (m), 131.5 (d) =
9.2 Hz), 130.8 (dJ = 9.2 Hz), 129.3 (m), 129.1 (m), 70.2, 51.3Jd& 14.4 Hz), 48.3, 41.8,
38.7, 38.0 (dJ = 68.8 Hz), 37.0, 34.5, 27.9, 24.2.

3P NMR (81 MHz, CDCH}): 6 29.4

IR (KBr, cmil): V 2984 (s), 2914 (s), 1437 (s), 1194 (vs), 1119735, (m), 719 (s), 696 (s),
533 (m).

MS (El, 70 eV)m/z(%): 155 (20), 201 (78), 202 (100), 215 (32), 8317).

HRMS: calcd. 336.16430,,H»50P), found:336.1660.

Synthesis of 1S,2R,3S,5R)-2-(diphenyl-phosphanylmethyl)-6,6-dimethyl-bicycb[3.1.1]-
heptan-3-ol borane complex (60).

/PphzﬂBH3

Prepared from compourtsP (3.36 g, 10 mmol) according to tAd°6. Yield 3,37 g (96%),
white solid.

Mp.: 107-107.5°C.

[a]p®® 13.0 (c 0.75, ChLCly).

'H NMR (300 MHz, CDCY): & 7.78-7.62 (m, 4H), 7.56-7.40 (m, 6H), 4.20-4.16, (bH),
2.70-2.40 (m, 1H), 2.48 (bs, 1H), 2.33-2.20 (m, ,2HY3 (s, 1H), 1.86 (s, 1H), 1.79 (s, 1H),
1.75 (s, 1H), 1.17 (s, 3H), 1.15 (s, 1H), 1.111{4), 0.96 (s, 3H).

3C NMR (75 MHz, CDC}): 5132.8 (d,J = 8.8 Hz), 132.3 (dJ = 8.8 Hz), 131.8, 131.6,
131.1, 129.3 (d) = 4.7 Hz), 129.2 (d] = 4.7 Hz), 128.8, 71.1 (d,= 5.6 Hz), 48.5, 48.4, 41.1,
38.1, 33.8, 33.3, 32.5, 27.4, 24.1. 38.6)(d,11.3 Hz).

3P NMR (81 MHz, CDC}): & 15.4 (bs).

IR (KBr, cm'): V 3432 (bs), 3255 (bs), 2922 (s), 2386 (s), 143§, (W05 (m), 1062 (m),
1031 (m), 736 (vs), 691 (s).

MS (El, 70 eV)m/z (%): 108 (16), 183 (34), 185 (17), 186 (11), 199Q), 200 (82), 338
(11).

HRMS: calcd. 352.21270,,H30BOP), found:351.2051 ([M-H]).

Synthesis of 1S,2R,3R,5R3-Diphenylphosphanyl-2-[(diphenylphosphanyl)-metkyl]-6,6-
dimethyl-bicyclo[3.1.1]heptanebis-borane complex (61).
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/Pth:BH3

\@V‘\\\PphzﬂBHg

Bis-phosphine boran@l was synthesized fro®0 (1.76 g, 5 mmol) according to the Typical
ProcedureTP7. The residue after the solvent evaporation waskdpidissolved in of ether
(25 mL). In some minutes, crystallization of th@guct started, after 12 h the crystals were
filtered off, washed with small amount of ether ahgkdin vacuo Yield 1.47 g (55%), white
crystals.

Mp.: 195-196°C.

[a]o®® 17.9 (c 0.48, ChLCly).

'H NMR (300 MHz, CDC}): & 7.93-7.79 (m, 2H), 7.71-7.50 (m, 4H), 7.47-7.21, @Hi),
7.22-7.00 (m, 4H), 6.90-6.77 (m, 2H), 3.70-3.45 (Hl), 3.26 (bs, 1H), 3.10-2.85 (m, 1H),
2.16-1.90 (m, 1H), 1.80-0.73 (m, 6H), 0.91(s, 3HRB7 (s, 3H).

3C NMR (75 MHz, CDC}): 5131.5, 131.4, 131.2, 131.1, 130.7, 130.4, 130.0,0.&,J =
8.8 Hz), 129.8, 129.6 (m), 129.4, 129.3, 129.3,.22929.0, 128.8, 128.5 (d,= 9.4 Hz),
128.1, 127.6 (d) = 10.0 Hz), 127.3 (d] = 10.0 Hz), 44.5, 38.9, 37.2, 33.9, 32.7, 28.1227
(d,J=10.6 Hz), 26.8 (d) = 10.6 Hz), 25.6 (d]) = 8.5 Hz), 19.9.

3P NMR (81 MHz, CDC}): & 17.5 (bs), 19.0 (bs).

IR (KBr, cm®): V 2919 (w), 2401 (s), 2383 (s), 1436 (s), 1106 (bdB4 (m), 739 (s), 698
(vs), 500 (m).

MS (El, 70 eV)m/z(%): 183 (24), 185 (14), 262 (11), 429 (100), 430), 519 (17).

HRMS: calcd. 534.2948034H,42B2P>), found:534.2953.

Synthesis of 1S,2R,3R,5R3-Diphenylphosphanyl-2-[(diphenylphosphanyl)-metkyl]-6,6-
dimethyl-bicyclo[3.1.1]heptane (49).

_PPh,

\@“\\\Pphz

Compound49 was obtained frond1 (535 mg, 1 mmol) according to the Typical Procedure
TP8. Yield 481 mg (95%), colorless, very viscous foam.

[a]p®® 19.8 (c 1.25, ChLCly).

'H NMR (300 MHz, CDC}): & 7.49-7.36 (m, 4H), 7.25-7.00 (m, 16H), 6.85-6./#8 @H),
3.24-3.10 (m, 1H), 2.53-2.37 (m, 3H), 2.36-2.32 (rHl), 2.10-2.00 (m, 1H), 1.76 (bs, 1H),
1.58-1.40 (m, 2H), 1.27 (d,= 10.1 Hz, 1H), 1.10 (s, 3H), 0.91 (s, 3H).

%C NMR (75 MHz, CDC}): $139.3 (d,J = 14.1 Hz), 138.2 (dJ = 11.8 Hz), 137.4 (d] =
13.5 Hz), 137.0 (dJ = 14.7 Hz), 133.4 (d] = 20.8 Hz), 132.1 (d] = 19.4Hz), 131.4 (d] =
18.5 Hz), 127.9-127.0 (m), 124.3, 45.3Jd; 14.4 Hz), 40.1, 37.2, 35.1-34.8 (m), 31.7Jd,
17.0 Hz), 29.8-29.3 (m), 27.2-27.0 (m), 26.6, 2@0.0.

%P NMR (81 MHz, CDCH4): 8 -15.6 (dJ = 3.4 Hz), -16.2 (dJ = 3.4 Hz).

IR (KBr, cmi™): V 2912 (s), 1479 (w), 1433 (s), 696 (s), 741 (V48 Bn).

MS (El, 70 eV)m/z(%): 183 (25), 185 (11), 262 (9), 429 (100), 431).

HRMS: calcd. 506.229205,Hs3¢P,), found:506.2288
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Synthesis of 1S,2R,3S,5R)-2-[(dicyclohexylphosphinoyl)methyl]-6,6-dimethyllicyclo-
[3.1.1]heptan-3-ol (62).

_/ P (O) Cy2

According to the Typical Procedufid?9, compounds9 (2.83 g, 8 mmol) was hydrogenated
over Ni into adducl9.Yield 2.87 g (98%), white solid.

Mp.: 160-161°C.

[a]o>® -20.8 (c 0.85, ChLCl,).

'H NMR (300 MHz, CDCY): 8 5.94 (s, 1H), 4.05 (bs, 1H), 2.49-2.19 (m, 3HD821.54 (m,
17H), 1.52-1.06 (m, 14H), 1.16 (s, 3H), 0.90 (s).3H

¥C NMR (75 MHz, CDC}): 570.9, 51.0, 50.2, 42.9, 39.8, 38.7, 38.1, 37. 0 14.7 Hz),
36.8, 35.2, 31.7 (0} = 57.5 Hz), 28.9, 28.3-26.7 (m), 26.3, 25.3.

%P NMR (81 MHz, CDC}): & 61.0.

IR (KBr, cmi): V 3435 (m, bs), 3231 (m, bs), 2927 (vs), 2854 (4501(m), 1147 (s), 1028
(m).

MS (El, 70 eV)m/z(%): 39 (6), 55 (10), 146 (9), 214 (18), 268 @3 (100), 324 (23).
HRMS: calcd. 366.26880,:H3sP0,), found:367.2728 ([M+H]).

Synthesis of {S,2R,3S,5R)-2-[(dicyclohexylphosphoryl)methyl]-6,6-dimethylbicyclo-
[3.1.1]-heptan-3-ol-borane complex (63).

_/PCyz:BH3

Prepared from phosphine oxid2 (2.56 g, 7 mmol) according to thEP6. Yield 2.37 ¢
(93%), white solid.

Mp.: 103-104°C

[a]p®® -13.6 (c 1.03, ChLCly).

'H NMR (300 MHz, CDC}): & 4.01-3.92 (m, 1H), 2.50-2.08 (m, 4H), 1.97-1.47, (raH),
1.42-1.05 (m, 18H), 0.84 (s, 3H).

3C NMR (75 MHz, CDC}): 569.4, 47.7, 47.4, 39.7, 36.5 @= 24.3 Hz), 32.1-30.3 (m),
26.6-24.3 (m), 22.8.

3P NMR (81 MHz, CDCH#): 8 34.0 (bs).
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IR (KBr, cm): V 3435 (m, bs), 1435 (vs, bs), 2915 (m, bs), 1637&), 1435 (m), 1183 (w,
bs), 695 (s).

MS (El, 70 eV)m/z(%): 55 (33), 130 (76), 131 (47), 212 (100), 28a)( 323 (27), 350 (31).
HRMS: calcd. 364.30660,,H4,BOP), found:363.2978(M-H] ).

Synthesis of {S,2R,3R,5R)-dicyclohexyl{[3-(diphenylphosphino)-6,6-dimethylbcyclo-
[3.1.1]hept-2-ylimethyl}phosphine bis-borane compbe (64).

_/PcyzﬂBHg,

@9\\\Pph2:BH3

Prepared from compoungB (1.82 g, 5 mmol) according to theP7. Yield 1.31 g (48%),
white solid.

Mp.: 228-229 °C.

[0]o?% 206.6 (C 0.49, CECLy).

'H NMR (300 MHz, CDC}): & 7.79-7.69 (m, 4H), 7.48-7.37 (m, 6H), 3.29-3.0Q @H),
2.60-2.45 (m, 1H), 2.28-2.08 (m, 2H), 2.07-1.79 @Hl), 1.78-1.56 (m, 6H), 1.55-1.05 (m,
18H), 1.02 (s, 3H), 1.00 (s, 3H).

3C NMR (75 MHz, CDC}): 5132.5 (d,J = 9.4 Hz), 132.2, 132.0 (d, = 8.8 Hz), 131.5,
131.2, 131.0, 130.3, 129.1 (@ 10.0 Hz), 128.9 (d] = 10.0 Hz), 46.9, 40.8, 38.4, 35.9, 34.6
(d,J=30.8 Hz), 33.9 (d) = 27.8 Hz), 30.2, 29.7, 29.4, 29.2, 28.8, 28.62m), 26.4 (d,) =
22.0 Hz), 24.6-24.0 (m), 21.5.

3P NMR (81 MHz, CDCH4): & 16.0 (bs), 33.5 (bs).

IR (KBr, cm®): V 2930 (vs), 2852 (m), 2380 (s), 1436 (m), 1069 (K6 (W), 742 (w), 695
(m).

MS (El, 70 eV)m/z(%): 185 (5), 435 (100), 436 (33), 531 (25), 59 (

HRMS: calcd. 546.3887034H54B2P,), found:531.3499 ([M-BH]").

Synthesis of {S,2R,3R,5R)-dicyclohexyl{[3-(diphenylphosphino)-6,6-dimethylbcyclo-
[3.1.1]hept-2-ylimethyl}phosphine (65).

_/PCyz

\@-‘\\\Pphz

Prepared from compoung4 (550 mg, 1 mmol) according to thEP8. Heating time 12 h.
Yield 492 mg (95%), viscous foam.

[a]p?® 26.5 (C 1.8, ChCLy).

'H NMR (300 MHz, CDC}): & 7.42-7.32 (m, 4H), 7.26-7.17 (m, 6H), 2.73-2.6Q @H),
2.49-2.20 (m, 7H), 2.07-1.37 (m, 16H), 1.29-0.98 {1BH), 0.94 (s, 3H).

¥C NMR (75 MHz, CDC}): 5138.4 (d,J = 11.5 Hz), 137.8 (dJ = 14.1 Hz), 132.4 (d] =
19.1 Hz), 131.8 (dJ = 18.2 Hz), 127.5, 127.4-126.8 (m), 55.5, 52.43480.4, 39.9, 37.2,
36.4, 32.7-30.3 (m), 29.6, 29.3, 28.2, 27.7, 2B82m), 25.5 (dJ = 23.8 Hz), 24.4-23.7 (m),
20.3.
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3P NMR (81 MHz, CDC4): & -3.8 (s), -17.5(s).

IR (KBr, cmi): V 2921 (vs), 2850 (s), 1446 (m), 1433 (m), 737 @86 (s), 511 (w).
MS (El, 70 eV)m/z(%): 41(6), 55 (8), 183 (6), 185 (5), 435 (1006425).

HRMS: calcd. 518.3231(54H4sP,), found:518.3240.

14. Syntheses of new chiral diphosphines with cyclopentane
scaffold

o
Into a 2 L Erlenmeyer flask was placed £ (400 mL), 35% HO, (180 mL), pyrazole
(10.0 g) and CEReG; (25 mg). Cyclopentene was added (100 mL), th& fleas immersed
in a cold water bath and the contents were vigdyostared. After each 1.5 h, new 25 mg
portions of CHRe(O; were added, overall 125 mg. The mixture was stioeernight, layers
separated and the organic phase was stirred with (B0 mL) and Mn®@ (200 mg) for 3 h.
The organic layer was separated, dried ,8@), filtered and fractionated at a normal

pressure using a 40-cm Vigreux column. Cyclopentexide was obtained as colourless
liquid, purity >98% by GC antH NMR, yield 75 g (83%), bp 102-105 °C.

Synthesis of cyclopentene oxide.

Synthesis of racemidrans-2-diphenylphosphinoylmethyl-cyclopentanol (ac-67).

H
Q/\P(O)th

In a 250 mL Schlenk-flask, MeP(O)P{6.50 g, 30 mmol) was dissolved in dry THF (80 mL)
The solution was cooled to 0 °C amdBuLi in hexanes (23 mL of 1.4 M solution, 32 mmol,
1.07 equiv) was slowly added. The mixture was wartoeRT and stirred for 3 h. Cooled to 0
°C and cyclopentene oxide (3.40 mL, 37.5 mmol, E86iv) was added. The mixture was
again allowed to warm to RT and stirred for 40Hen quenched with sat. N&I (20 mL)
with solid NH,CI (5 g) added. The organic phase was dried, eadpdin vacuq redissolved
in ether (150 mL) and concentrated to a half-volukiger 72 h of stirring, white precipitate
was filtered off, washed with small amount of ethad dried in vacuo. Yield 7.11 g (79%),
white solid.

Mp.: 132-133 °C.

'H NMR (300 MHz, CDC}): 8 7.72-7.62 (m, 4H), 7.45-7.20 (m, 6H), 5.72 (s, 1391-3.84
(m, 1H), 2.52-2.44 (m, 1H), 2.52-2.12 (m, 1H), 21098 (m, 2H), 1.95-1.75 (m, 4H), 1.56-
1.50 (m, 1H).

3C NMR (75 MHz, CDC}): & 134.2, 133.9, 132.9, 132.5-132.3 (m), 131.6, 13131.2,
130.9, 129.2, 129.1, 79.1, 43.3, 35.2Jd,74.3 Hz), 34.0, 33.7, 21.8.

