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Abstract

The review describes a class of versatile bidentate phosphines having a homochiral 1,2-disubstituted cyclopentane backbone, the use
such ligands in coordination chemistry, and their application in transition metal-catalyzed synthesis, incidiagti@ation, G-C coupling,
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>C=CX hydrogenation, and hydroformylation. In particular, the synthetic potential of the multi-purpé$eu®d P-Cl reagentsk,R)- and
(S.5)-CsHg(PX,)2 (X=H, Cl) is highlighted, since these open up the possibility to incorporate virtually any ott@@r, P-N- or P~C-bonded

residue (“module”) into the homochiral bis(phosphine) framework. The resulting chelate ligands allow access to transition metal catalysts
with stereodiscriminating properties determined by parameters such as (i) the presBrméefituents that are equal or pairwise different

in steric demand, (ii) the spatial orientation of such substituents with respect to the coordination plane of the catalyst complex, and (iii) the
combination ofC- andP-chirogenic stereoelements in matched (or mismatched) fashion. A comparative discussion of the crystal structures
that are currently available for the free ligands and their transition metal complexes is also presented.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Chelate phosphines; Chirality; Transition metal complexes; Catalysis; Crystal structures

1. Introduction

PCl, Cl,P PH, H,PR
Optically active bidentate phosphines exhibitin@- g \Q g \O

: . “pCl, CLP” PH, H,P"
symmetry due to a chiral carbon framework or a chiral 2 2

substitution of the donor sets are among the most successful (R.R)-P,M (5,5)-P,4 (R,R)-PH4  (5.5)-P,H4
steering ligands used in transition metal-catalyzed enantios-

elective synthesis. Since the pioneering presentation of the CO,Pr-i i-PrO,C

readily accessible ®&5R) and (45,55) enantiomers of 4,5- o ' . ~0
bis(diphenylphosphinomethyl)-2,2-dimethyl-1,3-dioxolane, 1'>\/O>"C02P” "Pr02c'<()\,;'>

DIOP, as the firstC, chiral chelating bis(phosphines) O’ \O
by Kagan[1l] and the use ofP-chirogenic bidentateRp, “p-0 . , O~p*
Rp)-bis{(2-methoxyphenyl)phenylphosphipethane, R, O/ COPr FPOC 4
R)-DIPAMP, in the commercial-DOPA process es.tablished CO,Pr-i i-PrO,C

shortly after by Knowles et al. at Monsar@3a], virtually (R.R)-P,IOCH(COZP-(9- 1232 (5.5)-P,IOCH(CO2Pr--RY-12)2

hundreds of chiralP, ligands have been synthesizéd]
in order to improve metal catalysts of up to then low

performance. Impressive examples of chelate phosphines OO QQ

that have been optimized for various applications are given O Q

by 2,2-bis(diphenylphosphino)-1’-binaphthyl, BINAP 2 ) Y 5

[3b], and the DUPHOS-typ@-phenylene-bis(2,5-dialkyl- O’ o © \O

phospholanes[ﬁ]: _ _ _ _ “p-0 C 0 0p
Many of the widely used optically active bis(phosphines), 0, O O 0

especially those in which the phosphorus atoms bear two C O

electron-withdrawing aryl groups, are synthesized by alky- O O

lating lithiated diarylphosphides, LiPArwith disulfonates
containing chiral carbon scaffolds. The disadvantage of this
protocol is that it cannot routinely be used in the synthesis of Scheme 1. Selection of cylopentane-based bis(phosphines) illustrating the
P> ligands possessing more electron-rigfalkylated donor acronyms used throughout this paper.
groups. Due to their pronounced basicity, alkyl phosphide nu-
cleophiles, particularly those with sterically demanding sub- thetic strategy we have adopted are given by the resolved
stituents such as LiP(Bi)» or LiP(CsH11-¢)», tend to favor ~ €nantiomers of bis(primary phosphineshF41*PH,, and
various annoying side reactions frequently resulting in prod- bis(phosphonous dichlorides) £¥N*PCl, having synthet-
ucts formed by metal-halogen exchange, elimination-gt P ically versatile reactivePCh and—PH, functions supported
coupling rather than substitutidf]. To some extent, these onarigid 1,2#ans-disubstituted cycloalkane backbone, such
difficulties can be mastered either by making use of less ba-as exemplified by the enantiopure cyclopentane-based pre-
sic and, hence, less reactive phosphide—borane addiols ~ cursors GHg(PHy)2, Pi4, and GHg(PCh)2, P§™, shown in
—in displacement reactions employing relatively unhindered Scheme 1
phosphide nucleophiles derived from primary phosphines —
by the use of cyclic sulfates as substrdtgs

Our recent research in the field covered by this review 2. Ligands
has been focussed on the development of variable methods
of synthesis for optically active bidentate phosphorus lig- 2.1. Historical development and scope
ands containing-bound structural components (“modules”
in Burk’s notation[5e]) that can be interchanged system- By analogy to the straightforward preparation of
atically and easily. Important key compounds of the syn- Cl,PGH4PChL from ethylene, white phosphorus and

(R R)il)z[(R)-BINOLATE]Z (S S)iPz[(S)-BINOLATE]Z
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phosphorus trichloridgB], Green and co-workers obtained enantiomerically pure single crystals. Separation of the
racemic 1,2tans- CsHg(PCh)2, rac-P$4, as early as 1983  conglomerate into (+)-[NiB#{(R,R)-PY"}]-CH,Cl, and

on a multi-gram scale by heating cyclopentene wijhaRd (—)-[NiBrz{(R,R)—Pgh" 1-CHzCl, was accomplished manu-
PCk in an autoclave at 21%C for 40 h[9a,b]. Only trace ally by crystal picking, and {)—(S,S)-Pgh4 and (+)-R,R)-
amounts of theris isomer and the monoadductldaPCh PP were subsequently recovered by treating the dextro-
were formed and were removed by distillation. Treatment of rotatory and, respectively, laevorotatory complex isomers
rac-P$% with RMgBr in THF (R=Me, Cy, Ph]9a—c]gave  with sodium cyanidg9a,b]

the corresponding bis(tertiary phosphines)}CsHg(PRy)2, We entered the field in the late 1980s on the occasion
rac-P§4, of which rac-Pgh‘* was fully characterized by X-ray  of an attempt to bring about enantiodiscriminativeHCac-
structure analysis (Sectidh4) [9a,b] tivation by oxidative addition of racemic Z;8isubstituted