%P NMR (81 MHz, CDCH}): & 39.1.

IR (KBr, cmi): V 3375 (s), 2961 (m), 1436 (s), 1159 (vs), 112178}, (vs), 544 (vs).

MS (El, 70 eV)m/z(%): 301 (25), 216 (22), 215 (41), 202 (100), 201), 155 (13).

HRMS: calcd. 300.1279 (gH210,P), found: 301.1363 ([M+H).

..||o
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Synthesis of §)-trans-2-diphenylphosphinoylmethyl-cyclopentanol (67).

H

@/\P(O)th

Racemic67 (4.5 g, 15 mmol) was dissolved in dry toluene 15 and vinyl acetate (8.3 mL,
6 equiv) was added followed by the immobilized d#pdromPseudomonas cepaci&luka
PS-D, immobilized on ceramic particles, 250 mg)e Thixture was stirred at 45 °C for 24 h,
filtered and evaporated. The volatiles were remamedicuo The oily residue was dissolved
in ether and stirred for 36 h. The precipitate Wiléesred off and recrystallized (dioxane-ether).
Yield 1.8 g (40%), 98.1%e

ile)

HPLC (Chiralcel OD-H,n-heptana/PrOH 90/10, 0.6 mL/min):R)-enantiomer 17.9 min,
(9-enantiomer 19.9 min.

Mp.: 133-134 °C.

[a]o®® + 26 (c 0.9, CHCI,)

The spectral data are identical to those from dlcemiccompound.

Synthesis of §)-trans-2-(diphenylphosphanylmethyl)-cyclopentanol-borane complex
(68).

H

O/\PPhZ:BH3

Prepared from phospine oxi6& (2.10 g, 7 mmol) according to tié6. Yield 2.02 g (97%),
viscous foam.

ile)

[@]p®® + 17.5(c 0.45, CHCI,)

'H NMR (300 MHz, CDC}): & 7.63-7.57 (m, 4H), 7.38-7.17 (m, 6H), 3.79-3.74 (thi),
2.49-2.43 (m, 1H), 2.19-2.07 (m, 2H), 1.83-1.75 &H), 1.51-1.39 (m, 3H).

3C NMR (75 MHz, CDC}): $132.1, 131.3-131.1 (m), 130.9, 130.2, 129.3-128)) (28.6,
128.4, 127.9-127.7 (m), 124.3, 78.8, 42.5, 32.55,398.9 (d,) = 30.9 Hz), 20.4.

%P NMR (81 MHz, CDC#): 8 15.3 (bs).

IR (KBr, cmi): V 3391 (m), 2960 (s), 2383 (vs), 1436 (vs), 1106, (1861 (vs), 737 (S).
MS (El, 70 eV)m/z(%): 284 (21), 200 (79), 199 (100), 185 (15), {88), 108 (13).

HRMS: calcd. 298.1658J;sH,,BOP), found: 298.1670.

Synthesis of {(R,2R)-[2-(diphenylphosphanylmethyl)-cyclopentyl]-(diphenyl)phosphine-
bis-borane complex (69).

PthﬂBHg

Pth:BHg
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Prepared from alcohd8 (1.49 g, 5 mmol) according to tid7. Yield 1.61 g (67%), white
crystalline solid.

Mp.: 147-148 °C.

[a]o®® + 11.3(c 0.75, CHCL,)

'H NMR (300 MHz, CDC}): & 7.72-7.64 (m, 2H), 7.48-7.43 (m, 4H), 7.26-7.15 (tfH),
7.02-6.95 (m, 4H), 3.01-2.80 (m, 1H), 2.60-2.42 (hl), 2.32-2.10 (m, 2H), 1.88-1.65 (m,
1H), 1.57-1.16 (m, 5H).

13C NMR (75 MHz, CDC}): 5132.9-132.7 (m), 132.5, 132.4, 132.0, 131.9, 1313.,.6-
131.5 (m), 131.3, 131.0, 130.8, 129.6-129.5 (m®.Q228.9 (m), 40.0 (d] = 45.0 Hz), 38.5,
33.2,28.0, 27.4 (A} = 22.7 Hz), 24.4, 15.7.

3P NMR (81 MHz, CDC}): 8 15.9 (bs).

IR (KBr, cmi): V 3436 (m), 2390 (vs), 1436 (s), 1105 (m), 1063 (139 (s), 694 (s), 505
(m).

MS (El, 70 eV)m/z(%): 465 (18), 376 (26), 375 (100), 185 (12), 133), 108 (18).

HRMS: calcd. 480.247&:(30H3582P2), found: 480.2456.

Synthesis of (R,2R)-[2-(diphenylphosphanylmethyl)-cyclopentyl]-(diphenyl)phosphine
(PCPP, 1).

BPh; ppp,

o

Prepared from compoun@9 (500 mg, 1.04 mmol) according to tA&>8. Yield 445 mg
(95%), white solid. The analytical data corresptmthose given in the literatuf@.

Mp.: 83-85 °C.

[a]o?% +111(c 0.67, PhMe).

'H NMR (300 MHz, CDCY):  7.56-7.17 (m, 20H), 2.77-2.56 (m, 2H), 2.26-2.68 (H),
2.01-1.53 (m, 7H).

3¢ NMR (75 MHz, CDC}): 5139.1, 138.2, 137.0, 135.0, 134.6, 134.3, 133.8,8:228.2
(m), 53.0, 44.2 (d) = 39.5 Hz), 35.5 (d) = 29.1 Hz), 34.8, 30.3, 26.6.

Synthesis of §)-trans-2-(phenylthiomethyl)-cyclopentanol (70).

Into a 2 L 3-necked flask, immersed into an iceaevaboling bath, was placed DABCO (51
g, 0.45 mol), thioanisole (56 g, 0.45 mol) and @K+ (800 mL). The mixture was cooled to
0 °C andn-BuLi in hexanes (1.6 M, 280 mL, 0.45 mol) was dpadded. The mixture was
stirred 3 h at 0 °C, and cyclopentene oxide (40 45 mol) was added within 10 min.
Stirred at 0 °C for 24 h and quenched with sat,@®IH300 mL). The organic phase was
separated, the aqueous extracted with ether (150 esombined organic phases were washed
with sat. brine, dried (MgS£p and concentratech vacuo To the oily residue, vinyl acetate
(75 mL, excess), pentane (200 mL) and the lipas® €andida antarcticdNovozym 435®,
200 mg, immobilized on ceramics) were added. Theture was shaken at RT for 22 h,
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filtered and concentratdd vacuo The residue was dissolved in THF (150 mL) anddaye
(25 mL), and succinic anhydride (30 g, 0.3 mol) vemkled. Stirred for 24 h, volatiles
removedin vacuo and the residue was diluted with ether (200 mLhisTsolution was
vigorously stirred for 30 min with aq. solution WHCO; (70 g in 200 mL HO). The aqueous
phase was washed twice with ether (2x100 mL), adyeécidified with conc. HCI to pH 1
and extracted with ether (3x100 mL). The organiasghwere reextracted with aq. KOH (100
mL of 2.5 M solution) and the aqueous phase waedti6 h at RT. The separated oil was
extracted with ether (3x100 mL), org. phase washid water, brine, dried (MgS£p and
evaporatedn vacuoto furnish the product as pale yellow oil. Yield.2 g (28%), >99.5%e
HPLC (Chiralcel AD, n-heptang/PrOH 95/5, 0.5 mL/min):R)-enantiomer 28.3 min §-
enantiomer 26.5 min.

[a]o®® +121(c 0.82, CHCL,)

'H NMR (300 MHz, CDCJ): & 7.41-7.20 (m, 5H), 4.03-3.93 (m, 1H), 3.00-2.88 @h),
2.14-1.85 (m, 3H), 1.91-1.52 (m, 3H), 1.48-1.28 {id).

13C NMR (75 MHz, CDC}): 5 136.7, 136.1, 129.6, 129.3, 126.4, 78.9, 47.5, 383, 30.6,
22.1.

IR (KBr, cmi): V 3368 (s), 2956 (s), 1480 (s), 1438 (m), 1090 {#8R (vs), 691 (S).

MS (El, 70 eV)m/z(%): 208 (40), 123 (14), 110 (100), 98 (73), 98)(1

HRMS: calcd. 208.09220;,H,509), found: 208.0936.

Synthesis of §)-trans-1-(methoxymethyl)-2-(phenylthiomethyl)-cyclopentae (71).

Alcohol 70 (10.4 g, 50 mmol) was dissolved in dimethoxymeth@®® mL), Amberlyst 15®
(1 g) was added, the mixture was stirred at RT2#rh, then filtered and concentrated
vacua The product was obtained in quantitative yield.¢lg, 100%) as a pale yellow oil.
[0]0?% +67 (c 0.90, CHCI,)

'H NMR (300 MHz, CDC)): & 7.20-7.05 (m, 5H), 4.63-4.57 (m, 2H), 3.97-3.92 (Hl),
3.18 (s, 3H), 3.10-3.04 (m, 1H), 2.96-2.90 (m, 1RI16-2.07 (m, 1H), 2.07-1.92 (m, 2H),
1.90-1.78 (m, 3H), 1.50-1.32 (m, 1H).

13C NMR (75 MHz, CDC}): 137.3, 129.4, 129.2, 129.1, 129.0, 95.8, 83526,545.6, 37.8,
32.3, 30.0, 22.6.

IR (KBr, cmi): V 2948 (w), 1480 (w), 1438 (w), 1147 (m), 1034 ()5 (m), 736 (s), 689
(s).

MS (El, 70 eV)m/z(%): 252 (11), 190 (30), 123 (30), 110 (15), 83)(45 (100), 41 (13).
HRMS: calcd. 252.11840;4H,00,S), found: 252.1161.

Synthesis of §)-trans-2-(iodomethyl)-cyclopentane (72).

N

MeO
d\l
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Acetal 71 (44.0 g, 175 mmol) was mixed in a stainless stegbclave with Mel (65 mL, 6
equiv.), 3 g of Cu powder and 3 g Ca&-@he mixture was stirred at 120 °C for 36 h and
filtered through a pad of Celite. The volatile puots were removed under reduced pressure,
the residue redissolved in dimethoxymethane (400, inberlyst 15® (5 g) was added, and
the mixture was stirred at RT. After 24 h, it walsefed and concentrateid vacuo The
remained oil was subjected to column chromatographysilica (200 g). Thioanisol was
removed by washing with pentane, and product wateelwith pentane-ether (1:1). The
eluate was concentrated and distiliediacuq yielding72 asa yellowishliquid (35.0 g, 74%)
with >98% purity by GC.

Bp.: 69-72 °C (0.9 mbar).

[0]o?% +49(c 0.90, CHCI,).

'H NMR (300 MHz, CDC}): 5 4.58 (s, 2H), 3.95-3.87 (m, 1H), 3.30 (s, 3H),133325 (m,
1H), 3.18-3.13 (m, 1H), 2.07-1.95 (m, 1H), 1.9441(&, 3H), 1.70-1.57 (m, 3H), 1.45-1.28
(m, 1H).

13C NMR (75 MHz, CDC}): 595.5, 82.8, 55.3, 47.7, 32.0, 30.7, 21.7, 11.4.

IR (KBr, cmi'): V 2953 (15), 111 (35), 93 (31), 85 (20), 81 (24).

MS (El, 70 eV)m/z(%): 209 (15), 111 (35), 93 (31), 85 (20), 81 (24)

HRMS: calcd. 270.0117CgH15105), found: 270.0122.

Synthesis of §)-trans-2-(diphenylphosphanylmethyl)-cyclopentanol-boraneomplex (68)
from 72.

H

O/\PPhZ:BH3

Into a 25 mL Schlenk-flask under argon was place& 5 mL), cooled to -78 °C aneBulLi

in pentane (3.2 mL of 1.3 M solution, 4.2 mmol, 2d4uiv) was added. To this solution,
iodide 72 (540 mg, 2 mmol) in THF (2 mL) was slowly added & °C. After 10 min at this
temperature, BRCI (660 mg, 3 mmol, 1.5 equiv.) in THF (2 mL) wadded. The mixture
was allowed to reach RT and BMe,S (0.5 mL, 5 mmol) was added. The mixture was
separated between ether (25 mL) and satQNKR5 mL), the aqueous phase was reextracted
with ether, combined organic phases were washddwater and concentrated in vacuo. The
residue was redissolved in MeOH (5 mL) and concl (3GnL) was added. After 12 h at RT,
the mixture was carefully neutralized with solidS&;, diluted with water and extracted
with ether (3x25 mL), the organic phase was dried @vaporated. The residue was purified
by chromatography (pentane-ether 1:1). Compdiwas obtained as a white solid, 393 mg
(66%). The analytical data are identical to thasenfthe previously synthesized substance.
[a]p>® +16.3(C 0.45, CHCL,).

'H NMR (300 MHz, CDC}): & 7.63-7.57 (m, 4H), 7.38-7.17 (m, 6H), 3.79-3.74 (thi),
2.49-2.43 (m, 1H), 2.19-2.07 (m, 2H), 1.83-1.75 &H), 1.51-1.39 (m, 3H).

3C NMR (75 MHz, CDC}): $132.1, 131.3-131.1 (m), 130.9, 130.2, 129.3-128)) (28.6,
128.4,127.9-127.7 (m), 124.3, 78.8, 42.5, 32.5%,388.9 (dJ = 30.7 Hz), 20.4.

..||O

Synthesis of 3-(diphenylphosphinoyl)cyclopentanon@4).
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A mixture of cyclopentenone (10.0 g, 122 mmol), tacacid (10 mL, 175 mmol) and
molecular sieves 4A (2 g) was stirred for 1 h at Rffe mixture was cooled in an ice bath and
PhPCI (22.5 mL, 120 mmol) was added slowly with gatidring. The mixture was stirred
for 2 h at RT, quenched with water (100 mL) andraoted with CHCI, (4x50 mL). The
organic phase was washed with sat. NakQ@®@ed and concentrated in vacuo to furiigras

a viscous oil (32.2 g, 96% vyield). The analyticaltal corresponds to those given in the
literature®™

'H NMR (300 MHz, CDC}J): & 7.80-7.70 (m, 4H), 7.54-7.42 (m, 6H), 3.08-3.0Q (th),
2.58 (m, 1H), 2.45-2.38 (m, 1H), 2.32-2.21 (m, 2Ri19 (dd,J;= 18.1 Hz,J, = 8.5 Hz, 1H),
2.03-1.95 (m, 1H).

¥C NMR (75 MHz, CDC}): 5216.5 (d,J = 13.3 Hz), 132.0, 131.6, 131.2, 130.8, 130.5,
128.9, 38.1, 37.8, 35.3 (d~ 75.3 Hz), 22.7.

3P NMR (81 MHz, CDC}): & 30.2.

Synthesis of 3-(diphenylphosphinoyl)-methylenecygb@ntane (75).

Ho

P,

O

Into a 500 mL Schlenk-flask under argon was platgdTHF (180 mL), keton&4 (28.4 g,
100 mmol), Zn powder (48.0 g, 740 mmol, 7.4 equiar)d CpZrCl, (30.6 g, 105 mmol, 1.05
equiv.). Dibromoethan (0.7 mL) and §&CI (0.7 mL) were added to activate Zn, the migtur
was stirred for 1 h at RT and placed into a coobath. Diiodmethan (15.3 mL, 190 mmol,
1.9 equiv.) was added within 1 h with a good stgrand the stirring continued for 12 h at
RT. The mixture was filtered through Celite and slodids were washed with G8l,. To the
filtrate, MeOH was added (50 mL) and volatiles wesenoved in vacuo. The residue was
redissolved in CkCl, (300 mL) and washed consequently with 1 N HCI (4@0, 20% aq.
NH4OAc (3x100 mL), 2 N ag. Ng(100 mL), dried (Ng50Oy,) and evaporated. The brown
residue was purified by column chromatography dioas{EtOAci-PrOH 30:1). Compound
75 was obtained as white solid, yield 15.5 g (55%).

Mp.: 128-129 °C.

'H NMR (300 MHz, CDC}): & 7.75-7.65 (m, 4H), 7.46-7.35 (m, 6H), 4.80-4.76 @hl),
2.82-2.55 (m, 2H), 2.51-2.20 (m, 3H), 2.07-1.86 (i), 1.75-1.60 (m, 1H).

13C NMR (75 MHz, CDC}): 5 150.7, 134.1, 134.0, 132.7, 132.0, 131.2, 1296,5, 38.7 (d,
J=71.0 Hz), 33.4, 33.3, 26.6.

%P NMR (81 MHz, CDCH4): & 33.9.
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IR (KBr, cmi'): Vv 3053 (m), 1437 (s), 1180 (vs), 1120 (s), 72278}, (s), 552 (vs), 540 (vs).
MS (El, 70 eV)m/z(%): 282 (10), 203 (13), 202 (100), 201 (20), 15B).
HRMS: calcd. 282.1174(;gH,00P), found: 282.1169.

Synthesis of [3-(hydroxymethyl)-cyclopentyl](diphegl)phosphine oxide (racemiccis
and trans-mixture, 76+77).

Prepared from compourib (3.38 g, 12 mmol) according to tAé>5. The reaction mixture
was heated for 3 h at 50 °C. The mixtureisf andtrans-alcohols (85:15 ratio) was obtained
as a white solid, 2.77 g (77% yield).

Mp.: 116-119 °C.

3P NMR (81 MHz, CDC)): & 36.43 €isdisomer), 36.33tfansisomer).

The spectral data of the main stereoisomer ardia#io those given below for enantiopure
7.

Synthesis of [3-(carboxy)-cyclopentyl](diphenyl)phsphine oxide (racemiccis- and trans-
mixture, 78+78a).

HO

The mixture of alcoholg6 and 77, obtained in the previous step (2.30 g, 7.67 m@©Gl
(15 mL) and CHCN (15 mL) were placed in a 100 mL flask and Ru@b mg, 1 mol%) was
added. Separately,sHDs (3.5 g, 15.3 mmol, 2 equiv.) was dissolved gOH15 mL) and this
solution was added at a rate about 0.2 mL/min edfitist solution with vigorous stirring, until
the dark-green colour of the mixture changed t@mipting orange. The mixture was stirred
for 6 h more and concentratedvacuoto remove the organic solvents. The precipitats wa
filtered and washed with cold water. The solid wedissolved in mixture C}Cl,-MeOH (50
mL, 9:1), the solution was dried overnight ¢S&y) and evaporated almost to dryness. The
residue was stirred 1 h in ether (100 mL), filteaed driedn vacuo A sample of the product
was recrystallized from acetonitrile. Accordingth® NMR data, this substance contains five
molecules of HO per one molecule of the acid. White solid, yi@lé3 g (pentahydrate,
85%), a mixture o€is- andtransisomers (85:15).

Mp.: 219-220 °C (decomp.)

3P NMR (81 MHz, CDC}): & 38.40 (major), 38.05 (minor).

IR (KBr, cmi'): V 2921 (w), 1714 (m), 1144 (vs), 1120 (s), 1097 (125 (m), 698 (vs).
HRMS: calcd. 314.10720;gH1903P), found: 314.1047.
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Synthesis of enantiopurecis-(3-diphenylphosphinoyl)-cyclopentanecarboxylic ad (R)-
2,2’-dihydroxy-1,1’-binaphthyl ester (79).

o LI
Ph,P(Q) 0
Rg®

In dry CHCI, (150 mL) was dissolved78 (pentahydrate, 9.0 g, 22 mmol),
dicyclohexylcarbodiimide (DCC, 6.8 g, 33 mmol, leguiv.), 4-dimethylaminopyridine
(DMAP, 3.7 g, 30 mmol, 1.36 equiv.) anB){BINOL (8.0 g, 28 mmol, 1.27 equiv.). The
mixture was stirred for 14 h at RT, filtered ane tholids were washed with GEl,. The
filtrate was concentratemh vacuoand the residue chromatographed on silica (adeteii
Yield 4.35 g (34%), pale yellow solid.

Mp.: 139-140 °C.

[a]o>® -483(c 0.40, CHCL)

'H NMR (300 MHz, CDC¥): & 8.05-7.90 (m, 2H), 7.80-7.05 (m, 22H), 2.85-2.67, @H),
2.65-2.53 (m, 1H), 2.15-1.83 (m, 3H), 1.72-1.54 ).

13C NMR (75 MHz, CDC}): 5132.3-132.1 (m), 131.5, 131.3, 131.2-129.9 (m),.2:229.0
(m), 128.5, 128.2, 127.1, 126.7, 126.1, 125.3,3,2822.3, 119.4, 44.7 (d,= 14.7 Hz), 38.3
(d,J=72.3 Hz), 29.9, 29.7, 26.5.

%P NMR (81 MHz, CDC}): & 35.1.

IR (KBr, cmi®): V 3430 (s), 1753 (s), 1437 (s), 1166 (vs), 1212, (/P2 (vs), 748 (m), 723
(m), 698 (m), 537 (m).

MS (El, 70 eV)m/z (%): 298 (19), 297 (100), 286 (45), 269 (42), 288), 229 (36), 202
(42), 201 (64), 77 (11).

HRMS: calcd. 582.1960035H3:04P), found: 582.1979.

Synthesis of enantiopurecis-[3-(hydroxymethyl)-cyclopentyl](diphenyl)phosphine oxide

(77).
Ho/\Q

P,

.

Solution of lithium pyrrolidinoborohydride (0.8 MiiTHF-hexane) was prepared frerBulLli

and borane-pyrrolidine complex according to therditure procedur®. To this solution (30
mL, 24 mmol, 3.5 equiv.) in a 100 mL Schlenk-flagkder argon was added the solution of
ester79 (4.0 g, 6.9 mmol) in THF (15 mL). The slolution svatirred for 24 h, MeOH was
added (5 mL) and the mixture was carefully newtesi with 6 N HCI to slightly acidic
reaction. Organic solvents were remowedacuoand the residue was extracted several times
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with CH,Cl,. The extracts were dried (p&0;), evaporated and the residual oil
chromatographed on silica (gradient MeOH in,CHfrom 50:1 to 5:1). Compound7 was
obtained as a white solid, yield 1.86 g (90%), 5%8ee

Chiral HPLC (Chiralcel AD,n-heptanatPrOH 75/25, 0.6 mL/min): the obtained enantiomer:
12.9 min, the second enantiomer: 17.9 min.

Mp.: 135-136 °C.

[a]p>® +56 (c 0.90, ChCly)

'H NMR (300 MHz, CDC}): & 7.70-7.63 (m, 4H), 7.41-7.20 (m, 6H), 3.72 (bs),1BI55-
3.38 (m, 2H), 2.82-2.63 (m, 1H), 2.29-2.08 (m, 14)5-1.35 (m, 6H).

13C NMR (75 MHz, CDC}): 134.0, 132.8, 131.9 (m), 131.3, 131.2 (m), 13029.1, 128.9,
128.4, 127.0, 66.3, 43.0, 37.5 (&5 74.5 Hz), 30.6, 29.8, 26.1.

3P NMR (81 MHz, CDC}): & 36.4.

IR (KBr, cm™): V 3331 (w), 2932 (w), 1438 (w), 1167 (m), 1119 (@94 (m), 698 (vs).

MS (El, 70 eV)m/z(%): 270(15), 269 (27), 229 (39), 203 (16), 20QQ), 201 (39), 155 (13).
HRMS: calcd. 300.12790;gH,10,P), found: 300.1269.

Synthesis of cis-[3-(hydroxymethyl)-cyclopentyl](diphenyl)phosphineborane complex

(80).
: "P:BH;

Prepared from phosphine oxid@ (2.10 g, 7 mmol) according to tA€>6. The chemical shift
of the unprotected phosphine -2.4 ppm (PhMe, uddgkyield 2.00 g (96%), viscous foam.
[a]p®® +44(c 1.1, CHCL,)

'H NMR (300 MHz, CDC)): & 7.74-7.60 (m, 4H), 7.50-7.28 (m, 6H), 3.58-3.4Q @Hl),
3.00-2.82 (m, 1H), 2.27-2.05 (m, 1H), 1.92-1.60 4id), 1.57-1.30 (m, 2H).

3C NMR (75 MHz, CDCh): 5132.5,132.4, 132.3 (m), 131.0 (m), 128.7, 128.6, 66.4243
32.7 (d,J=36.2 Hz), 30.6, 28.5, 26.1.

3P NMR (81 MHz, CDC}): & 23.5 (bs).

IR (KBr, cmi): V 3345 (w), 2378 (m), 1436 (s), 1106 (s), 105978F (vs), 660 (vs).

MS (El, 70 eV)m/z(%): 284 (77), 267 (22), 213 (14), 187 (19), 186Q), 183 (55), 109 (15),
108 (69).

HRMS: calcd. 298.16580;gH,,BOP), found: 297.1553 ([M-H)).

HO

Synthesis of enantiopure cis-[3-(diphenylphosphanylmethyl)-cyclopentyl](dipheny)-
phosphinebis-borane complex (81).

Ph
R:BH;
_R:BHj Ph

AU

Ph

Prepared from alcoho80 (1.49 g, 5 mmol) according to th&P7. The product was
recrystallized from ether. Yield 1.32 g (55%), vehirrystalline solid.
Mp.: 196-197 °C.
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[0]o?% +8.4(c 0.60, CHCI,)

'H NMR (300 MHz, CDC}): 8 7.78-7.34 (m, 20H), 2.87-2.80 (m, 1H), 2.37Jd 7.3 Hz,
2H), 1.90-1.65 (m, 2H), 1.32-1.17 (m, 5H).

3¢ NMR (75 MHz, CDC}): 5133.2 (d,J = 9.6 Hz), 132.6, 132.5, 132.3-132.0 (m), 131.9,
131.4, 131.1 (ddJ); = 5.9 Hz,J, = 3.0 Hz), 130.9, 130.7, 130.6, 130.1, 130.0, 92929.6,
129.5, 129.3, 129.0, 128.7-128.5 (m), 36.3 (m)2332.5 (d,J = 38.0 Hz), 31.0 (d) = 36.1
Hz), 26.7 (dJ = 3.7 Hz), 23.6.

3P NMR (81 MHz, CDC}): & 18.3 (bs).

IR (KBr, cmi): V 2416 (s), 2350 (vs), 1436 (vs) 1105 (m), 1056 @8 (s), 692 (vs).

MS (El, 70 eV)m/z(%): 465 (33), 375 (42), 268 (18), 267 (100), {83), 183 (27).

HRMS: calcd. 480.2478030H36B2P>), found: 480.2501.

Synthesis of enantiopure cis-[3-(diphenylphosphanylmethyl)-cyclopentyl](dipheny)-

phosphine (66).
_Ph
(O\P\

R Ph
N\
Ph Ph

Prepared by the deprotection bfs-phosphine-borangl (480 mg, 1 mmol) according to the
TP8. Yield 425 mg (94%), viscous foam.

[a]o®® + 6.0(c, 0.62 CHCI,)

'H NMR (300 MHz, CDC¥): & 7.38-7.30 (m, 8H), 7.26-7.21 (m, 12H), 2.56-2.47, (LH),
2.12-2.03 (m, 2H), 1.95-1.79 (m, 3H), 1.80-1.68 (rhl), 1.63-1.50 (m, 1H), 1.42-1.33 (m,
1H), 1.25-1.10 (m, 1H).

13C NMR (75 MHz, CDC#): 139.5, 138.8, 138.7, 133.2-133.0 (m), 132.8,.83228.6-128.1
(m), 40.2 (dJ = 21.0 Hz), 38.7, 35.7, 35.0, 34.3, 30.1J¢, 23.0 Hz).

3P NMR (81 MHz, CDCH4): 8 -4.4 (s), -20.3 (5).

IR (KBr, cmi'): V 2955 (m), 1477 (m), 1431 (s), 732 (S), 694 (vs).

HRMS: calcd. 452.1821:(30H30P2), found: 452.1818.

15. Syntheses of arylsilanes from aryl triflates.

Synthesis of dimethylnaphthalen-2-yl-phenylsilanegdb).

“/llSiMezF’h

Prepared from 2-naphthyl triflate (221 mg, 0.8 mnamicording to th&P10. Reaction time 1
h, purification by chromatography (Sir-pentane). Yield 184 mg (88%), colourless oil.

'H NMR (300 MHz, CDCY): 8 7.82 (s, 1H), 7.63-7.58 (m, 3H), 7.40-7.34 (m, 3HP9-7.24
(m, 2H), 7.19-7.13 (m, 3H), 0.43 (s, 6H).

3C NMR (75 MHz, CDC}): 5 140.6, 138.0, 137.2, 136.6, 136.1, 135.2, 132.7,53.30.4,
130.2, 130.0, 129.4, 128.7, 128.2, -1.5.
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IR (KBr, cmi): V 3051 (m), 2956 (m), 1428 (m), 1248 (m), 1113 (@86 (m), 856 (s), 806
(vs), 777 (s), 700 (s).

MS (El, 70 eV)m/z(%): 262 (12) [M], 247 (100), 215 (5), 169 (7).

HRMS: calcd. 262.117§C;gH15Si), found:262.1154.

Synthesis of (7-methoxynaphthalen-2-yl)dimethylpheyisilane (86).

Meo\“/llSiMezF’h

Prepared from 7-methoxy-2-naphthyl triflate (245,08 mmol) according to th&P10.
Reaction time 1 h, purification by chromatograp8y(, n-pentane-CkCl, = 2:1). Yield 166
mg (71%), colourless oil.

'H NMR (300 MHz, CDCY): 8 7.84 (s, 1H), 7.65 (d] = 8.0 Hz, 1H), 7.62 (dJ = 8.0 Hz,

1H), 7.50-7.46 (m, 2H), 7.37 (d,= 8.0 Hz, 1H), 7.30-7.24 (m, 3H), 7.09-7.03 (m,) 28182

(s, 3H), 0.54 (s, 6H).

¥C NMR (75 MHz, CDC}): 5 160.0, 140.6, 138.5, 136.6, 136.3, 136.0, 131.6,413.30.6,

130.1, 129.1, 121.6, 108.2, 57.6, -1.9.

IR (KBr, cmi): V 3067 (w), 2955 (m), 1627 (m), 1505 (m), 1393 (D54 (s), 1214 (vs),
1089 (m), 1032 (m), 812 (s), 833 (vs), 700 (m).

MS (El, 70 eV)m/z(%): 292 (47) [M], 277 (100), 234 (9), 215 (4), 138 (7).

HRMS: calcd. 292.1283C;9H200Si), found:292.1254.

Synthesis of biphenyl-4-yl-dimethylphenylsilan€87).

Prepared from 4-biphenylyl triflate (242 mg, 0.8 oijraccording to th&P10. Reaction time

3 h, purification by chromatography (Sih-pentane-ChCl, = 9:1). Yield 184 mg (80%),
white solid.

Mp.: 55.5-57.0 °C.

'H NMR (300 MHz, CDC)): 6 7.57-7.52 (m, 9H), 7.37-7.32 (m, 5H), 0.56 (s, 6H).

13C NMR (75 MHz, CDCH): 5 144.2, 143.4, 140.5, 139.3, 137.0, 136.5, 131.5,11,3.30.2,

129.7,129.5, 128.9, -2.7.

IR (KBr, cmi®): V 3049 (w), 2955 (w), 1428 (m), 1249 (m), 1115 899 (s), 814 (vs), 731
(m), 698 (s).

MS (El, 70 eV)m/z(%): 430 (1) [M], 288 (20), 273 (100).

HRMS: calcd. 288.1334(C,oH20Si), found:288.1336.
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Synthesis of (4-methoxyphenyl)dimethylphenylsilanés8).

MeO@SiMezPh

Prepared from 4-methoxyphenyl triflate (205 mg, @u®ol) according to th&P10. Reaction

time 3 h, purification by chromatography (Sj@-pentane-ChHCIl, = 4:1). Yield 124 mg

(64%), colourless oil.