Similar to 1,2#rans-CsHg(PCh)2, the cyclohexane-  biphenyls and binaphthyls to angular carbene-typ8]
and norbornane-based bis(phosphonous dichlorides) 1,2-14e complex fragments of Pt(0) bearing optically active
trans-CgH10(PCh)2 and  2,3trans-C7H19(PCh),  were P chelating ligands. At that time, Whitesides and Hack-
isolated as racemates in quantities of up to 100g from ett had already established an extensive carbene-lke C
autoclave reactions of the respective cycloalkenes with insertion reactivity for the non-linear'@ML, equivalent
P, and PC} at 220-225C and then derivatized to 1,2- {Pt[(c-CsH11)2P(CH)2P(CsH11-¢)2]} which they showed
trans-CgH10(PPh)2 [9a] and 2,3-tans-C7H10[P(CsH11- to be smoothly released into solution upon mild thermoly-
c)2]2 [10a,d] respectively. However, these two chelate sis of the readily accessible alkyl hydrido platinum(ll) pre-
phosphines are excluded from further discussion be- cursor [Pt(H)(CHBuU-1){(c-CsH11)2P(CH)2P(CsH11-¢)2}]
cause they feature a largely undeveloped coordination[16]. These results inspired us to probe the stereodiscrimina-

chemistry, [NiXp{rac-CgH1o(PPh)2}] (X=CI, Br), tory properties of enantiomerically pure angular dicoordinate
[Mo(CO)a{rac-CsHio(PPh)2}] [9a], [Pt(X)(CH.Bu- Pt(0) fragments containing the bis(dicyclohexylphosphino)
1){rac-C7H1o[P(CsH11-¢)2]2}] (X=H, CH2Bu-, (15)- ligand GsHg[P(CsH11-c)2]2, P{CsH1)4 " in optically ac-

camphor-10-sulfonate]10a,d] and [Rh{*-CgH12){(+)- tive form (see Section4.1l) [10]. For the synthesis
C7H10[P(CsH11-¢)2]2}]ClO4 [11] being the only metal  of the required starting complexes [Pt(H)(eBU-1){(+)-
complexes hitherto described. TheHGo[P(CsH11-¢)2]2 P{CeHi-a1] and [Pt(H)(CHBuU-){(—)-P{LsH1-4 1], reso-
ligand system forms a closely related analogue oftZ;8s- lution of the racemic ligand was effected following the
bis(diphenylphosphino)norbornene and its reduced congenerstrategy previously developed by Brunner and Pieronczyk
2,3+rans-bis(diphenylphosphino)norbornane, which have for the separation of NORPHOS into its R3R)- and
become famous in asymmetric catalysis under the acronyms(2S5,35)-C7Hg(PPh)2 enantiomer$12], i.e., rac-P&Cf-Hll“')4
NOPRPHOS[12] and RENOPRPHO%$13], respectively. was first transformed, by oxidation with,B,, to theP,P’-
The broad application of the latter two bis(phosphines) — dioxide which was subsequently separated into (+)- and
notably of NORPHOS34a] — is predominantly owed to the  (—)-CsHg[P(O)(CsH11-¢)2]2 using (&,3S)-(+)-di-o-benzoyl
pioneering contributions of Brunner and co-workers and, tartaric acid as resolving agent. Several crystallizations of
hence, remains beyond the scope of this article. the R=0O. . -HO-bridged diastereomeric adducts between the
Although the thermally unstable phosphorus(ll) chloride phosphine oxide enantiomers and the tartaric acid deriva-
P>Cly, which begins to decompose at®© by disproportion- tive from THF/pentane followed by cleavage of the hydrogen
ation yielding PG4 together with (PCl)[14], is certainly not bonds with aqueous KOH afforded the dioxide as enantiop-
involved as an intermediate in the high-temperature reactionsure isomers, which were eventually converted back to their
between olefins, white phosphorus and phosphorus trichlo-parent (+)- and-)-CsHg[P(CgH11-¢)2]2 enantiomers using
ride, itis interesting to see that this subhalide undergoes cleandiphenyl silane as a reductdd]. A similar procedure was

>C=CX addition with stereospecific formation of 1z2ens- used by Consiglio and Indolese to make B}&4 ligand and
CsH10(PCh)2, if allowed to interact with cyclohexene under its p-methoxyphenyl analoguEECﬁH“OMe‘(“) 4 in optically
mild conditions[14]. active form[17].

The observation that the cyclopentane-1,2-diyl-Bis(1
2.2. Ligand precursors and optical resolution 3,2-dioxaphospholand®,[OCH(COPr-)—2}: formed by re-

acting racemich14 with (2R,3R)-(+)-diisopropyl tartrate,

Inthe particular case @ilc-Pgh“, resolution oftheracemic  crystallized from the resulting isomeric mixture as a single
mixture was originally achieved by reacting the racemate (15,25,4R,5R) diastereomer, §(S)-PYOCH(COPr-d-(R)—1};
with NiBr2 in ethanol-water (95:5) to form [NiBrac- [18a], meant a considerable step forward on the way
Pgh“)]. Crystallization of the product from dichloromethane to optically active cyclopentane-basekb ligands con-
yielded large crystals of the G&l, solvate, the struc- taining a wide range of different&-, P-N- or P-O-
ture analysis of which showed the specimen investigated tobonded donor groups: as anticipated, the enantiomeric
contain only one enantiomer, [NiBf(R,R)-P5™}]-CH,Cl,. bis(phosphonite) with ®&,2R,4'S,5S) configuration, R,R)-
The nickel(ll) complex thus underwent spontaneous res- PYOCH(COPr-)-(S172)2 - could be isolated in diastereomeri-
olution upon crystallization depositing a conglomerate of cally pure form from a similar reaction betwewc—PZCl4
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O

rac—PZCl4
HO.__,CO,Pr-i i-PrO,C__OH
HO™"“CO,Pr-i i-PrO,C"" " OH
CO,Pr-i i-PrO,C
| ! 'COZPI'—I l*PI‘OZ( ! |
0 o7,
O\ {—— (single crystals from Et,0) ——
P~ O~
1 CO,Pr-i i-PrO,C i
(6]
CO,Pr-i i-PrO,C

(S,8)-P,TOCH(CO2Pr-)-(R)-12)2

(R’R)7P2{[OCH(C02Pr—i)—(5‘)—]2}2

\’ —  LiAlH, — /

O:P Cl (C15C0),CO

PCl,

~PHz
: “PH,
(S.5)-P,H (5,9)-P,H4

H,P., CLP.,
D OC(0CCly), ,O
—_———
H,P CL,P
(R.R)-P,14 (RR)-P;M

Scheme 2. Resolution @fzc-Pf“‘ via diastereomerically pure bis(dioxaphospholane) key intermedittesl9,20]

and (2,35)-(—)-diisopropyl tartratgf19a). Subsequent re-
duction, with LiAlHg4, allowed the bis(primary phosphine)
CsHg(PHy)2, to be isolated as either optical antipode, from
which bis(phosphonous dichlorideyBs(PCh)» was recov-
ered as resolved RI2R) and (15,25) enantiomers by oxi-
dizing the P-H bonds with bis(trichloromethyl) carbonate
(“triphosgene”) Echeme P[18,19b,20,21a]

In a different approach to the mirror image isomers
of the multi-purpose PCI reagentP2C'4, Brunner and
co-workers chose to hydrolyse the resolved Bj8(2'-
dioxaphospholanesR(r)-P{OCH(CO2Pr-)-(5)72}2 gnd ,5)-
PYOCH(CO:Pr-0-(RY 2}z 10 the free phosphinic acidRR)-
and (5,5)-CsHg[PH(O)OHL, from which the pure enan-
tiomers R,R)-and (S,S)-P2C'4, were recovered by chlorination
with PCk (Scheme B[22a,b]

CO,Pr-i

0

p " COPr BH)oH PCI
O\ 0 H,O/HCI PCl, O\ 2

_— —_—
-0,
P P(H)OH PCl
5 \)—cozpr-i FH) 2
= (S’S)_PZ[PH(O)OH]Z (S,S)-P2C14

CO,Pr-i

Scheme 3. Preparation of enantiopLﬂ’;';SX—PzCl4 by hydrolysis of diastere-
omerically pure §,5)-PYOCHCOPr-)-(R 7122 and chlorinatiorj22a,b]

The advantage of having bo®{ and P{™ as enan-
tiomerically pure compounds at one’s disposal rests on the
following features: First, both AH/>C=C< addition reac-
tions and “P-H — P-Li — P—R” metallation—alkylation se-
quences open practicable ways to alkylated bis(secondary)
and bis(tertiary)P, ligands with or without additional chi-
rogenic centers at phosphorus. Second, substitution reac-
tions at the PCI bond using carbon, nitrogen or oxygen
nucleophiles are among the most general and most easily ac-
complished coupling methods in organic chemistry. Finally,
the possibility to incorporate virtually any-&—, P-N— or
P—O-bonded residue into the homochiraHg(PXz), frame-
work allows the preparation of a wide range of optically ac-
tive chelate ligands and metal complexes having fine-tunable
steric and electronic attributes.

2.3. Ligand preparation

2.3.1. Bis(tertiary phosphines) CsHg(PR>);

2.3.1.1. Bis(tertiary phosphines) with aliphatic and cy-
cloaliphatic substituents. Treatment Ofrac—Pgl“ with the
appropriate Grignard reagent RMgX (X =Cl, Br) in diethyl
ether or THF afforded the racemic bis(phosphines)
CsHg(PRy)2, where R=methyl [9] or cyclohexyl
[9b,10a,d,23a] In a similar fashion, the optically ac-
tive ligands (5,25)-CsHg[P(Bu-)2]2, (S,S)-PEU")4 [24b],
and (15,25)-CsHg[P(CeH11-c)2]2, (5,S)-PSeH1)4 [19b],
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were isolated by reacting thes,§)-P$™ enantiomer with
n-BuMgCl andc-CgH11MgBr, respectively.
Starting from bis(primary phosphind)?", P-alkylated

L. Dahlenburg / Coordination Chemistry Reviews 249 (2005) 2962-2992

[ IRh(N*-CgH 2){(S,5)- PO MACSHIS IRy ]

I

CsHg(PRy)2 and GHg[P(R)R]: ligands have been prepared Q Q Q
by either metallation—substitution sequences-eiP>C=C<
addition reactions. Lithiation ofic-P34 with n-butyllithium <P Me <P Me PMe
in THF at—78°C, followed by the addition of the required O\ .Me O\ _Me O\ .Me
amount of methyl iodide, thus furnishedc-PY# in high L ] L
yield. The tetra- and dilithio derivativesc-CsHg(PLi2)2 and <S-$>-|1P3‘<R>'M°<Cs"'5"')'z (b (5 (b

enriche

rac-CsHg(PHLI)2 could be isolated as highly reactive solids
which likewise gave good yields m‘zc-Plz"[e“ following alky-
lation and, respectively, metallation—methylat{@8b].
Radical-initiated PH addition of the—PH, functions
of (1S,25)- or (1R,2R)-CsHg(PHy)2 to the carbon—carbon

~4% ~61%

1. (CI3CO),CO
2. MeMgBr

——

double bonds of cycloalkenes,By,_2» (n=5-8) gave
the bis(secondary phosphines)R(2R)- and (1S,2S)-
CsHg[PH(C,H2,—1)]2 as statistical mixtures of their PHy - H,y AIBN Payy Py Py
(Rp,Rp), (Rp,Sp) [=(Sp,Rp)], and (p,Sp) diastereomers O\ O\ H O\ H O\ H

[20,24a,25] As exemplified irScheme 4or the cyclooctene
adducts §,5)-PiH(CsHis-Il2 separation of the sterecisomers
was accomplished by further derivatization and metal com-
plex formation. Thus, treatment of the isomeric mixtures with
n-butyllithium followed by alkylation with methyl iodide
led to an enrichment of the stereoisomers with like chiral-
ity at phosphorus and carborg,g)-PYR)-Me(CsHis-ol2 gng
(,5)-PYS)Me(Cstis)l2  the rhodlum(l) complexes of which
[Rh(n-CaH12){(R.R)-PYIMe(CsHis 1]0,SCR;  and
[Rh(n“-Cngz){(S,S)-PgR)' e(CsHis-)121]03SCR — were
isolated in isomerically pure form by crystallization from
THF/diethyl ether solvent mixtureR4b,25] Conversely,
reaction of the bis(secondary phosphine) sterecisomers

PH,

)
Q1
]
»

P
(S.5)-P,[H(C8HIS- c)]2 <>

~ 50%

1. n-BuLi
2. Mel

(O-
-

~50%

-

3
.

Me
P‘Me

®)
=)

.

(S’S)_P,I(S)—Me(CSHlS—z-)]Z

enriched

O

PH(CsHisAL2 first with (ClzCO)CO [20] and then with
methyl magnesium bromide caused the isomeric distribu-
tions to change in favor of theR(R)-P{®)-Me(CsHis-c)l,
and (,5)-P{RA-Me(CsHis)l2 jsomers, which were sub-
sequently reacted with [Rhf-CgH12)2]OsSCR; to fur-
nish [Rhfy*-CgH12){(R,R)- MLU?) Me(CsHis-)]21103SCR; and
[Rh(n*-CgH12){(S,S)-PY$)Me(CsHis-)l21103SCR;  follow-
ing work-up by column chromatograpifigs].

Two hydroxyalkyl-substituted derivatives, 2S)-
CsHg[P(CHoOH)]o,  (S,S)-P{CH20M): — gnd (15, 29)-
CsHg[P(CsHeOH)2]2, (5,5)-PS3HeOMs  have been de-
scribed as being soluble in water. Both were made from
(S,S)-P?“, the former by catalytic formylation of the—M
bonds using aqueous GB in the presence of {PtCls]
[22a,b] the latter by radical-initiated-FH addition to allyl
alcohol[24b].