'H NMR (300 MHz, CDCY): & 7.45-7.42 (m, 2H), 7.36 (dl = 8.8 Hz, 2H), 7.29-7.24 (m,
3H), 6.83 (dJ = 8.8 Hz, 2H), 3.73 (s, 3H), 0.45 (s, 6H).

¥C NMR (75 MHz, CDCH): 5 162.7, 140.9, 137.8, 136.3, 131.2, 130.0, 115.8,52.0.

IR (KBr, cmi): V 3050 (w), 2956 (m), 1594 (vs), 1503 (s), 1428 (879 (vs), 1249 (vs),
1182 (s), 1112 (vs), 1033 (m), 818 (vs), 774 (O {m).

MS (El, 70 eV)m/z(%): 242 (10) [M], 227 (100), 184 (2).

HRMS: calcd. 242.1127(Cy5H150Si), found:242.1117.

Synthesis of benzo[1,3]dioxol-5-yl-dimethylphenyl&ane (89).

(O

Prepared from 3,4-methylenedioxyphenyl triflateg2ig, 0.8 mmol) according to tAd>10.
Reaction time 6 h, purification by chromatograp8y(, n-pentane-CkCl, = 4:1). Yield 130
mg (63%), colourless oll.

'H NMR (300 MHz, CDC}): & 7.45-7.40 (m, 2H), 7.30-7.25 (m, 3H), 6.92 Jd; 7.5 Hz,
1H), 6.88 (s, 1H), 6.75 (d,= 7.5, 1H), 5.84 (s, 2H), 0.44 (s, 6H).

¥C NMR (75 MHz, CDC}): 5150.7, 149.6, 140.5, 136.3, 133.4, 131.3, 130.6,0,3123.8,
115.7,110.8, 102.7, -2.0.

IR (KBr, cm®): V 3068 (m), 2956 (m), 1502 (m), 1483 (vs), 1417 (2233 (vs), 1111 (m),
1059 (m), 1041 (s), 804 (s), 701 (m).

MS (El, 70 eV)m/z(%): 241 (100), 211 (4), 120 (4).

HRMS: calcd. 256.0920(C15H160,Si), found:256.0911.

Synthesis of dimethylphenyl-(3-trifluoromethylpheny)silane (90).

FsC

GSiMezPh
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Prepared from 3-trifluoromethylphenyl triflate (283%g, 0.8 mmol) according to thEP10.
Reaction time 1 h, purification by chromatograp®y®, n-pentane). Yield 120 mg (54%),
colourless oil.

'H NMR (300 MHz, CDC}): 8 7.69 (s, 1H), 7.60 (d] = 7.5 Hz, 1H), 7.53 (dJ = 7.5 Hz,
1H), 7.46-7.42 (m, 2H), 7.38 @,= 7.5 Hz, 1H), 7.33-7.28 (m, 3H), 0.51 (s, 6H).

%C NMR (75 MHz, CDC}): 5142.4, 140.1, 139.6, 136.7, 132.9 (g= 565 Hz), 132.4,
132.0, 130.8, 130.6 (d,= 52 Hz), 128.4, 126.2 (d,= 13.5 Hz), 125.1, -2.6.

IR (KBr, cmi®): V 3070 (w), 2959 (w), 1429 (m), 1326 (vs), 1252 ()66 (s), 1119 (vs),
1074 (s), 839 (m), 776 (m), 701 (m).

MS (EI, 70 eV)m/z(%): 280 (0.8) [M], 265 (100), 184 (4).

HRMS: calcd. 280.0895(C;sH:sF5Si), found:280.0870.

Synthesis of dimethylphenyl-(4-carbethoxyphenyl)siine (91).

Et02C4©78|Me2Ph

Prepared from 4-carboethoxyphenyl triflate (238 @3 mmol) according to th&P10.
Reaction time 1 h, purification by chromatograpBy(, n-pentane-ChCl, 3:2). Yield 160
mg (71%), pale yellow oil.

'H NMR (300 MHz, CDCY): 6 7.78 (d,J = 8.3 Hz, 2H), 7.37 (d] = 8.3 Hz, 2H), 7.31-7.27
(m, 2H), 7.16-7.11 (m, 3H), 4.16 (4,= 7.1 Hz, 2H), 1.17 (1) = 7.1 Hz, 3H), 0.36 (s, 6H).
3¢ NMR (75 MHz, CDC}): 5169.3, 147.1, 140.0, 136.7, 133.5, 131.9, 131.0,5,3%3.5,

16.9, -4.7.

IR (KBr, cmiY): Vv 3070 (w), 2959 (m), 1717 (vs), 1389 (m), 1279 ,(d)13 (m), 1094 (s),
833 (s), 815 (s), 780 (m), 700 (m).

MS (El, 70 eV)m/z(%): 283 (8)[M-H "], 269 (100), 241 (20), 135 (4).

HRMS: calcd. 283.1154(C;7/H140,Si), found:283.1127.

Synthesis of 5-(dimethylphenylsilanyl)-2-methylbenathiazole (92).

N SiMe,Ph
e
S

Prepared from 2-methyl-5-(trifluoromethanesulforxyliibenzothiazole (238 mg, 0.8 mmol)
according to thdP10. Reaction time 8 h, purification by chromatogragByO,, n-pentane-
CH.Cl, 2:1). Yield 160 mg (71%), pale yellow oil.

'H NMR (300 MHz, CDCY): 58.00 (s, 1H), 7.67 (dl = 8.0 Hz, 1H), 7.44-7.40 (m, 2H), 7.32
(d,J=8.0 Hz, 1H), 7.24-7.20 (m, 3H), 2.69 (s, 3HRA(S, 6H).

13 NMR (75 MHz, CDC}): 5169.0, 155.4, 140.2, 139.0, 138.3, 136.5, 132.3,5,3.30.6,
130.2, 123.3, 22.4, -2.7.

IR (KBr, cmil): ¥ 3067 (w), 2955 (m), 1525 (m), 1427 (m), 1248 (70 (m), 1113 (s),
1053 (s), 833 (vs), 814 (vs), 732(m), 701 (m).
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MS (EI, 70 eV)m/z(%): 283 (16) [M], 268 (100), 135 (6).
HRMS: calcd. 283.0851(C16H17NSS), found:283.0826.

Synthesis of 2-(dimethylphenylsilanyl)quinoling93).

A
=
N~ SiMe,Ph

Prepared from 2-(trifluoromethanesulfonyloxy)quinel (222 mg, 0.8 mmol) according to the
TP10. Reaction time 8 h, purification by chromatograghi,Os, n-pentane-ether 9:1). Yield
150 mg (72%), yellowish oil.

'H NMR (300 MHz, CDC}): 58.00 (d,J = 8.4 Hz, 1H), 7.80 (d] = 8.4 Hz, 1H), 7.55 (d] =
7.9 Hz, 1H), 7.52-7.40 (m, 2H), 7.33-7.28 (m, 2AH)8-7.14 (m, 4H), 0.51 (s, 6H).

13C NMR (75 MHz, CDC#): 136.9, 135.7, 132.6, 131.8, 131.5, 130.4, 130.8,213129.9,
129.0, 128.3, -3.1.

IR (KBr, cm®): V 3068 (w), 2956 (w), 1428 (m), 1249 (m), 1114 (829 (vs), 808 (vs),
779 (s), 700 (m).

MS (El, 70 eV)m/z(%): 262 (100) [M-H], 248 (20), 232 (12), 170 (6).

HRMS: calcd. 263.1130 (GH17/NSi), found: 262.1051 [M-H.

Synthesis of 2,7-bis(dimethylphenylsilanyl)naphthane (94).

PhMe,Si- I I _SiMe,Ph

Prepared from 2,7-naphthyl bitriflate (167 mg, @nol) according to th@P10. Reaction
time 3 h, purification by chromatography (Sid-pentane-ChHCIl, = 10:1). Yield 103 mg
(65%), colourless oil.

'H NMR (300 MHz, CDCY): 8 7.81 (s, 2H), 7.57 (d] = 8.4 Hz, 2H), 7.38 (dJ = 8.4 Hz,
2H), 7.31-7.33 (m, 4H), 7.16-7.19 (m, 6H), 0.421(2H).

¥C NMR (75 MHz, CDC}): 5140.6, 138.1, 137.5, 136.6, 135.8, 134.7, 133.3,5,3.30.2,
129.2, -1.9.

IR (KBr, cmi): V 3047 (w), 2955 (w), 1428 (m), 1249 (m), 1112 (&095 (m), 832 (vs),
811 (vs), 730 (m), 700 (m), 472 (m).

MS (El, 70 eV)m/z(%): 396 (36) [M], 381 (100), 183 (20), 135 (41).

HRMS: calcd. 396.1730(Cz6H2sSin), found:396.1702.

Synthesis of 4,4'-bis-(dimethylphenylsilanyl)biphewl (95).

PhMeZSiSiMezPh

172



Prepared from 4,4’-biphenyl bitriflate according(lmg, 0.4 mmol) to th&P10. Reaction
time 24 h, purification by chromatography (3j®@-pentane-ChCl, = 9:1). Yield 108 mg
(64%), white solid.

Mp.: 37.0-39.5 °C.

'H NMR (300 MHz, CDC}): & 7.59-7.54 (m, 12H), 7.39-7.36 (m, 6H), 0.59 (L2

13C NMR (75 MHz, CDC}): 5144.1, 140.5, 139.5, 137.0, 136.5, 131.5, 130.8,9,22.3.
IR (KBr, cmi): V 3065 (W), 2955 (W), 1594 (m), 1427 (m), 1248 (ir)16 (vs), 833 (s), 813
(vs), 804 (vs), 777 (s), 732 (s), 512 (m).

MS (El, 70 eV)m/z(%): 422 (29) [M], 407 (100), 269 (7), 196 (30), 135 (31).

HRMS: calcd. 422.1886CygH30Sk), found:422.1918

Synthesis of 8-(dimethylphenylsilanyl)quinoling96).

PhMe,Si

Prepared from 8-(trifluoromethanesulfonyloxy)quinel (222 mg, 0.8 mmol) according to the
TP10. Reaction time 8 h, purification by chromatograpt8iO,, n-pentane-CHCI, 9:1).
Yield 158 mg (75%), yellow solid.

Mp.: 49.0-49.5 °C.

'H NMR (300 MHz, CDC4): 58.80 (dd,J = 7.6 Hz, 1.8 Hz, 1H), 8.01 (dd,= 8.3 Hz, 1.8
Hz, 1H), 7.72 (ddJ = 7.5 Hz, 1.8 Hz, 1H), 7.63-7.60 (m, 3H), 7.36,(dd& 7.8 Hz, 1.8 Hz,
1H), 7.29-7.24 (m, 4H), 0.68 (s, 6H).

3C NMR (75 MHz, CDC}): 8 154.0, 150.4, 141.3, 140.9, 139.4, 137.3, 136.0,71.3.30.0,
129.1, 128.9, 127.3, 122.1, -1.6.

IR (KBr, cmi'): V 3436 (w), 2953 (w), 1602 (m), 1489 (m), 1427 (4941 (m), 1111 (m),
848 (s), 790 (vs), 735 (s), 701 (s), 473(m).

MS (El, 70 eV)m/z(%): 263 (4) [M], 248 (100), 232 (5), 186 (22), 156 (5).

HRMS: calcd. 263.1130(Cy7H17NSi), found:263.1116.

Synthesis ofrac-2,2’-bis-(dimethylphenylsilyl)-1,1-binaphthyl (83).

OO SiMezPh

Prepared from 2,2’-bis-(trifluoromethanesulfonyl®y1’-binaphthyl (220 mg, 0.4 mmol)
according to th&P10. Reaction time 6 h, purification by chromatogragByO,, n-pentane-
CH.Cl; 5:1). Yield 160 mg (77%), yellow solid.

Mp.: 83-84 °C.

'H NMR (300 MHz, CDC)): §7.96-7.75 (m, 6H), 7.55-7.27 (m, 4H), 7.32-7.08 (8H),
0.07 (s, 6H), -0.08 (s, 6H).
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3C NMR (75 MHz, CDC}): d 145.4, 139.2, 138.6, 135.4, 133.7 (m), 133.5, 1,3B831.4,
128.6, 128.4, 127.9, 127.8, 127.6, 127.3, 126.8,7.2.26.6, 126.2, 125.8, 125.6, 125.0, -1.0,
-1.9.

IR (KBr, cm™): V 3045 (s), 1500 (w), 1427 (m), 1248 (m), 1113 (804 (s), 852 (s), 834
(vs), 701 (vs).

MS (El, 70 eV)m/z(%): 522 (22), 357 (31), 295 (56), 252 (33), 192)( 135 (100).

HRMS: calcd. 522.2199 (§H34Si,), found: 522.2212.

Synthesis of R)-2-hydroxy-2’-(dimethylphenylsilyl)-1,1-binaphthyl (97).

\OH

Prepared from 2-(trifluoromethanesulfonyloxy)-2-hyxly-1,1’-binaphthyl (167 mg, 0.4
mmol) according to th& P10 (with a double amount of the silylzinc reagent@aRtion time 6
h, purification by chromatography (Sih-pentane-ChkCl, 1:1). Yield 128 mg (79%), pale
yellow solid.

Chiral HPLC (Chiralcel OD n-heptanatPrOH 95/5, 0.5 mL/min):R)-enantiomer 14.3 min,
(S)-enantiomer 21.8 min.

Mp.: 142-143 °C.

[a]p?% -267(c 0.50, CHGJ)

'H NMR (300 MHz, CDCY): & 7.93-7.75 (m, 5H), 7.55-7.46 (m, 1H), 7.20-7.02 (r@H),
4.56 (s, 1H), 0.09 (s, 3H), 0.04 (s, 3H).

3C NMR (75 MHz, CDC}): 5135.7, 134.1, 132.0, 131.8, 130.7, 130.6, 130.08128),
129.6-129.5 (m), 128.9, 128.8, 128.5, 128.3, 12128,2, 125.2, 119.3, -0.5.

IR (KBr, cmi): V 3537 (s), 1620 (m), 1595 (m), 869 (m), 775 (V&) (5).

MS (El, 70 eV)m/z(%): 404 (43), 389 821), 326 (60), 311 (100), 833), 135 (50).

HRMS: calcd. 404.1596 (£H240S:i), found 404.1584.

Synthesis of 2-trimethylsilyl-7-methoxynaphthaleng86a).

Meo\“/llSiMe3

Prepared from 7-methoxy-2-naphthyl triflate (245,mMg8 mmol) according to th&P11
Reaction time 19 h, purification by chromatograg8iO,, n-pentane-ChkCl, = 6:1). Yield 96
mg (52%), colourless oil.

'H NMR (300 MHz, CDCJ): & 7.91-7.86 (m, 1H), 7.70-7.58 (m, 2H), 7.40-7.36 (th),
7.10-7.02 (m, 2H), 3.84 (s, 3H), 0.26 (s, 9H).

3C NMR (75 MHz, CDC}): 5157.7, 138.5, 132.6, 129.5, 129.3, 128.4, 127.8,412119.2,
105.9, 55.4, -1.4.

IR (KBr, cm): V 2954 (m), 1628 (m), 1253 (m), 1214 (s), 1089 (984 (m), 838 (vs).
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MS (EI, 70 eV)m/z(%): 230 (32), 216 (17), 215 (100), 185 (8), 18 (
HRMS: calcd. 230.1127CH150S}), found: 230.1102.

Synthesis of 8-(trimethylsilyl)quinoline (96b).

Messi

Prepared from 8-(trifluoromethanesulfonyloxy)quinel (222 mg, 0.8 mmol) according to the
TP11. Reaction time 19 h, purification by chromatognag®iO,, n-pentane-ChCl, 3:1).
Yield 114 mg (71%), pale yellow oil. The analytia#ta correspond to those given in the
literature*®

'H NMR (300 MHz, CDC}): 58.91 (dd,J; = 4.2 Hz,J, = 1.8 Hz, 1H), 8.11 (ddl; = 8.0 Hz,
J> = 1.8 Hz, 1H), 7.90-7.77 (m, 2H), 7.51Jt 7.2 Hz, 1H), 7.36 (q] = 4.0 Hz), 0.52 (s, 9H).
3C NMR (75 MHz, CDC}) 152.5, 148.7, 141.5, 135.8, 135.4, 128.7, 12625.6, 120.4, -
0.3.