~T72%

14
N
i
R

=
o] i )
)

Sp.Sp

l

[ |Rh<n4-CsH1z)-{(S,S>-Pz'(R”M“C"“‘S’f”z}|*]

Rp.Sp

Scheme 4. Preparation, enrichment, and isolation CoP-chirogenic
bis(phosphines) §(S)-P{SIMe(Cstlisol,  and ~ @,5)-PLR)-Me(CsHus-ol
[24b,25]

[23b], and as enantiomerically pure compound®;Rj-
or (5,5)-PPh [21b,23b] (R,R)—P%CGH“OM"'(Z)]", (S,9)-
PhCsHsOMe- i [17], and 6,S)-P{CsFs) [23b], respectively.
The racemio-N,N-dimethylaminophenyl and 2-pyridyl-
substituted ligandsac-CsHg{P[CsH4NMez-(2)]2}2, rac-
PCeHaNMe-Q)ls and  rge-CsHg{P[CsH4N-(2)]2}2, rac-
piCsHaN-@l | were synthesized by treatinge-P$™ with the
2-lithio derivatives oV, N-dimethylaniline or pyridine, which
themselves were generated in situ frarBuLi and the cor-

2.3.1.2. Bis(tertiary phosphines) with aromatic and het-
eroaromatic  substituents. Grignhard reactions between
P$M and ArMgX (Ar=CgHs, CsHaOMe-(2), GH4OMe- responding aryl bromidgg6b,c]

(4), GsFs; X=Cl, Br) yielded the phenyl-, anisyl-, Brunner and co-workers described both divergent
and pentafluorophenyl-substituted bis(tertiary phosphines)and convergent reaction sequences leading from enan-
CsHg(PAry),, both as racemic producisc-PE™ [9a,b], rac- tiomers ®,R)- and (,5)-P$% to a second generation of
PiCHsOMe-(2)ls 10 p[CsHsOMe-(4)]4 [17], andrac-PgCGFsM optically active dendritically expanded bis(phosphines)
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XO@

X 1.n-BuLi

2. (8,5)-P,CH o P
Br —_—
p

: OF
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CHO
CHO

x  hydrol.
X

OHCQ
P‘Q
CHO
I _@s
9

OMe X OHC CHO
X=—
OMe X CHO

(S S)_PZ(C6H3|CH(OMe)ZIZ-(3.5))4

optically active amine RNH,
(+ HC(OMe)3)

(S,S)—P2|C6H3(CHO)2'(3'5) 14

NR

W i/NR

R = (R)-CH(CH,OH)Pr-i, (S)-CH(CH,OH)Pr-i,
($)-CH(CH,OH)Bu-t, (R)-CH(Me)CgH; ¢

e
=NR
il : 77/
RN

(S.5)-P,[COH3(CH=NR)2-(3.5)4

Scheme 5. Divergent approach to dendritically expanded bis(phosphines) bearing eight peripheral aldimine f22atdns

containing their stereochemically uniform dendritic ex-

2.3.1.3. Bis(tertiary phosphines) with phospholane and

tensions supported on the homochiral 1,2-disubstituted phosphorinane donor groups. The diastereomeric 1,2-

cyclopentane frameworK22a,b] rather than on achiral
1,2-ethylene- orortho-phenylene bridges as were used
in the first generation of optically active expandé&d
ligands [27]. In the first step of the divergent approach,
(S,S)-P2Cl4 was coupled to aryllithium building blocks
bearing acetal-protected formyl functions to form the tetra-
and octaacetals §125)-CsHg{P[CsH4CH(OMe)-(2)]2}2.
(S,8)-PLCeHaCHOME)2-2)ly - and (15,25)-CsHg { P[CoH3{CH
(OMe)-}2-(3,5)k} 2, (S,S)_péCsHs[CH(OMe)z]z-(&5)}4_ Ace-
tal cleavage with half-concentrated hydrochloric acid
afforded the tetra- and octaformyl bis(phosphines)
(15,25)-CsHg{P[CsH4CHO-(2)k} 2, (S,S)-PLCeHaCHO-C)ly
and  (15,25)-CsHg{P[CeH3(CHOR-(35)k}2,  (5.5)-
PLCeHa(CHOR-G.5)ls  from which various expanded tetra- and
octaaldimine type ligands(§)-PiCsH4CH=NR-@s and @,5)-
PCeH(CH=NR),-3.5)ls \were prepared by condensation with
p-(—)- and L-(+)-valinol, L-(+)-tert-leucinol, and, respec-
tively, (R)-1-cyclohexylethylamine, as shown 8cheme 5
for the synthesis of the octasubstituted bis(phosphines).

The convergent strategy started from pre-built aryl bro-
mides bearing two )-borneol groups attached as ben-
zylic ethers to the 3,5-positions of the aromatic ring. Lithi-
ation and subsequent combination witR,K)- or (S,S)-
PZC“' produced either of the two diastereomeric dendritically
expanded “octaborneol-bis(phosphine)” ligan&skj- and
(S,8)-PiCeHalCH20borny-(15)],-3.5)ls depicted in Scheme 6
[22a,b]

Treatment of §,5)-PLCeHs(CHOR-GS)s with NaHSGQy

gave the sulfite adducss)-PACe I CHOMSO0s NaT)lz-(35)s

[22c].

bis(phospholano)cyclopentanes R(2R)- and (15,25)-
CsHa{P[(R)-CH(Me)CHTo}2, (RR):- and  (.5)-
pil(R-CHMe)CH2 L), - resulted from consecutive  treat-
ment of the requiredP} enantiomer with 2 equiv. of
n-BuLi, followed by 2 equiv. of (3,55)-2,5-hexanediol
cyclic sulfate, and then followed by another 2 equiv.
of n-butyllithium [28]. The phosphorinane-substituted
ligand (15,25)-CsHg[P(CH2)s5-c]2, (S,S)—PE(CHZ)S'C]Z, was
obtained by radical-initiated-fH addition of (S,S)-P?4 to
1,4-pentadieneScheme Y[24b].

& GETE
e e e o~
,qqi%f

()Q\?\ 02\?;\&(

(.S‘.S)-p}_{ C6H3|CH20bornyl-(15)]2-(3.5)}4

Scheme 6. Convergent synthesis of a dendritically expanded bis(phosphine)

with eight peripheral (§)-borneoxymethyl group2a,b}]
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1. n-BuLi

2. 0540
0”0

PH, 3. n-BuLi

1

PH, (2 equiv. each)

(S,5) _Pz([(R)-CH(Me)CHZ—]Z}Z

PH, AN

1

PH, (AIBN)

) _Pz[(CHZ)Sfc]Z

Scheme 7. Synthesis of optically active cyclopentane-based bis(phos-
pholanes]28] and bis(phosphorinanei4b].

2.3.2. Bis(phosphonous diamides) CsHg[P(NR3)2 ]2

Known compounds include rac-CsHg[P(NCsH10-
c)2]2, mC-P§NC5Hl°'6)4, (15,25)-CsHg[P(NCsH10-¢)2] 2,
rac-PNCsHi-c)s rac-CsHg{P[N(C2oH4)20~]2}2,  rac-
PN(CHa)0-cls - and rac-CsHg{P[N(CH,CHMe)O-c]2} 2,
rac-PRN(CH2CHMe),0-cly "\which resulted from condensation
reactions of racemic or resolveﬂg14 with piperidine
[19b,29] morpholine[20,29], and 2,6-dimethylmorpholine
[21a], respectively.

2.3.3. Bis(phosphonites) CsHg[P(OR);]>

In addition to the enantiomeric cyclopentane-1,2-diyl-bis
(1,3 ,2 -dioxaphospholanesR(R)-P,[OCH(COPr-)-(S)=]2},
and (5,5)-P,{[OCH(COPr-)-(R)~12}, sed for the resolution
of racemic GHg(PCbh). (Section2.2), the bis(phosphonites)
rac-PSOM4 [29], (S,5)-PSOMe4 [19b,20] rac-PLOBU-s ()4
(1:1 diastereomeric mixture)[29], (S,S)-PiOBu-s-(S)4

[19b], mc—P[zomenthyl'(l/R’Z/S’S/R)]“ (1:1 diastereomeric
mixture) [29], rac-PLPM4 [29], (R,R)-POPMs [21D,23b]
(5,8)-POPs [19p,20,21b,23h] rac-PROCeH3 (CF3)2-(3.5)l
(S,S)-PLOCeH3(CF3)2-(3.5)]y rac-PYOCsH3F2-(2.6)l4

(S,8)-PLOCSHF2-(2.6)4 rac-PYOCsH3F2-(35)ly (S,5)-
PLOCGH3F2-(3.5)]y rac-PLOCeH2F3-(2.4.6)]4 (S.9)-
PLOC6H2F3-(2.4.6)4 (S,5)-P OCgFs)4 [23Db], (R,R)-
p{(R)-BINOLATE], (R,R)-PYS)-BINOLATE], (S.9)-
PYS)IBINOLATE]; = gnq  ,5)-PYR)-BINOLATEL, [2o5] haye

been prepared by treatiﬂ!f"‘, either as a racemate or as an
enantiopure stereoisomer, with the pertinent alcohol, phenol,
or diol. For the free acid, which exists as the phosphinic
tautomer GHg[PH(O)OHL, PH(OOHL: 294 see Section
2.2(Scheme B

2.3.4. Cj-symmetric ligands CsHg(PPhy)[P(NR3);] and
CsHg(PPhy)[P(OR);]

Dissymmetric P> ligands of the general type
Ar,P(CH),PAr, have previously been synthesized either by
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Scheme 8. Reaction sequence leading fram-symmetric (5,25)-
CsHg(PCh)2 to C1-symmetric cyclopentane-bas&dP’ ligands[23c].

base-catalyzed-H/>C=C< addition of a diarylphosphine
AraPH to a suitable diarylvinylphosphine #/#CH=CH,
[30—32] or by nucleophilic substitution of BR(CH,),PCh
with an appropriate aryllithium or arylmagnesium reagent
[33]. An analogous phosphine—phosphonous dichloride
with a rigid cyclopentane backbone sidg(PPh)(PCh),
PPR2pCl  was obtained both as a racemic mixture and
as resolved K,R) and §,S) enantiomers by the reaction
sequence depicted Bcheme 8or the (§,S) sterecisomers.
Treatment oP$™ with N,N'-diisopropylethylenediamine
afforded the still Cy-symmetric perhydro-1,6,2,5-
diazaphosphocine 4EIg[P(CI)N(Pr<)CoHaN(Pr-)P(Cl)],
p{L(-PINCHNPE-) - containing an eight-memberefbN,
heterocycle rather than the expecte@i-symmetric
phosphonous(dichloride—diamide)  sldg(PChL)[PN(Pr-
i)CoH4N(Pr-)-c]. Degradation of the eight-membered
perhydro-1,6,2,5-diazaphosphocine ring with formation
of the dissymmetric phosphine—phosphonous diamide
CsHg(PPh)[P(i-PINCH-),],  PPh2p(-PrNCH2=); - yyag
brought about by combination '2(-PrNC:HaNPr-i) ity
equiv. of phenyl magnesium bromide—probably as a result of
nucleophile-induced ring contraction. Cleavage of thé&lP
bonds of PPh2p(-PrNCH=)2 \uith gaseous hydrogen chlo-
ride then afforded the phosphine—phosphonous dichloride
PPR2pCl \which was converted to 4Eig(PPh)[P(OPh}],
PPh2p(OPh): hy reaction with phendR3b,c]