MS (El, 70 eV)m/z(%): 200 (33), 186 (100), 170 (11), 156 (35).

Synthesis of (3-trifluoromethylphenyl)trimethylsilane (90b).

FsC

@Si’\ﬂe:g

Prepared from 3-trifluoromethylphenyl triflate (283, 0.8 mmol) according to thEP11
Reaction time 1 h, purification by chromatograp®y®, n-pentane). Yield 100 mg (57%),
colourless oil.

'H NMR (300 MHz, CDC)): & 7.66-7.62 (m, 2H), 7.52-7.47 (m, 1H), 7.40-7.34 (Hl),
0.23 (s, 9H).

3C NMR (75 MHz, CDC}): 5141.4 (m), 135.5, 131.1 (q, J = 15.2 Hz), 130.3)(g, 37.7
Hz), 126.1 (q, J = 16.0 Hz), 125.1 (q, J = 522 H23.0, -1.3.

IR (KBr, cm®): V 2958 (m), 2926 (m), 1326 (vs), 1263 (m), 1129 {467 (vs), 1076 (s),
800 (s).

MS (El, 70 eV)m/z(%): 218 (3), 205 (5), 204 (18), 203 (100), 135 (5).

HRMS: calcd. 218.0739C;0H13F3Si), found:218.0740.

Synthesis of 1-trimethylsilylnaphthalene (96d).

SiMe3

H5E. Lukevics, E. Liepins, I. Segal, M. Fleish&rOrganomet. Chem 991, 406, 283.
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Prepared from 1-naphthyl triflate (221 mg, 0.8 mpascording to thdP11. Reaction time
19 h, purification by chromatography (Si®- pentane)YleId 126 mg (79%), colourless oil.
The analytical data corresponds those given iralitee’*

'H NMR (300 MHz, CDC}): 8.12 (d,J = 7.1 Hz, 1H), 7.88 (d] = 3.8 Hz, 2H), 7.70 (d] =
6.9 Hz, 1H), 7.55-7.43 (m, 3H), 0.49 (s, 9H).

3C NMR (75 MHz, CDC#): 5138.1, 136.8, 133.4, 133.1, 129.7, 129.0, 128.6,5,2125.2,
125.0, 0.4.

MS (El, 70 eV)m/z(%): 200 (42), 186 (100), 43 (18).

o

Prepared fron85 (131 mg, 0.5 mmol) according to tW@12. Purification by chromatography
(SiO,, n-pentane). Yellowish oil, yield 114 mg (90%).

Synthesis of 2-iodonaphthalene

'H NMR (300 MHz, CDC}): 8 8.14 (s, 1H), 7.71-7.67 (m, 1H), 7.63-7.60 (m, 2H%8-7.36
(m, 3H).

3C NMR (75 MHz, CDC}): 137.0, 135.4, 134.8, 132.5, 129.9, 128.2, 127.2,112126.9,
114.2.

IR (KBr, cmi): V 3052 (m), 1579 (s), 1498 (m), 813 (vs), 712 (35 ).

MS (El, 70 eV)m/z(%): 254 (100), 127 (54).

HRMS: calcd. 253.9592(C;0H-I), found:253.9574.

Prepared fron88 (85 mg, 0.35 mmol) according to th@12. Purification by chromatography
(SiO,, n-pentane-CHCI, 10:1). Colourless oil, yield 73 mg (89%). The atiahl data
corresponds to those from an authentic sample.

Synthesis of 4-iodobiphenyl
OO~

Prepared fron87 (114 mg, 0.5 mmol) according to tW@12. Purification by chromatography
(SiO,, n-pentane-CHCI, 20:1). Pale yellow solid, yield 126 mg (90%). Téealytical data
corresponds to those from an authentic sample.

Mp.: 110-112 °C.

'H NMR (300 MHz, CDCJ): &

MS (El, 70 eV)m/z(%): 280 (100), 153 (58), 127 (14).

Synthesis of 4-iodoanisole

Synthesis of 4, 4’-diiodobiphenyl

18 M. Tobisu, Y. Kita, N. Chatani]. Am. Chem. So2006 128 8152.
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a®als

Prepared fron®5 (84 mg, 0.2 mmol) according to thié12. Purification by chromatography
(SiO,, n-pentane-ChHCI, 20:1). Pale yellow solid, yield 61 mg (75%). Thealtical data
corresponds to those reported in the literattire.

Mp.: 201-204 °C.

'H NMR (300 MHz, CDC}): 8 7.71 (d,J = 8.4 Hz, 4H), 7.22 (d] = 8.6 Hz, 4H).

13C NMR (75 MHz, CDC}): 5 139.5, 137.9, 128.7, 93.4.

Synthesis of 5-iodo-2-methylbenzothiazol@g 01).

N |
—

S
Prepared fron®2 (85 mg, 0.3 mmol) according to tié12. Purification by chromatography
(SiOy, n-pentane-CHCI, 1:2). Yield 46 mg (56%), white solid.
Mp.: 85.0-85.5 °C.
'H NMR (300 MHz, CDC}): 8.20 (d,J = 1.4 Hz, 1H) , 7.54 (dd} = 8.4 Hz,J = 1.4 Hz, 1H),
7.47 (d,J = 8.4 Hz, 1H), 2.76 (s, 3H).
13C NMR (75 MHz, CDC}): 5 168.6, 155.3, 135.6, 133.7, 131.9, 123.1, 90.5 20.
IR (KBr, cm®): V 3041 (w), 1519 (m), 1434 (m), 1169 (m), 1152 (1966 (s), 883 (M), 795
(s), 644 (m).
MS (El, 70 eV)m/z(%): 274 (100) [M], 148 (32), 107 (12), 63 (14).
HRMS: calcd. 274.9266 (GH6INS), found: 274.9270.

Synthesis of R)-2-iodo-2’-hydroxy-1,1’-binaphthyl (100).

DO
Cr

Into a 100 ml Schlenk-flask under Ar was placBj Z-phenyldimethylsilyl-2’-hydroxy-1,1’-
binaphthyl(98, 1.60 g, 4.0 mmol) in dry Ci€l, (20 mL). The mixture was cooled to 0°C and
TMSCI (2.1 mL, 20 mmol) was added at this tempemtirhe solution of ICI (1.37 g, 8.4
mmol) in dry CHCI, (20 mL) was added dropwise at 0 °C during 15 riime mixture was
stirred for 30 min at RT and then poured into vagaly stirred 20% aqueous 03 (100
mL). The organic layer was separated and the agualtase was extracted twice with £CHj.
The combined organic layers were dried over MgS€&vaporated and the product was
isolated by column chromatography (&Hb-pentane 1:1, then GBIy). Yield 1.22 g (78%),
>99%ee

177 H. Li, M. S. Wong, Y. Tao, M. D’lorioJ. Org. Chem2004 69, 921.
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Chiral HPLC: (Chiralsel OD-H, heptanePrOH 99/1, flow 0.5 mL/min. K)-enantiomer
88.5 min; §-enantiomer 104.0 min).

Mp.: 116-117 °C.

[a]p?: -26.2 (c = 0.30, CHG).

'H NMR (300 MHz, CDC}): 58.01 (d,J = 8.6 Hz, 1H); 7.89-7.80 (m, 3H); 7.65 (#i= 8.7

Hz, 1H); 7.47-7.42 (m, 1H); 7.30-7.17 (m, 5H); 6(@87J = 8.4 Hz, 1H); 4.66 (s, 1H).

3C NMR (75 MHz, CDC}): & 150.8; 137.1; 136.4; 134.4; 133.7; 133.1; 1303®.8; 129.5;
128.7; 128.6; 128.2; 127.5; 127.4; 126.9; 124.4,12122.3; 118.1; 102.2.

IR (KBr, cmi): V 3501 (s); 3434 (s); 3056 (w); 1620 (w); 1596 (2306 (w); 1143 (w); 826
(s); 811 (s).

MS (El, 70 eV)m/z(%): 396 (M, 76); 270 (17); 268 (32); 251 (15); 241 (19); 239); 207

(39); 125 (22); 97 (17); 78 (26); 49 (14); 41 (14).

HRMS: calcd. 396.0011 ($gH1310), found: 396.0001.

Synthesis of 5,5-dimethyl-2-naphthalen-2-yl-[1,3,d]oxaborinane (85a).

Prepared fron85 (131 mg, 0.5 mmol) according to tW@13. Purification by chromatography
(SiO;, n-pentane-CHCI, 1:1). Yield 86 mg (71%), white solid.

Mp.: 103-105°C.

'H NMR (300 MHz, CDC)): 8.26 (s, 1H), 7.80-7.70 (m, 4H), 7.42-7.33 (m, 21)74 (s,
4H), 0.96 (s, 6H).

13C NMR (75 MHz, CDC}): 6 135.4, 134.2, 133.3, 130.3, 129.1, 128.6, 1280,2, 127.0,
126.0, 72.8, 32.3, 22.3.

IR (KBr, cm®): V 3436 (m), 2957 (w), 1479 (m), 1417 (m), 1329 (4909 (vs), 1253 (m),
1136 (m), 747 (m).

MS (El, 70 eV)m/z(%): 240 (100) [M], 197 (5), 154 (80).

HRMS: calcd. 240.1322 (gH17BO,), found: 240.1315.

Synthesis of 2-(4-methoxyphenyl)-5,5-dimethyl-[1,3]dioxaborinane (88a).

Prepared fron88 (242 mg, 1 mmol) according to tAd>13. Purification by chromatography
(SiO,, CHCL). Yield 150 mg (68%), white solid.

Mp.: 63.0-64.5 °C.

'H NMR (300 MHz, CDC}): 57.65 (d,J = 8.8 Hz, 1H), 6.79 (dJ = 8.8 Hz, 1H), 3.73 (s,
3H), 3.66 (s, 4H), 0.93 (s, 6H).

3C NMR (75 MHz, CDC#): 6 161.8, 135.5, 129.6, 113.2, 72.3, 55.1, 31.9,.21.9

IR (KBr, cmi): V 2957 (w), 1722 (w), 1604 (m), 1477 (m), 1318 (VK307(s), 1246 (s),
1174 (m), 1132 (m), 827 (m).

MS (El, 70 eV)m/z(%): 220 (100) [M], 177 (10), 134 (87).
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HRMS: calcd. 220.1271 (zH1/BOs), found: 220.1281.

Synthesis of 2-(4-biphenylyl)-5,5-dimethyl-[1,3,2]dxaborinane (87a).

Prepared fron87 (183 mg, 0.8 mmol) according to tW@13. Purification by chromatography
(SiO;, n-pentane-CHCI, 1:1). Yield 132 mg (62%), white solid.

Mp.: 108-109°C.

'H NMR (300 MHz, CDC}): 57.82-7.77 (m, 2H), 7.54-7.50 (m, 3H), 7.38-7.17 @Hi),
3.71 (s, 4H), 0.95 (s, 6H).

13C NMR (75 MHz, CDC}): 6 143.7, 141.6, 134.7, 131.1, 129.1, 128.0, 12728,6, 126.7,
72.7,32.3, 22.3.

IR (KBr, cmi): V 2932 (w), 1478 (w), 1379 (m), 1318 (vs), 1134 &2 (m).

MS (EI, 70 eV)m/z(%): 266 (100), 265 (24), 180 (79), 179 (29), 152).

HRMS: calcd. 266.1478 (3H19BO»), found: 266.1491.

16. Thiolation reaction of organomagnesium and organozinc
compounds.

Synthesis of 3-trifluoromethylphenyl dimethyldithiocarbamate (104).

FsC SYJ\J\
DA

The Grignard reagent was prepared from 3-bromotniimethylbenzene (2.25 g, 10 mmol)
according to thefP14 (RT, 1.5 h). It was converted inttD4 according to thelP15. The
product was recrystallized from GEl,-heptane. Yield 2.11 g (84%), white solid.

Mp.: 83-84°C.

'H NMR (300 MHz, CDC}): §7.71-7.61 (m, 3H); 7.51 () = 7.7 Hz, 1H); 3.47 (dJ =
16.9 Hz, 6H).

13C NMR (75 MHz, CDC}): & 196.3; 140.8; 134.1 (q, J = 3.6 Hz); 131.7Jq; 32.6 Hz);
129.8 ; 127.1 (q, J = 3.6 Hz); 124.0 Jgs 272 Hz), 46.1, 42.4.

IR (KBr, cm?): Vv 3436 (w); 1507 (w); 1327 (s); 1304 (s); 1249 ()14 (s); 1067 (s); 974
(s); 799 (s); 694 (s).

MS (El, 70 eV)m/z(%): 265 (26); 246 (5); 177 (4); 157 (4); 145;(83 (100); 73 (6); 42 (5).
HRMS: calcd. 265.0207 (fgH10NS;F3), found: 265.0194.

Synthesis of 2-(1,3-dioxan-2-yl)phenyl dimethyldittocarbamate (105).
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The Grignard reagent was prepared from 2-(2-broreoplh-1,3-dioxane (2.42 g, 10 mmol)
according to theTP14 (RT, 36 h). It was converted intt05 according to thélP15. The
product recrystallized from Gi€l,-heptane. Yield 2.45 g (91%), white solid.

Mp.: 125-126°C.

'H NMR (300 MHz, CDC}): 57.76 (dd,J; = 7.8 Hz,J, = 1.4 Hz, 1H), 7.44 (m, 1H); 7.35-
7.31 (m, 2 H); 5.64 (s, 1H); 4.15 (d#{,= 10.6 HzJ, = 5.1 Hz, 2H); 3.91 (dt}; = 12.2 Hz,J,

= 2.5 Hz, 2H); 3.52 (s, 3H); 3.47 (s, 3H), 2.1%&2(m, 1H); 1.36 (dJ = 13.5 Hz, 1H).

3C NMR (75 MHz, CDC}): & 197.1; 143.0; 138.4; 130.6; 129.8; 127.4; 10071.8546.0;
42.6; 26.2.

IR (KBr, cmi): V 3435 (w); 2857 (s); 1503 (s); 1376 (s); 1232 (9)45 (s); 1101 (s); 1010
(s); 983 (s); 772 (s).

MS (El, 70 eV)m/z(%): 282 ([M-H]+, 0.6); 196 (22); 164 (11); 16B800); 137 (14); 109 (7);
105 (16); 88 (84); 73 (7).

HRMS: calcd. 283.0701 (GH1/NO,S,), found: 282.0608 [M-H]

Synthesis of 2-(1,3-dioxan-2-yl)phenyl dimethyldittocarbamate (106).

|

The Grignard reagent was prepared from mesityl men2.57 g, 13 mmol) by insertion of
Mg metal in THF in the presence of 1.1 equiv. aCLiYield 82%. It was converted inttD6
according to theTP15 (10 mmol of the reagent used). The product wasfipdriby
chromatography (Si§) CH,Cl,-heptane). Yield 1.86 g (83%), white solid.

Mp.: 84-85°C.

'H NMR (300 MHz, CDC}): 86.93 (s, 2H); 3.45 (s, 6H); 2.27 (s, 6H); 2.233(4).

13C NMR (75 MHz, CDC}): & 196.4; 144.2; 140.8; 129.7; 128.0; 46.0; 42.42221.8.

IR (KBr, cmi®): V 2920 (w); 1600 (w); 1490 (s); 1369 (s); 1250 (943 (s); 979 (s); 854 (S);
846 (s).

MS (El, 70 eV)m/z(%): 239 (M, 18); 206 (5); 119 (6); 91(4); 90 (4); 89 (5); @D0); 73
(4).

HRMS: calcd. 239.0802 (zH17/NS;), found: 239.0787.

Synthesis of 2-bromophenyl dimethyldithiocarbamatg107).
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The Grignard reagent was prepared fromibromobenzene (2.36 g, 10 mmol) according to
the TP14 (RT, 6 h). It was converted int@07 according to theTP15. The product
recrystallized from ChCl,-heptane. Yield 2.33 g (89%), white solid.