2.4. Characterizing optical rotations and selected X-ray
structural data

Optical rotations 4], measured for the enantiop-
ure ligands are collected imable 1 X-ray data are
available for ligands rac-, (R,R)- and (,5)-P¥M,
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Table 1
Optical rotations ], of CsHg(PX2)2 and GHg(PX2)(PY2) enantiomerdP
Compound &s89 [a]s7s [@]546 [d) a6 [o]365 Solvent, temperature Ref.
Co-Symmetric bis(phosphines)
(S,5)-P{CoH11-cla +35 +37 +42 +66 +92 CHGJ 20°C [23a]
(S,8)-p{CH20H) +52 +54 +61 +101 +154 $0, 22°C [22a]
(R.R)-PZM +173,+185  +182,+196 +210, +227 +398,+430 +728,+786 GH&hb., CHC}, [21b], [23b]
20°C
(S,S)-PPh4 -171 —180 —208 -394 -721 CHC}, amb. [21b]
(s,s)-P%CGFs)‘t —200 —210 —239 —406 CHC}, 20°C [23b]
(S,S)-PLCsH4 CH(OMe); ()4 —294 —310 —358 —678 CHCl,, 24°C [22a]
(s,s)-PfcﬁﬂsKCH(OMe)zlz'@ﬁ)h —60 —63 -73 —149 —298 CHCl,, 22°C [22a]
(s,S)-PfCGH4CH0-<2H4 +83 +102 +198 CHCly, 24°C [22a]
(8,8)-PLCeHa(CHO)-(3.5)y —-170 —-176 —200 —305 CHCl,, 22°C [22a]
(S7S)_P[2C6H4CH:NR'(2)14
R = (R)-CH(CH,OH)Pr-i +15 +16 +21 +117 ChClp, 22°C [22a]
R = (S)-CH(CH,OH)Pr-i -16 —-17 -22 -9 —-51 CH,Cl,, 22°C [22a]
(5.5)-PICeH (CH=NR)-(3.5)ly
R = (R)-CH(CH,OH)Pr-i —156 —165 —192 —357 —697 CHCly, 22°C [22a]
R = (S)-CH(CH,OH)Pr-i —-28 —29 -35 —86 -185 ChClp, 22°C [22a]
R = (S)-CH(CH,0H)Bu-7 -28 —-29 -33 -82 —206 CHCly, 21°C [22a]
R = (R)-CH(Me)CgH11-¢ —180 —189 —222 —443 —953 ChClp, 22°C [22a]
(R,R)-PICeH3(CH,0bornyl-(15)},-35],  _2g —-30 -31 CHyCly, 22°C [22a]
(s,S)-P[%sﬂs!CHzob""yl-(lsnz-S-Sh —101 —105 —121 CHCl,, 22°C [22a]
(5,5)-1{“(0)0"]2 +52 +54 +61 +101 +154 40, 22°C [22a]
(R,R)-P{OPM4 —-50 —-52 —60 —102 —160 CHCB, amb. [21b]
(S,5)-PLOPh)4 +50 +52 +59 +101 +160 CHgJlamb. [21b]
(s,S)-PfO%Hs(CFs>z-<3-5)h +35 +36 +42 +73 +119 CHgJ 20°C [23b]
(5,5)-Pf0C6“3F2-<2~6>14 +67 +69 +80 +150 +213 CHg|20°C [23b]
(s,S)-Pfocﬁﬂst-@-S)h +48 +50 +57 +97 +149 CHgJ 20°C [23b]
(s,S)-PfOCaHzFr(Z“ﬁ)h +64 +68 +79 +92 +130 CHgJ 20°C [23b]
(S,5)-P{OCsFs)4 +48 +50 +57 +102 +170 CHgJl20°C [23Db]
(R,R)-PYR)-BINOLATE], —-76 —-81 —140 —274 —577 Acetone, 20C [25]
(S,S)-PLS)-BINOLATE], +73 +78 +137 +270 +570 Acetone, 20 [25]
(R,R)-Pz[(s)'BINOLATEh —44 —49 -72 —132 —473 Acetone, 20C [25]
(s,s)-P[%S)‘B““OLATE]2 +40 +45 +67 +124 +464 Acetone, 20 [25]
(,8)-PS1 +104 +109 +124 ChCly, 22°C [22a]
(R,R)-P12(-PrNC2HyNPr-i) +78 +85 +95 +176 +299 CHegl20°C [23c]
(S,8)-PS12(-PrNCoHyNPr-) —-96 —-107 —124 —220 —355 CHCB, 20°C [23c]
C1-symmetric bis(phosphines)
(R,R)-PPh2 p(-PrNCH; ™), +164 +171 +199 +383 +724 CHgI20°C [23c]
(R,R)-PPh2 p(-PrNCH2 ™), —130 —-138 —159 —307 —682 CHCB, 20°C [23c]
(R,R)-PPh2 p(OPh); +6 +7 +8 +20 +44 CHG, 20°C [23c]
(S,S)-PPr2 p(OPh), -9 -10 -12 —26 -57 CHCB, 20°C [23c]
(R,R)-PPh2pCh —-16 -17 —-19 —31 +45 CHC}, 20°C [23c]
(8,5)-pPPh2pCl2 +15 +17 +18 +30 —45 CHCEB, 20°C [23c]
@ For structures and abbreviations, Sshemes 1-3, 5, 6, and 8
b Al c=1.

(5,5)-PLCeHsCHOMe)- @)y (5,5)-PICGHACHO-@))s, g slightly above 3, so that the familiar structural features

PLCHaNMer-@ly g o-PICSHN-@ - o p(NCsHioc)s of five-membered chelate systems are encountered (Section
as well as RR)-PHOCHCOPr-D-()"hl  and  ,9)- 3.7.

PYOCH(COPr-0-(RY 12}~ (Table 2. All structural char-
acterized bis(tertiary phosphines) bearing aromatic or
heteroaromatic substituents on phosphorus show torsion
angles P-€C—-P> 160 and P. - - P distances in the range
4.4-4.5A, so that at first it appears that these compounds are ; ;  izanium complexes

not suitable disposed to act as chelate ligands. However, in

metal complexes of these phosphines th&€PC—P angles Treatment of the binuclear cycloheptatrienyl complex
have closed to 40-80and the P--P distances are only [{Ti(u-CI)(n7—C7H7)(OC4H8)}2] with 1 equiv. ofmc_P%’I%

3. Coordination chemistry
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Table 2

Selected X-ray structural data for racemic and enantiopurg-1,2-GHg(PR;). bis(phosphine$)

Compound Space group d(P—C) (A) P—C—C—P (°) p-..P (A) Ref.

rac-PPM P-1 1.858(2), 1.867(2) 168 4.45 [9b]

rac-PLCsHaN-@)la ? 1.862(2), 1.863(2) 163 4.46 [34]

rac-PNCstio)s Pbca 1.870(6), 1.875(6) 159 439 [35a]
(R.R)-PEM P21212, 1.866(4), 1.873(4) —1599 4.47 [25]

(S,5)-PEhd P212121 1.862(4), 1.864(4) +159 4.47 [25]

(S,8)-PLCeHa CHOMe),-(2)ly ¢ P2; 1.839, 1.865 +162 445 [22a]
(8.8)-PiCsHaCHO- P2y 1.864(2), 1.866(2) +16Q 4.42 [22a]
(S,8)-PLCeHaNMe2-(2)]4d P21212¢ 1.879(2), 1.882(2) +168 451 [26c]
(R,R)-PYOCH(COPr-0-(S) 2}, P2; 1.828(3), 1.829(3) —1259 412 [19a]
(8.8)-PYOCH(COPr-)-(R) 21 P2y 1.793(6), 1.821(6) +126 413 [18a]

2 Crystallographic data of previously unpublished structure determinations (ligand$NCsH0s, (R,R)-PEP, and §,5)-PEM) have been deposited as
‘Supplementary materialAppendix A).

b For structures and abbreviations, cf. legendable 1

¢ E.S.D. of P-C distances not available.

d Obtained by crystallization and spontaneous resolution of the racemate.

gave [Ti(Cl)@’-C7H7)(rac-P}!®)] (Ia), which reacted with ~ 3.3. Rhenium complexes

excess CHMgBr to furnish [Ti(CHs)(n-C7H7)(rac-PYie4)]

(Ib). The tetrahydro- and tetradeuterioborato derivatives [ReCh(rac-P5™)z][Re2Clg(n-O2CPhy]  (III)  arose
[Ti(BX4)(n7-C7H7)(rac-P12we4)] (Ic) featuring single-bridged ~ in low yield from a reaction between the metal-metal
Ti—X—BX3 groups (X =H, D) were similarly obtained from quadruple-bonded dirhenium compound {R&(.-
the chloro complex using Na[Bfj and Na[BDy], respec-  O2CPh}] and rac-Py™ in the presence of MsSICI,
tively [9c]. which was intended to give [RElg(p-rac-PiM)s].