Mp.: 103.5-104.5C.

'H NMR (300 MHz, CDC}): 7.75 (dd,J: = 7.8 Hz,J,= 1.5 Hz, 1H); 7.61 (dd}; = 7.5 Hz,
J,=1.9 Hz, 1H); 7.41 (td); = 7.5 Hz,J,= 1.6 Hz, 1H); 7.41 (td);= 7.6 Hz,J,= 1.9 Hz, 1H);
3.57 (s, 3H); 3.54 (s, 3H).

13C NMR (75 MHz, CDC}): & 195.4; 139.6; 134.0; 133.6; 132.3; 132.1; 12856442.4.

IR (KBr, cmi): V 2924 (w); 1494 (s); 1371 (s); 1251 (s); 983 (89 T5).

MS (El, 70 eV)m/z(%): 196 (100); 140 (5); 108 (5); 88 (15); 73(3).

HRMS: calcd. 274.9438 (§10BrNS,), found: 275.9543 ([M+H)).

Synthesis of 4-carbethoxyphenyl dimethyldithiocarbenate (108).
EtOZC@S Y,
P
g\

The Grignard reagent was prepared from ethyl 4hedaoate (3.04 g, 11 mmol) according to
the TP14 (-20 °C, 30 min). It was converted in1®8 according to th&P15. Yield 2.43 g
(95%), white solid.

Mp.: 95-96°C.

'H NMR (300 MHz, CDC}) ; 6 8.03 (d,J= 8.5 Hz, 2H), 7.47 (d]= 8.5 Hz, 2H), 4.32 (q]=
7.5 Hz, 2H); 3.48 (s, 3H); 3.43 (s, 3H), 1.32)#, 7.5 Hz, 3H).

13C NMR (75 MHz, CDC}): & 196.5; 166.3; 137.3; 137.1; 132.1; 126.4; 61.60482.5;
14.7.

IR (KBr, cmi'): V 2974 (w); 1710 (s); 1474 (s); 1372 (s); 1275 1849 (s); 1105 (s); 977 (s),
760 (s).

MS (El, 70 eV)m/z(%): 269 (M, 32); 224 (10); 136 (5); 108 (4); 88 (100);

HRMS: calcd. 269.0544 (GH1sNO,S,), found: 269.0547.

Synthesis of 3-benzothienyl dimethyldithiocarbamat€109).
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The Grignard reagent was prepared from 3-bromolbiophene (2.12 g, 10 mmol)
according to thdP14 (0 °C-RT, 1.5 h). It was converted irt@9 according to th@P15. The
product recrystallized from Gi€l,-heptane. Yield 2.11 g (93%), pink solid.

Mp.: 144-145°C.

'H NMR (300 MHz, CDC}) § 7.78 (d,J = 7.1 Hz, 1H); 7.71 (d) = 8.7 Hz, 1H); 7.07 (s, 1H);
7.33-7.28 (m, 1H); 3.41 (s, 6H).

3C NMR (75 MHz, CDC}): § 195.9; 139.9; 139.8; 136.9; 125.3; 125.2; 123641442.5.

IR (KBr, cmi): V 3436 (w); 1498 (s); 1420 (s); 1248 (s); 985 (8 &s); 756 (S).

MS (El, 70 eV)m/z(%): 253 (M, 14); 165 (5); 121 (7); 89(6); 88(100); 73(5); 4B(

HRMS: calcd. 239.0054 (GH11NSg), found: 253.0059.

Synthesis of 2-thienyl dimethyldithiocarbamate (11)
S
\ S/
O’ %N
N\

The Grignard reagent was prepared from 2-bromoti@op (1.64 g, 10 mmol) according to
the TP14 (0 °C-RT, 1.5 h). It was converted intd0 according to th& P15. Yield 1.85 g
(96%), pink solid. The analytical data correspotuithose reported in literatut&’

Mp.: 83-84 °C.

'H NMR (300 MHz, CDC}) § 7.54-7.52 (m, 1H), 7.43-7.40 (m, 1H), 7.15-7.12 {iH), 3.55
(s, 3H), 3.48 (s, 3H).

3C NMR (75 MHz, CDC}): § 197.7, 139.2, 133.9, 129.6, 128.3, 46.5, 42.2.

MS (El, 70 eV)m/z(%): 203 (3), 88 (100), 73 (4).

HRMS: calcd. 202.9897 (§£1;NS3), found: 202.9891.

Synthesis of 3-pyridyl dimethyldithiocarbamate (11}.

|
T
N | S
N

The Grignard reagent was prepared from 3-bromojmei¢iL.90 g, 12 mmol) according to the
TP14 (0 °C-RT, 1.5 h). It was converted infid 1 according to thelTP15. The product
recrystallized from ChkCl,-heptane. Yield 1.73 g (92%), yellowish solid. Tdmalytical data
corresponds to those reported in literafdfe.

Mp.: 85-87 °C.

118 Gronowitz, A.-B. Hornfeldt, M. Temciu§ynthesi4 993 483.
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'H NMR (300 MHz, CDC}) & 8.68-8.61 (m, 1H), 8.40-8.38 (m, 1H), 7.80-7.76, (th),
7.40-7.28 (m, 1H), 3.55 (s, 3H), 3.52 (s, 3H).

13C NMR (75 MHz, CDC}): § 196.2, 156.9, 150.9, 144.8, 129.7, 124.2, 46.24.42

MS (El, 70 eV)m/z(%): 198 (7), 90 (4), 88 (100), 73 (9).

HRMS: calcd. 198.0285 (§H10N>S,), found 198.0284.

Synthesis of 3-indolyl dimethyldithiocarbamate (112

\
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In a 25 ml Schlenk-flask;PrMgCI-LiCl solution (10.5 mmol, 5.25 mL of 2.00 kblution in
THF) was cooled to 0 °C, and indole (10.0 mmol,71g) in dry THF (6 mL) was added at
this temperature. The mixture was allowed to ré&€hwithin 3 h, and then stirred overnight.
The mixture was cooled to 0 °C and tetramethylmudisulfide {02 9.5 mmol, 2.28 @) in
dry CH.CI, (8 mL) was added at this temperature. After 24 $tioring at RT the mixture was
poured into sat. NkCI solution (50 mL), the aqueous phase was exitasith CHCl,, the
combined organic layers were dried over MgS€raporatedn vacuoand the residue was
recrystallized from ChkCl,-heptane. Yield 2.04 g (91%).

Mp.: 187-188°C (dec.).

'H NMR (300 MHz, CDC¥) & 7.48 (d,J = 8.1 Hz, 1H); 7.40 (d) = 7.6 Hz, 1H); 7.17 () =
6.9 Hz, 1H); 7.08 (t)= 7.0 Hz, 1H); 3.54 (s, 3H); 3.46 (s, 3H).

13C NMR (75 MHz, CDC}): § 197.3; 136.8; 134.3; 129.6; 122.1; 120.3; 11812.5; 100.9;
45.9; 41.9.

IR (KBr, cm®): V 3323 (s); 1504 (s); 1457 (s); 1370 (s); 1252 1847 (s); 978 (s); 739 (s);
486 (w).

MS (El, 70 eV)m/z(%): 236 (M, 31); 148 (12); 121 (6); 117 (3); 90 (5); 89 (8% (100);
77 (4).

HRMS: calcd. 236.0442 (GH12N>S,), found: 236.0429.

Synthesis of R)-2-hydroxy-2’-(N,N’-dimethyldithiocarbamoyl)-1,1’-binaphthyl (113).

\OH
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Into a 10 mL Schlenk-flask was placedPrMgCI-LiCl (0.33 mL of 2.05 M in THF, 2.5
equiv.), cooled to 0° C andR)f-2-iodo-2’-hydroxy-1,1’-binaphtyl X00) (0.099 g, 0.25 mmol)
was added at this temperature in one portion. Tixéune was stirred at rt for 3 h and again
cooled to 0° C. The solution of TMTOLQ2 (0.25 g, 1.04 mmol) in CiI, (2 mL) was
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added in one portion, the mixture was stirred oiggrtnand poured into sat. NBI (10 mL).
The aqueous phase was extracted with,@§ combined organic phases dried (MghO
evaporated and the residue purified by column chtography (E0O-CH,Cl, 2:1). Yield
0.075 g (78%), >99%e

Chiral HPLC: Chiralsel OJ, heptanePrOH 90/10, 0.6 mL/min.R)-enantiomer 19.0 min;
(9-enantiomer 21.3 min.

[0]o?°: +658 (C 2.6 CHG).

Mp.: 208-209 °C.

'H NMR (300 MHz, CDC}) 6 8.07 (d,J = 9.0 Hz, 1H), 7.98 (d] = 8.2 Hz, 1H), 7.89-7.86
(m, 1H), 7.68 (dJ = 9.0 Hz, 1H), 7.55-7.52 (m, 1H), 7.26-7.35 (m,)3A21-7.17 (m, 1H),
7.14 (d,J = 8.3 Hz, 1H), 6.89 (d] = 8.0 Hz, 1H), 6.31 (s, 1H), 3.42 (s, 3H), 3.193(4).

3C NMR (75 MHz, CDC}): § 198.2, 153.0, 139.3, 134.4 (m), 134.1, 133.7, 4,3230.0,
128.5,128.2,128.0, 127.8, 127.2, 127.0, 126.4,2223.2, 119.7, 117.8, 45.6, 42.4.

IR (KBr, cm): V3435 (s), 2926 (w), 1619 (m), 1504 (m), 1380 (m}¥d (w), 815 (m).

MS (El, 70 eV)m/z(%): 389 (28), 284 (23), 283 (15), 282 (15), 239), 88 (100).

HRMS: calcd. 389.0908 ($H10NOS,), found: 389.0883.

Synthesis of 3-thienyl dimethyldithiocarbamate (115

\
N—
S
a5

The Grignard reagent was prepared from 3-bromoti@op (1.64 g, 10 mmol) according to
the TP14 (0 °C-RT, 3 h). It was converted infid4 according to thelP15. The product
recrystallized from CBCl,-heptane. Yield 1.74 g (90%), pink solid. The atieyt data
corresponds to those reported in literafidfe.

Mp.: 82-83 °C.

'H NMR (300 MHz, CDC}) 6 7.56-7.54 (m, 1H), 7.18-7.16 (m, 1H), 7.08-7.05 {iH), 3.46
(s, 3H), 3.40 (s, 3H).

3C NMR (75 MHz, CDC}): § 197.1, 139.2, 133.9, 129.6, 128.3, 46.2, 42.2.

MS (El, 70 eV)m/z(%): 203 (13), 88 (100), 73 (7).

HRMS: calcd. 202.9897 (f1gNSg), found: 202.98609.

Synthesis ofS-cyclohexylN,N-dimethyldithiocarbamate (115).

Cyclohexylzinc bromide-lithium chloride was prepdrieom bromocyclohexane (815 mg, 5
mmol) according toTP19 (50 °C, 6 h, 96% vyield). It was converted into pound 115
according to th8P16. The product was purified by chromatography (peet@HCl,). Yield
768 mg (91%), white crystalline solid.
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Mp.: 61-63°C.

'H NMR (300 MHz, CDC}) § 3.92-3.88 (m, 1H), 3.54 (s, 3H), 3.35 (s, 3H),622110 (m,
2H), 1.77-1.28 (m, 8H).

13C NMR (75 MHz, CDC}): § 197.3, 51.1, 45.3, 41.8, 33.2, 26.6, 26.0.

IR (KBr, cmi'): V 2927 (vs), 2846 (s), 1490 (s), 1370 (vs), 12541819 (s), 983 (vs).

MS (EI, 70 eV)m/z(%): 203 (7), 123 (8), 122 (48), 121 (83), 88QLAt1 (9).

HRMS: calcd. 203.0802 (§E1:7NS,), found: 203.0812.

Synthesis ofS-(2-adamanthyl)-N,N-dimethyldithiocarbamate (116).

2-Adamantylzinc bromide-lithium chloride was preg@ifrom 2-bromoadamantane (1.08 g, 5
mmol) according to th&P19 (50 °C, 24 h). It was converted into compodi® according to
the TP16. The product was purified by chromatography (peet@HCl,). Yield 838 mg
(79%), white needles.

Mp.: 110.5-111 °C.

'H NMR (300 MHz, CDC}) 5 4.26 (s, 1H), 3.47 (s, 3H), 3.32 (s, 3H), 2.02(), 1.89-1.60
(m, 12H).

3C NMR (75 MHz, CDC}): 6 197.7, 59.3, 45.5, 41.9, 39.0, 38.0, 34.2, 33061,37.8, 27.5.
IR (KBr, cm™): V2912 (s), 2853 (m), 1374 (m), 1254 (m), 986 (M} O), 733 (vs).

MS (El, 70 eV)m/z(%): 255 (35), 135 (100), 121 (33), 93 (35), 88)( 79 (31), 67 (31).
HRMS: calcd. 255.1115 (fzH21NS;), found: 255.1090.

Synthesis ofS-(3-carboethoxypropyl)N,N-dimethyldithiocarbamate (117).

3-Carboethoxypropylzinc bromide-lithium chloride syarepared from ethyl 4-bromobutyrate
(975 mg, 5 mmol) according to tAd>19 (50 °C, 1 h). It was converted into compourid
according to th8P16. The product was purified by chromatography (peet@HCl,). Yield
850 mg (87%), colourless oll.

'H NMR (300 MHz, CDC}) & 4.07 (g,J = 10.2 Hz, 2H), 3.48 (s, 3H), 3.30-3.26 (m, 2H),
3.28 (s, 3H), 2.40-2.35 (m, 2H), 2.00-1.95 (m, 2H)9 (t,J = 10.2 Hz, 3H).

13C NMR (75 MHz, CDC}): 5 197.4, 173.3, 60.8, 45.7, 41.8, 37.0, 33.6, 265.

IR (KBr, cm™): ¥ 2979 (m), 2930 (m), 1732 (vs), 1497 (s), 13741853 (s).

MS (El, 70 eV)m/z(%): 121 (36), 115 (13), 88 8100), 73 (7).

HRMS: calcd. 235.0701 (§H:/NO,S,), found: 235.0675.
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Synthesis ofS-myrtanyl- N,N-dimethyldithiocarbamate (118).
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Bis-myrtanyl zinc was prepared fropapinene (1.09 g, 8 mmol) by hydroboration and beron
zinc exchange sequence as was previously describdtiwas converted into compourdd8
according to th8 P16. The product was purified by chromatography (peet@HCl,). Yield
800 mg (70%), colourless low-melting solid.
Mp.: 33-35°C.
[@]o?°: 9.9 (c 0.76 CHG).
'H NMR (300 MHz, CDC}) & 3.27 (bs, 3H); 3.18-3.02 (m, 2H), 3.09 (bs, 3H):822.04 (m,
2H); 1.84-1.52 (m, 5H); 1.41-1.25 (m, 1H); 0.94 38l); 0.81 (s, 3H); 0.62 (dl = 9.6 Hz,
1H).
13C NMR (75 MHz, CDC}): § 197.6; 45.5; 45.1; 41.3; 41.1; 40.1; 38.5; 3328226.0; 23.2;
21.9.
IR (KBr, cmi): vV 3435 (w); 2857 (s); 1503 (s); 1376 (s); 1232 (944 (s); 1101 (s); 1010
(s); 983 (s); 772 (s).
MS (El, 70 eV)m/z(%): 265 (M, 26); 246 (5); 177 (4); 157 (4); 145(9); 88 (1003;(6); 42

(5)-
HRMS: calcd. 257.1272 (GH2aNS,), found: 257.1274.

Synthesis of 2,4,6-trimethylthiophenol (119).

SH

Me

The dithiocarbamat206 (0.580 g, 2 mmol) was dissolved at 0 °C under Aetimereal MeLi
(20 ml of 0.33 M) and the mixture was left at RTeavight. After quenching with water and
separation of the phases, the product was isolatedlumn chromatography (pentane-ether).
Yield 251 mg (83%), colourless, heavily smelling oi

IH NMR (300 MHz, CDC}) 5 6.78 (s, 2H), 3.01 (s, 1H), 2.24 (s, 6H), 2.123().