In crystals of the chloroform solvate [RefClac-
PY14),][Rex(0,CPhyClg]-CHCl3, both the cation and
the anion reside on a center of inversion, meaning that there
is one 6,5)-PE™ and one R,R)-PY™ ligand bound to the
central metal of cationic compldXI, as shown irscheme 9
[36b].

Treatment of [Re(Br)(CQ]J with rac-P{CsHu- in THF
yielded fac-[Re(Br)(CO){rac-P{CeHi-<)a1], which in turn
affordedfac-[Re(OSQCFs)(CO){rac-P{sH11-)41] if com-
bined with AgQSCF; in CH»Cl,. Reaction of the triflate

. Ph complex with sodium cyclopentadienide in THF produced
THF to give [MopX4(j-rac-P,™)2] (IIb, Ilc). THF solvates fac-[Re(n!-CsHs)(CO){rac-PLsH1-41] as a mixture of

of the three complexes form isotypic crystals in space group three isomers with the rhenium atom in the allylic position of

C2/c with two molecules in the unit cell that have bridging a fluxional sg-bonded ring [Va) or in the two vinylic sites

Ii?laﬂds with RI’R) ch(ijrality anhdA cop;ormatio_n ofr:helmet{_h of an spg-bonded rigid GHs system, where the GHgroup
alla eterocycles and two others wit oppqsne chirality. The is eithera (IVb) or B (IVe) to the metallated carbon atom
twist angles PMo—Mo—P away from the eclipsed conforma- [37]

tion are about the same fbka—Ilc, with an average of 22 : ;
. . ! 7 The reaction of [ReG(CO)(NO)(OC4Hg)] with rac-
The Mo-P distances increase in the order of X =Cl<Br<| PY!e+ proceeded with loss of the THF molecule and of one

from 2.552(4) to 2.626(6), whereas the Iengths of.the CO ligand to afford [ReQI(CO)(NO)(mc-Plzwe")] as a mix-

metal—.metal quadruple bond (average value, 2AI)55mam ture of two diastereomeric pairs of enantiom¥ssandVb,

essentially unaffected by the nature of the halo ligands. Theillustrating only the §,5) isomerg38]

three observed UV/vis absorption bands were assigned, in ’ '

the order of increasing energies, tg, &> dy,, (forbidden)

dyry — 8,2, andm,, — 8}, transitions and were found to dis-  3.4. Iron and ruthenium complexes

play marked sensitivities to the nature of X, being red-shifted

in the order Cl<Br<[36a]. Irradiation of an equimolar mixture of [Fe(B®?-
Treatment of [M@Cla(j-rac-PE™),] with hot (5)-(—)-2- CsHs)(CO)] and rac-PE™ in refluxing benzene gave

methyl-1-butanol resulted in partial resolution of the optical [Fe(Br)(n>-CsHs)(rac-P5™)]. The ruthenium analogue

isomers by preferential dissolution of tieconformer bear- [Ru(CI)(n5-C5H5)(rac-P2h4)] was prepared by treating

ing two ligands of &,R) configuration36a]. [Ru(Cl)(m®-CsHs)(PPh),] with a slight excess of the

3.2. Molybdenum complexes

The highly photosensitive tetracarbonyl [Mo(GQjic-
PY4);] was obtained by refluxing [Mo(C@) with an
equimolar quantity of the bis(phosphine) in light petroleum
in the dark for several day9a].

Racemic PY™ reacted with K[Mo,Clg] in boiling
methanol producing [MgCla(-rac-PE),] (Ila) and with
a mixture of [Mo@(-O2CCRs)4] and M&SiX (X=Br, I) in
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Scheme 9. Titaniunj9c], molybdenum[36a], and rhenium[36b,37,38]
complexed-V.

bis(phosphine) in boiling toluen@9b]. The alkylidenecar-
bene complexes [M{-CsHs)(=C=CHR)(rac-P¥™)]PFs
(M=Fe, Ru; R=Me¢Bu, Ph) were prepared through reac-
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Ph,P” IIVI_C—C‘R Ph,P” I)A_C_C‘H
O/PPh2 PPh,
(Vla) (VIb)

(M = Fe, Ru; R = Me, #-Bu, Ph)
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(VII) (VIIIa) (VIIIb; X = C1, Br, I)

Scheme 10. Iron and ruthenium compleXdg§39a—c] VII [35b], andVIII
[26Db].

Reactions of the racemic ligand®'® and P¥" with
[RuCl(PPH)3] in 1:1 stoichiometry resulted in the for-
mation of trans-[RuCh(rac-PY*),] [35a,b] and trans-
[RUCly(rac-P5P),] [26D] rather than five-coordinate com-
plexes [RuC;l(mc—Pg")(PPrg)] which are preferred for
mechanistic studies related to catalysis and have been
described for, e.g., BR(CH)4PPh, BINAP, DIOP, and
1,2-GH1o(NHPPh), as bidentate ligand$40-42] The
lack of success in selectively replacing two of the three
PPh ligands of [RuCi(PPh)3] by the two cyclopentane-
based bis(phosphines) is in accord with earlier findings
that substitution by the shorter backbone bis(phosphines)
PhbP(CH),PPh (n=1-3) yields only products of the
type [RUuCh(PNP)] [40], while P> ligands that form
seven-membered chelate rings such asPROH,)4PPh,
BINAP, DIOP, and 1,2-gH1o(NHPPh), give rise to
[RuCl (PN P)(PPRh)] [41,42] The failure to obtain coordi-
natively unsaturated complexes with five- and six-membered

tions of the two halo precursors with the required acetylene chelates has been attributed to the decrease of the chelate

HC=CR in methanol in the presence of K& NH4PF; as

bite angle, which results in sterically less congested coor-

halide scavengers. In the preferred geometry of these com-dination spheres, accessible to further substitution with for-

pounds the plane of theCHR moiety is perpendicular to
the plane containing thesEl5 centroid, the metal atom, and

mation of the observed 18e products [Re(@IN P),] [40].
In a more straightforward fashion, the six-coordinate com-

the carbene carbon atom. The resulting two rotameric con- plexestrans-[Rqu(rac-Pg“)2] (R=Me, Ph) were prepared
formations of the alkylidenecarbene ligands give rise to two by refluxing RuCs-xH>O with 2 equiv. of the corresponding

diastereomeric specie¥Ia and VIb, of which only one
was recognizable in the low-temperatd® NMR spectra
[39a—]

bis(phosphine) in ethanol, which gave the products as mix-
tures of the{(R,R/R,R)/(S,S/S,S) } racemates and the R/S,S)
meso forms, as expectefP6b,35] Single crystals ofrans-

The indenyl and pentamethylcyclopentadienyl complexes [RUC|2(raC-P12VIe4)2] contained the §,R/S,S) stereoisomeric

[Ru(C(n>-CoH7){(R,R)-P5™}] [39d] and [Ru(Cl)f>-
CsMes)(rac-PE™)] [39e] were prepared from [Ru(CHP-
CoH7)(n*-CgH12)] or [Ru(Cl)(n°>-CsMes)(PPh)2] and the
enantiopure or racemi@®, ligand in toluene at reflux

moleculeVII located on a center of symmeti35b].