HM9F Langer, L. Schwink, A. Devasagaray, P.-Y. CimayvR. Knochel. Org. Chem1996 61, 8229.
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13C NMR (75 MHz, CDC4): § 136.7, 135.1, 129.6, 127.5, 21.8, 21.1.

Synthesis of potassium 3-pyridylthiolate (120).

Pyridin-3-yl dimethyldithiocarbamatel11) (398 mg, 2 mmol) was dissolved in the solution
of 2 mmol KOH in 2 ml degassed EtOH. The mixturesveéirred for 12 h at RT and dry

pentane (10 ml) was added. The precipitate formad filtered off under Ar, washed with

additional 10 ml of pentane and dried in high vanuiYield 284 mg (95%). The compound is
hydroscopic and air-sensitive and was charactereféer quantitative conversion to the
corresponding thiol. Analytical data for the thaok given below.

'H NMR (300 MHz, CDC}) §

13C NMR (75 MHz, CDC}): 5 149.8, 144.2, 138.5, 131.0, 124.8.

MS (El, 70 eV)m/z(%): 111 (100), 84 (19), 64 (17), 58 (8), 51 (11)

HRMS: calcd. 111.0143 (§1sNS), found: 111.0155

Synthesis of 2-thienylbenzylsulfide (121).

©As

The dithiocarbamatel10 (0.210 g, 1 mmol) was dissolved at 0 °C under argon
ethylenediamine (1.0 ml, 12 equiv.) and the mixtweaes stirred at rt for 24 h. The volatiles
were removed in vacuo and the residue redissolveattyi degassed MeOH. Benzyl chloride
(0.250 g, 2 equiv.) was added and the mixture wiaed for 1 h at rt. The product was
isolated by column chromatography (pentane-ethivée)d 173 mg (84%), colourless smelling
oil.

'H NMR (300 MHz, CDC}) § 7.36-7.18 (m, 6H), 6.98-6.91 (m, 2H), 4.00 (s, 2H)

13C NMR (75 MHz, CDC}): 5 138.1, 134.8, 134.0, 133.2, 129.9, 129.4, 1298,7, 127.7,
126.6, 44.5.

MS (El, 70 eV)m/z(%): 206 816), 91 (100), 71 (9), 65 (12).

HRMS: calcd. 206.0224 (zH10S,), found: 206.0215.

L2

Synthesis of 3-indolyl butyl sulfide (122).
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The dithiocarbamaté12 (0.250 g, 1 mmol) was heated under Ar with ethytkamine (1.0
ml, 12 equiv.) at 50 °C for 2 h. The excess ofdhgne was removed in vacuo (40 °C, 0.2
mbar, 1 h), the residue was diluted with MeOH amndl @60 mg, 2.5 equiv.) was added. The
mixture was stirred overnight at RT, the volatilesnovedin vacuoand the product was
isolated by column chromatography (pentane-ethasldYL70 mg (77%), colourless oil.

'H NMR (300 MHz, CDC}) § 8.20 (bs, 1H), 7.84-7.80 (m, 1H), 7.36-7.23 (m)4M61 (t,J

= 7.6 Hz, 2H), 1.47-1.27 (m, 4H), 0.77Jt 7.9 Hz, 3H).

13C NMR (75 MHz, CDC}): 5 136.7, 129.8, 123.0, 121.4, 120.8, 120.2, 11108,6], 36.0,
32.4,31.1,22.1, 14.1.

MS (El, 70 eV)m/z(%): 205 (71), 149 (100), 148 (69), 121 813), 123), 77 (10).

HRMS: calcd. 205.0925 (ZH1sNS), found: 205.0920.

17. Ni-catalyzed cross-coupling reaction of arylzinc halides.

Synthesis of ethyl 4'-methoxybiphenyl-2-carboxylat€123).

4-Methoxyphenylmagnesium bromide was obtained Bgriion of Mg in 4-bromoanisole in
THF in the presence of LiCl (1.1 equiv.). The crossipling reaction with ethyl 4-
bromobenzoate (228 mg, 1.0 mmol) was performedrdotyp to theTP18 at RT within 1 h
and furnished compound23 (223 mg, 87% vyield). The same reaction with etAyl
chlorobenzoate (184 mg, 1.0 mmol) gave compdL2Rin slightly lower yield (207 mg, 81%
yield, reaction time 48 h). The products were pedifoy chromatography on silica (pentane-
ether 9:1).

Mp.: 100.5-101 °C.

'H NMR (300 MHz, CDC}) & 8.09 (d,J = 8.7 Hz, 2H), 7.62-7.55 (m, 4H), 6.99 (tiz 8.7
Hz, 2H), 4.39 (g) = 7.1 Hz, 2H), 3.84 (s, 3H), 1.41 {§t= 7.1 Hz, 3H).

3C NMR (75 MHz, CDCH): & 166.5, 159.8, 145.0, 132.4, 130.0, 128.6, 12&8,4, 114.3,
60.8, 55.3, 14.3.
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Synthesis of 5-(3-methoxyphenyl)-1tért-butoxycarbonyl)-indole (125).

MeO O O A
JEVS

(0]

3-Methoxyphenylmagnesium bromide was obtained bgrinon of Mg in 3-bromoanisole in
THF in the presence of LiCl (1.1 equiv.). The crossipling reaction with 5-brom-left-
butoxycarbonyl)indole (296 mg, 1.0 mmol) was acclshed according to th&P18 at RT
within 24 h and furnished compoud@5 as a yellow solid (194 mg, 60% yield). The product
was purified by chromatography on silica (§Hb-ether 1:1).

Mp.: 109.5-11C°C.

'H NMR (300 MHz, CDC}): 58.11 (d,J = 8.6 Hz, 1 H), 7.69 (d] = 1.4 Hz, 1 H), 7.55 (d]

= 3.6 Hz, 1 H), 7.48 (dd] = 8.6,J = 1.8 Hz, 1 H), 7.31-7.25 (m, 1H), 7.18-7.10 (mHR
6.81 (dddJ =8.2 Hz,J=2.5,J=0.8 Hz, 1H), 6.54 (d] = 3.7 Hz, 1 H), 3.80 (s, 3 H), 1.62 (s,
9 H).

13C NMR (75 MHz, CDC¥%): & 159.9, 149.7, 143.2, 135.9, 134.7, 131.0, 1298,5], 123.7,
119.9, 119.4, 115.3, 113.1, 112.3, 107.5, 83.8,58.2

IR (KBr, cmi®): V 2968 (w), 1721 (vs), 1607 (m), 1471 (s), 1369,(¢4)64 (s), 781 (m), 713
(m).

MS (El, 70 eV)m/z(%): 223 (100), 180 (30), 152 (16), 111 (8), 7Y (

HRMS: calcd. 323.1521 (£8H21NOg), found: 323.1512.

Synthesis of 2-(3-pyridyl)-benzophenone (126).

3-Pyridylmagnesium bromide was obtained from 3-tpymidine (235 mg, 1.5 mmol)
according to theTP14 (0 °C-RT, 1 h). The cross-coupling reaction with 2
bromobenzophenone (261 mg, 1.0 mmol) was perforawmbrding to thelrP18 (50 °C,
reaction time 18 h). The product was obtained aftmlomatography on silica (pentane-
CHCl,, 1:1) as a white solid (197 mg, yield 76%).

Mp.: 106-106.5°C.

'H NMR (300 MHz, CDC}): 58.01 (d,J = 8.6 Hz, 1H); 7.89-7.80 (m, 3H); 7.65 (#i= 8.7
Hz, 1H); 7.47-7.42 (m, 1H); 7.30-7.17 (m, 5H); 6(@7J = 8.4 Hz, 1H); 4.66 (s, 1H).

13C NMR (75 MHz, CDC}): & 150.8; 137.1; 136.4; 134.4; 133.7; 133.1; 1303®.8; 129.5;
128.7; 128.6; 128.2; 127.5; 127.4; 126.9; 124.4,12122.3; 118.1; 102.2.
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IR (KBr, cm): V 3501 (s); 3434 (s); 3056 (w); 1620 (w); 1596 (4206 (w); 1143 (w); 826
(s); 811 (s).

MS (EI, 70 eV)m/z(%): 396 (M, 76); 270 (17); 268 (32); 251 (15); 241 (19); 238): 207
(39); 125 (22): 97 (17); 78 (26): 49 (14); 41 (14).
HRMS: calcd. 259.0997 (GH15NO), found: 259.0996.

Synthesis of 5-(3-fluorophenyl)-pyrimidine (127).

3-Fluorophenylmagnesium bromide was obtained freflu@obromobenzene (228 mg, 1.3
mmol) according to theTP14 (RT, 12 h). The cross-coupling reaction with 5-
bromopyrimidine (159 mg, 1 mmol) was performed adow to theTP18 (25 °C, reaction
time 1 h). The product was obtained after chronraoigy on silica (pentane-ether) as a white
solid, yield 142 mg (82%).

Mp.: 63-63.5 °C.

'H NMR (300 MHz, CDC)): 39.13 (s, 1H), 8.85 (s, 2H), 7.44-7.23 (m, 1H), 77286 (m,
1H), 7.22-7.17 (m, 1H), 7.10-7.03 (m, 1H).

13C NMR (75 MHz, CDC}): 3 160.7 (d,J = 248 Hz), 158.3, 155.2, 136.8 @@= 7.9 Hz),
133.5, 131.5 (dJ = 8.5 Hz), 123.0, 116.3 (d,= 21.1 Hz), 114.3 (d] = 21.1 Hz).

IR (KBr, cmi™): V 2239 (w), 1591 (s), 1416 (s), 909 (vs), 734 (vs)

MS (El, 70 eV)m/z(%): 259 (12), 105 (25), 120 (100), 173 (21), 198).

HRMS: calcd. 174.0593 (fgH;N2F), found: 174.0577.

Synthesis of 8-(1-naphthyl)-quinoline (129).

1-Naphthylmagnesium bromide was obtained from Iranmaphthalene (270 mg, 1.3 mmol)
according to th'P14 (RT, 24 h). The cross-coupling reaction with quiim®-8-nonaflaté®
(128,427 mg, 1 mmol) was perormed according toTRd8 (25 °C, reaction time 24 h). The

120|  R. Subramanian, A. Garcia Martinez, A. HerrBeanandez, R. Martinez Alvare3ynthesis1984 481.
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product was obtained after chromatography on s{jpemtane-ether) as a white solid, yield
206 mg (81%).

Mp.: 163-164 °C.

'H NMR (300 MHz, CDCY): 58.76-8.74 (m, 1H); 8.16-8.13 (m, 1H); 7.89-7.82 @H);
7.69-7.66 (m, 1H), 7.60-7.46 (m, 3H), 7.41-7.18 4i).

3C NMR (75 MHz, CDC}): & 150.9, 147.7, 140.6, 138.5, 136.6, 134.1, 1333,0, 128.9,
128.7,128.5, 128.4, 128.3, 127.1, 126.6, 126.6,01225.8, 121.5

IR (KBr, cmi®): V 3042 (w), 1593 (w), 1492 (s), 829 (s), 797 (v8R2 Tvs), 773 (vs)

MS (El, 70 eV)m/z(%): 127 (9), 226 (9), 252 (14), 254 (100), 283)(

HRMS: calcd. 255.1048 ({gH13N), found: 255.1020.

Synthesis of E)-4-methoxystilbene (130).

MeO I

4-Methoxyphenylmagnesium bromide was obtained Bgriion of Mg in 4-bromoanisole in
THF in the presence of LiCl (1.1 equiv.). The croesipling reaction witl-bromostyrene
(183 mg, 1.0 mmol) was performed according toftR&9 at RT within 15 min and furnished
compoundl30 (179 mg, 85% vyield). The product was purified yanatography on silica
(pentane-ether 20:1). Pale yellow solid.

Mp.: 136-138 °C.

'H NMR (300 MHz, CDC}): 57.52-7.48 (m, 4H), 7.45-7.32 (m, 3H), 7.31-6.96 @h),
3.90 (s, 3H).

3C NMR (75 MHz, CDC#): & 159.2, 137.6, 130.1, 128.6, 128.1, 127.7, 12728,5, 16.2,
114.1, 55.3.

L

Synthesis of E)-1-(4-methoxyphenyl)octene (131).

/@/\/\/\/\
MeO

4-Methoxyphenylmagnesium bromide was obtained Bgriion of Mg in 4-bromoanisole in
THF in the presence of LiCl (1.1 equiv.). The crossipling reaction withE)-1-bromooctene
(2190 mg, 1 mmol) was performed according to TRd9 at RT within 30 min and furnished
compound131 as a pale yellow oil (172 mg, 79% vyield). The prodwas purified by
chromatography on silica (pentane-ether 20:1).
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'H NMR (300 MHz, CDC}): 5 7.28 (d,J = 8.8 Hz, 2H), 6.86 (d] = 8.8 Hz, 2H), 6.33 (d] =
16.0 Hz, 2H), 6.09 (dt); = 15.7 Hz,J, = 7.0 Hz, 1H), 3.81 (s, 3H), 2.19 @= 7.5 Hz, 2H),
1.51-1.43 (m, 2H), 1.40-1.26 (m, 6H), 0.91-0.85 Bi).

13C NMR (75 MHz, CDC}): & 158.6, 130.8, 129.1, 129.0, 126.9, 113.9, 55.2),331.8,
29.5, 28.9, 22.6, 14.1.

IR (KBr, cm™): V 2955 (w), 2921 (m), 1609 (s), 1175 (s), 965 (vs).

MS (El, 70 eV)m/z(%): 218 (30), 147 (100), 134 (10), 121 (10).

HRMS: calcd. 218.1671 (6H»20), found: 218.1572

Synthesis of 1,1-di-(4-methoxyphenyl)ethylene (132)

I I OMe

4-Methoxyphenylmagnesium bromide was obtained Bgriion of Mg in 4-bromoanisole in
THF in the presence of LiCl (1.1 equiv.). The croesipling reaction with 1,1-
dichloroethylene (96 mg, 1.0 mmol) was performedoading to theTP19, using 2.6 equiv.
of the arylzinc reagent at RT within 6 h, and fshed compound32 as a yellow solid (211
mg, 88% yield). The product was purified by chrooggaphy on silica (pentane-ether).
Mp.: 142-144 °C.

'H NMR (300 MHz, CDC}): 87.19 (d,J = 9.0 Hz, 4H), 6.77 (dJ = 9.0 Hz, 4H), 5.21 (s,
2H), 3.73 (s, 6H).

13C NMR (75 MHz, CDC}): & 159.7, 149.4, 134.7, 130.2, 113.9, 112.1, 55.7.

IR (KBr, cmi'): V 2960 (w), 2911 (m), 1613 (s), 1186 (s), 971 (vs).

MS (EI, 70 eV)m/z(%):

HRMS: calcd. 240.1150 (fgH160-), found: 240.1145.

MeO

Synthesis ofy-methylene-2-naphthalene-propyl acetate (134).

OAcC

1-Naphthylmagnesium bromide was obtained from Iranmaphthalene (270 mg, 1.3 mmol)
according to thelfP14 (RT, 24 h). The cross-coupling reaction with 3+bm3-buten-1-yl
acetate 133 193 mg, 1 mmol) was performed according toTR49 at RT within 12 h and
furnished compound34 as a colourless oil (194 mg, 81% vyield). The pridvas purified by
chromatography on silica (pentane-ether).
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'H NMR (300 MHz, CDCY): 7.86 (dd,J; = 9.5 Hz,J, = 3.6 Hz, 1H), 7.70 (ddl; = 9.5 Hz,

J, = 3.6 Hz, 1H), 7.62 (d] = 8.3 Hz, 1H), 7.34-7.25 (m, 3H), 7.11Jt 8.0 Hz, 1H), 5.32 (s,
1H), 5.04 (s, 1H), 3.97 (8,= 6.7 Hz, 2H), 2.70 (t) = 6.7 Hz, 2H), 1.81 (s, 3H).

13C NMR (75 MHz, CDC}): & 170.9, 144.7, 140.1, 133.7, 131.1, 128.3, 12725,%125.1
(m), 117.6, 62.7, 37.4, 20.8.

IR (KBr, cmi'): V 2960 (w), 2911 (m), 1613 (s), 1186 (s), 971 (vs).

MS (El, 70 eV)m/z(%): 240 (11, M), 180 (46), 179 (52), 167 (19), 165 (100), 153)(2G2

(37).

HRMS: calcd. 240.1150 ({H1602), found: 240.1127.

Synthesis of 1-¢-naphthyl)-1-trimethylsilyl-2-phenylethylene (136).

1-Naphthylmagnesium bromide was obtained from 1-bmapbthalene (270 mg, 1.3 mmol)
according to theTP14 (RT, 24 h). The cross-coupling reaction with 2fhoe2-
trimethylsilylstyrené?! (255 mg, 1.0 mmol) was performed according to TiRi9 at RT
within 24 h and furnished compoud®6 (202 mg, 67% vyield). The product was purified by
chromatography on silica (pentane). Pale yellow oil

'H NMR (300 MHz, CDC}): 8 7.76 (d,J = 3.1 Hz, 2H), 7.73 (d] = 2.9 Hz, 1H), 7.62-7.32
(m, 4H), 7.23-7.14 (m, 2H), 6.99-6.90 (m, 1H), 6885 (m, 3H), -0.01 (s, 9H).

3C NMR (75 MHz, CDC}): & 145.0, 140.4, 138.9, 137.2, 133.8, 130.7, 1298,6, 128.2,
127.9,127.4,127.1, 126.4, 126.1, 126.0, 125.8,712425.5, 125.3, 125.1, 124.8, -1.1.

MS (El, 70 eV)m/z(%): 302 (29), 229 (20), 228 (63), 135 (33), I6Q), 59 (15).

HRMS: calcd. 302.1491 (5H,.Si), found: 302.1499.

18. Direct preparation of organozinc compounds from alkyl
bromides in the presence of LiCl.

121M.-Z. Cai, J.-D. Huang, C.-S. Sonl,Chem. Res. Synops2803 12, 770.
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Synthesis of ethyl 4-(3-phenylpropyl)benzoate (137)

‘/\/\‘\‘ O -

3-Bromopropylbenzene (1.00 g, 5 mmol) reacted witic dust (455 mg, 7 mmol) in the
presence of LiCl (300 mg, 7 mmol) according to thel9 at 50 °C for 3 h. The
corresponding zinc reagent was obtained in 85%l elshown by iodometric titration. Ethyl
4-iodobenzoate (1.66 g, 6 mmol) and Pd@PL mol%) as a catalyst were added. The
reaction was stirred for 6 h at RT, quenched wéith s

NH4Cl and the product was isolated by column chromajalyy (silica, pentane-ether) as a
colourless oil (808 mg, 71% yield).

'H NMR (300 MHz, CDC}): §8.01 (d,J = 12.1 Hz, 2H), 7.32-7.19 (m, 7H), 4.27 (o=
10.8 Hz, 2H), 2.70 (q] = 11.4 Hz, 4H), 2.02 (¢} = 11.4 Hz, 2H), 1.41 (1 = 10.8 Hz, 3H).

13C NMR (75 MHz, CDCH): 5166.6, 147.6, 141.9, 129.6, 129.3, 128.4, 128.8,112128.0,
127.9, 126.3, 125.8, 60.7, 35.4, 32.6, 14.4.

IR (KBr, cmi'): V 2936 (m), 1716 (s), 1275 (vs), 1177 (m), 11061622 (M), 700 (m).

MS (El, 70 eV)m/z(%): 268 (76), 223 (39), 177 (52), 164 (39), 188), 92 (59), 91 (100).
HRMS: calcd. 268.1463 (fgH2002), found: 268.1470.

Synthesis of ethyl 4-(4-cyanobutyl)benzoate (138).

NC\/\/\@\
CO,Et

o-Bromovaleronitrile (805 mg, 5 mmol) reacted witinz dust (455 mg, 7 mmol) in the
presence of LIiClI (300 mg, 7 mmol) according to thEel19 at 50 °C for 8 h. The
corresponding zinc reagent was obtained in 87%lyaslshown by iodometric titration. Ethyl
4-iodobenzoate (1.66 g, 6 mmol, 1.2 equiv.) andPPt¥), (1 mol%) as a catalyst were added.
The reaction was stirred for 6 h at RT, quenchetth wat. NHCI| and the product38 was
isolated by column chromatography (silica, pentetier) as a colourless oil (802 mg, 80%
yield).

'H NMR (300 MHz, CDC}): 7.95 (d,J =12.0 Hz, 2H), 7.22 (dl = 12.0 Hz, 2H), 4.34 (4l
=10.5 Hz, 2H), 2.69 (] = 10.8 Hz, 2H), 2.33 (] = 10.8 Hz, 2H), 1.87-1.55 (m, 4H), 1.37 (t,
J=10.5 Hz, 3H).

3C NMR (75 MHz, CDCH}): 5166.9, 147.0, 138.2, 131.4, 130.5, 129.9, 127.6,0.54.3,
35.4, 30.3,28.1, 17.4, 14.7.

IR (KBr, cmi'): ¥V 2937 (m), 1715 (s), 1278 (vs), 1179 (m), 11041622 (m), 763 (m).

MS (El, 70 eV)m/z(%): 231 (12), 187 (13), 186 (100), 185 (44), 183).

HRMS: calcd. 231.1259 (GH1/NOy), found: 231.1260.

Synthesis of ethyl 3-(3-(carboethoxy)propyl)benzoat(139).
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)CJ)\/\/©\
EtO CO,Et

Ethyl ®-bromobutyrate (970 mg, 5 mmol) reacted with zinstd(455 mg, 7 mmol) in the
presence of LIClI (300 mg, 7 mmol) according to thel19 at 50 °C for 1 h. The
corresponding zinc reagent was obtained in 85%l slshown by iodometric titration. Ethyl
3-iodobenzoate (1.66 g, 6 mmol, 1.2 equiv) and Pb{f (1 mol%) as a catalyst were added.
The reaction was stirred for 6 h at RT, quenchetth wat. NHCI| and the product39 was
isolated by column chromatography (silica, pentetieer) as a colourless oil (1,04 g, 93%
yield).

'H NMR (300 MHz, CDC}): 8 7.87-7.84 (m, 2H), 7.37-7.26 (m, 2H), 4.36-4.04 @h),
4.05 (q,J = 7.2 Hz, 2H), 2.63 (t) = 7.5 Hz, 2H), 2.24 (t) = 7.2 Hz, 2H), 1.92-1.87 (m, 2H),
1.37-1.29 (m, 3H), 1.78 (8,= 7.2 Hz, 3H).

13C NMR (75 MHz, CDC}): 5173.3, 166.7, 141.7, 140.4, 133.0, 129.5, 128.7,3,%50.8,
60.3, 34.9, 33.5, 26.4, 14.3, 14.2.

IR (KBr, cm™): V2981 (w), 1721 (vs), 1280 (vs), 1197 (m), 1107 (749 (m).

MS (El, 70 eV)m/z (%): 219 (57), 218 (96), 190 (100), 177 (59), 149), 117 (55), 105
(47), 90 (29).

HRMS: calcd. 264.1362 (gH200,), found: 264.1333.

Synthesis of 2-methyl-1-phenyloctan-1-one (140).

2-Bromooctane (960 mg, 5 mmol) reacted with zinstdd55 mg, 7 mmol) in the presence of
LiCl (300 mg, 7 mmol) according to thEP19 at 50 °C for 1 h. The corresponding zinc
reagent was obtained in 88% vyield as shown by iedomtitration. Benzoyl chloride (840
mg, 6 mmol, 1.2 equiv.) and CuCN-2LIiCI (1 mL of 1 ddlution in THF, 20 mol%) as a
catalyst were added at -20 °C. The reaction waedtifor 6 h at RT, quenched with sat.
NH4Cl and the product40was isolated by column chromatography (silicatpee-ether) as
a colourless oil (740 mg, 77% yield).

'H NMR (300 MHz, CDC}): 57.88-7.47 (m, 2H), 7.44-7.18 (m, 3H), 3.21-3.14 (iHl),
1.90-1.57 (m, 8H), 1.50-1.04 (m, 8H).

13C NMR (75 MHz, CDC}): 5204.2, 136.8, 129.4, 129.1, 128.8, 46.0, 29.8 pB)3 (m).

MS (El, 70 eV)m/z(%): 218 (3), 134 (42), 105 (100), 77 (34).

Synthesis of ethyl 3-(4-acetoxybutyl)benzoate (141)
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ACO/\/\/©\C02Et

4-Bromobutyl acetate (975 mg, 5 mmol) reacted withc dust (455 mg, 7 mmol) in the
presence of LiCl (300 mg, 7 mmol) according to thel9 at 25 °C for 6 h. The
corresponding zinc reagent was obtained in 96%l elshown by iodometric titration. Ethyl
3-iodobenzoate (1.66 g, 6 mmol, 1.2 equiv.) andPPt}), (1 mol%) as a catalyst were added.
The reaction was stirred for 6 h at RT, quenchetth wat. NHCI and the product4l was
isolated by column chromatography (silica, pentetier) as a colourless oil (1.05 g, 83%
yield).

'H NMR (300 MHz, CDC}): 8 7.93-7.85 (m, 2H), 7.22-7.10 (m, 2H), 4.40 (m, 2#P6 (m,
2H), 2.66 (qJ = 7.1 Hz, 2H), 2.10 (s, 3H), 1.68-1.60 (m, 4H),QL(4 J = 7.1 Hz, 3H).

3C NMR (75 MHz, CDCH}): 5173.0, 166.8, 141.2, 133.3, 130.6, 129.1, 129.03,3151.7,
60.7, 36.2, 30.1, 28.7, 20.4, 13.8.

IR (KBr, cm): V2935 (w), 1719 (vs), 1279 (vs), 1257 (s), 1109 (74p (s).

MS (El, 70 eV)m/z(%): 264 (12), 219 (40), 176 (43), 158 (37), 148), 131 (47).

HRMS: calcd. 264.1362 (gH2004), found: 264.1381.

Synthesis of 1-phenylnonan-1-one (142).

1-Bromooctane (960 mg, 5 mmol) reacted with zinstdd55 mg, 7 mmol) in the presence of
LiCI (300 mg, 7 mmol) according to tHEP19 at 50 °C for 24 h. The corresponding zinc
reagent was obtained in 92% vyield as shown by iedomtitration. Benzoyl chloride (840
mg, 6 mmol, 1.2 equiv.) and CuCN-2LIiCI (1 mL of 1 ddlution in THF, 20 mol%) as a
catalyst were added at -20 °C. The reaction waedtifor 6 h at RT, quenched with sat.
NH,4CI and the product42was isolated by column chromatography (silicatpee-ether) as
a colourless oil (890 mg, 89% yield).

'H NMR (300 MHz, CDCY): 5 7.87-7.85 (m, 2H), 7.48-7.33 (m, 3H), 2.87J(t 7.2 Hz, 2H),
1.67-1.63 (m, 2H), 1.31-1.20 (m, 8H), 0.86-0.77 &H).

13C NMR (75 MHz, CDC4): 200.9, 137.5, 130.9, 130.6, 129.2, 128.7, 39.(®,219.8-29.6
(m), 28.2, 27.2, 14.5.

MS (El, 70 eV)m/z(%): 218 (14), 133 (17), 120 (94), 105 (100),38).

Synthesis of 7-chloro-1-phenylheptan-1-one (143).

Cl
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6-Chloro-1-bromohexane (1.00 g, 5 mmol) reactedh wihc dust (455 mg, 7 mmol) in the
presence of LiCl (300 mg, 7 mmol) according to thel19 at 50 °C for 12 h. The
corresponding zinc reagent was obtained in 93%dyad shown by iodometric titration.
Benzoyl chloride (840 mg, 6 mmol, 1.2 equiv.) andQBI-2LICl (1 mL of 1 M solution in
THF, 20 mol%) as a catalyst were added at -20 $@. rEaction was stirred for 6 h at RT,
guenched with sat. Ni&I and the producii43 was isolated by column chromatography
(silica, pentane-ether) as a colourless oil (925 896 yield).

'H NMR (300 MHz, CDC}): 5 7.88-7.85 (m, 2H), 7.46-7.33 (m, 3H), 3.44)(& 6.6 Hz, 2H),
2.88 (t,J=7.1 Hz, 2H), 1.73-1.65 (m, 4H), 1.41-1.32 (m)4H

13C NMR (75 MHz, CDC}): 5199.2, 136.0, 131.9, 128.5, 127.0, 44.0, 37.3,, 282, 25.2,
23.0.

MS (El, 70 eV)m/z(%): 224 (4), 133 (6), 120 (82), 105 (100), 77)(%61 (11).

Synthesis of phenylcyclohexylketone (144).

Bromocyclohexane (806 mg, 5 mmol) reacted with zilust (455 mg, 7 mmol) in the
presence of LIClI (300 mg, 7 mmol) according to thEel19 at 50 °C for 6 h. The
corresponding zinc reagent was obtained in 96%dyad shown by iodometric titration.
Benzoyl chloride (840 mg, 6 mmol, 1.2 equiv.) andOBI-2LICl (1 mL of 1 M solution in
THF, 20 mol%) as a catalyst were added at -20 M. reaction was stirred for 6 h at RT,
guenched with sat. Nj&I and the producii44 was isolated by column chromatography
(silica, pentane-ether) as pale yellow solid (82f) 81% yield).

Mp.: 55-57 °C

'H NMR (300 MHz, CDC}): 57.97-7.88 (m, 2H), 7.56-7.40 (m, 3H), 3.36-3.17 (tHl),
1.93-1.32 (m, 10H).

13C NMR (75 MHz, CDC}): 5 204.3, 136.8, 133.1, 129.0-128.6 (m), 46.0, 29684 2m).

MS (El, 70 eV)m/z(%): 188 (25), 133 (16), 120 (11), 105 (100),3X), 55 (12).

Synthesis of ethyl 2-(2-cyclobutylethyl)acrylate(145).

MCOZE'{

2-(Cyclobutyl)-1-bromoethane (810 mg, 5 mmol) redatith zinc dust (455 mg, 7 mmol) in
the presence of LiCl (300 mg, 7 mmol) accordingthe TP19 at 50 °C for 50 h. The
corresponding zinc reagent was obtained in 86%l yaslshown by iodometric titration. Ethyl
a-(bromomethyl)acrylate (830 mg, 4.3 mmol, 1.0 eguand CuCN-2LiCI (0.02 mL of 1 M
solution in THF, 0.4 mol%) as a catalyst were adddw reaction was stirred for 1 h at RT,
guenched with sat. N)&I and the producii4l was isolated by column chromatography
(silica, pentane-ether) as a colourless oil (640 8286 yield).

197



'H NMR (300 MHz, CDC}): & 7.39 (d,J = 2.66 Hz, 1 H); 6.64 (s, 1 H); 6.33 (dd, =
3.10 Hz,J, = 1.77 Hz 1 H); 6.25 (m, 1 H); 6.14 (d= 6.19 Hz, 1 H); 4.43 (d) = 6.19 Hz,

1 H); 4.38 (gJ = 7.08 Hz, 2 H); 1.38 (] = 7.08 Hz, 3 H)

13C NMR (75 MHz, CDC}): 5159.2; 154.1; 143.0; 141.8; 138.6; 127.3; 114.9.11107.7;
63.1; 62.2; 14.6.

IR (KBr, cmi): v 3408 (w); 1704 (vs); 1476 (vs); 1400 (m); 1384 (1370 (m); 1314 (s);
1302 (s); 1172 (s); 1148 (vs); 1092 (m); 1078 (2008 (s); 934 (s); 910 (m); 758 (m); 728
(vs).

MS (El, 70 eV)m/z(%): 153 (100); 119 (63); 117 (66); 95 (31); 48

HRMS: calcd. 182,1307 (zH150,), found: 182,1305.
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