The mixed-phosphine complextrans-[RuClx(rac-
PY4){PhP(CHy)4PP}] was isolated from a 1:1 reaction
between five-coordinate [RugIPhP(CH:)4PPh }(PPH)]

temperature. Subsequent reaction with 2e donors gave(vide supra) and the’; ligand in benzend26b]. In the

[Ru(m®-CoH7){(R,R)-PEM}L]CI (L=CO, PMePh) [39d]
and [Ruf®- C5Me5)(rac—PPh“)(NCMe)]PFa [39e], respec-
tively.

reaction of [RuGi(PPH)3] with an equimolar quantity of the
2-pyridyl-substituted two-carbon backbone chelate ligand
rac-PLCSHaN-la | the availability of the pyridyl nitrogen
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f Q o «Q
%. 4 rac-CsHg(PR2), L @59 AR
|

"R - (significant portions only for R = Me)
e \ refl. hexane

| 4 N
\géﬁBD

VIR VAN S

(A-R,R) (A-S.5)

R = Me (IXa), Ph (IXb), OPh (IXc), NCsHo (IXd)

Ph_Ph.
1. HCl, (acetone/methanol) R, Cl H R' Rz\ff’ N
2. B-aminophosphine (DMF) <IP\ N <:[P\RIU/NH2
'l | ~ P/ | \Cl
R') Cl th R2 Cl

", = CH,CHy; R'=H: (only for R = OPh)
R = Me (Xa), Ph (Xb), OPh (Xc)

", = CMe;CH,; R = Ph, R' = H: (XI)
/7™ = 0-CgHy; R = Ph, R' = Me: (XII)

th Cl H2 Pha H Hz
C[ Na|AIH,(OCH,CH,OMe), | <:[
toluene
Ph2 C] th Ph') C] Ph2
(Xb) (XIII)

Scheme 11. Synthesis of ruthenium compleesXIII [35].

atoms allowed for the coordination of only oAg?,N-bound
chelate ligand with formation of hexacoordinate [Rg(@kc-
piCsHaN-Clls.p p N)(PPR)]-H,0, which was obtained as
a mixture of sterecisomeféIlla and VIIIb. Treatment of
the H,O solvate ofVIIIb with excess NaBr or Nal in ace-

tone yielded [RuBs(rac-PiCsHsN-Gla_p p N)(PPH)]-H,0 T?e

and  [Rub(rac-PLICsHaN-Gla_p p NY(PPR)]-H,0  with R TR R” g R

stereochemistr¥IIIb [26b] (Scheme 1 PhoP?  PPh, PhoP™ ['CHj,
Trichloro-bridged mixed-valence complexes of the U OzPth

type  [RwCla(u-Cha(rac-P34)2]  (R=c-CgH1z,  Ph)

were synthesized by refluxing a hexane suspension of XIVa: M=Rh; R=H XVa: R=H

[RuCl{P[CsHaMe-(4)]3}3] with an equimolar amount of N N

the appropriate racemic bis(phosphifédal. XIVb: M=Rhb; RR = g XVb:RRR = g
Bis(2-methylallyl)-substituted chelate complexes of XIVe: M=1Ir; RR = ij

the type [RYn3-(CHp)2CMe}o(rac-PR4)] with R=Me 7

(IXa), Ph @Xb), OPh {Xc), and NGHigc (IXd), Ph, Ph,

respectively, were synthesized by the addition of 1 R P

equiv. of the requiredP, chelate ligand to [R{m®- g /Rhg\\o

(CH2)2CMe}2(n*-CgH12)] in hexane at reflux temperature. ghz ghz

Subsequently, bis(phosphine)/aminophosphine-coordinated XVD)

complexes such as [Rufttac-PR4){PhP(CH)2NH2}],

Wltlhel’e R=Me Ka), Ph Xb), or OPh Kc), [RucPli(rac- Scheme 12. Rhodium and iridium complexX¥EV [43a,c,e] XV [43b,c]
P;"){PhPCH,CMezNH2}] (XT), and [RuCh(rac-P; ™) (o- andXVI [36¢].
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PhbPCGsH4NHMe)] (XII) were prepared by combining the
bis(2-methylallyl) precursors first with 2 equiv. of aqueous
HCI in methanol and then with equimolar amounts of
the appropriateg3-aminophosphine in DMFScheme 1)L
[35]. Because of the racemic nature of the different
cyclopentane-baseH,P ligands the diallyl bis(phosphine)
complexedX can exist as diastereomerid{R,R)/(A-S,S)
and (A-R,R)/(A-S,S) pairs of enantiomers. For the -
substituted derivativdXa, the presence in solution of the
two diastereomeric forms was indeed evident from their
31P NMR spectra. In contrast, complexBb-IXd having
sterically more demanding residues in their -Pdonor
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diastereoselectivities exceeding 98%. For compldXs
andIXd the predominating stereoisomers could be assigned
as (A-R,R)/(A-S,S) by X-ray structure analysi85b]. While
the reaction sequence outlined Bgheme 1lafforded the
bis(phosphine)/aminophosphine compleXas Xb, XI, and
XII as puremer-P3 stereoisomers withrans-coordinated
chloro ligands, the phenoxy-substituted derivaike was
produced as an isomeric mixture containing the- and
mer-P3 forms in close to 3:2 molar rati@5a,b] The chloro
hydrido complex [Ru(H)(Cl)ac-P5™){PhP(CH,)2NH2}]
with stereochemistnXIII resulted from treatment of the
dichloro precursoXb with Na[AIH2{O(CH,),OMe}5] in

groups were shown by NMR spectroscopy to be formed with toluene[35c].

CeHs

CgFs _CeH3F,-(2,6)

/ /0 0
-PRy= —R —R i
@ 2 A 2 )
\ /P CeHs CeFs  — P CotlaF(2,6)
(@ [23b]  (b)[23b] (©) [23b]
~CeH3F>-(3.5 ~CeHoF3-(2,4,6 _CeH3(CF;),-(3,5
(XVII) (I) oH3F2-(3,5) (I) sHaF3-( ) (|) sH3(CF3)2-(3,5)
/P\O/C6H3F2—(3,5) /P\O/C6H3F2_(2’4’6) /P\O/C6H3(CF3>2'(3,5)
(d) [23b] (e) [23b] (f) [23b]
R /R 7 CeHs (l)/Cf)Hs
| \gh/P —PR, = —P§:| _P\c " P Cos
6115
15 \/P\
R'R @ [28]  (b)[23b,25] () [23b]
(XVIII) O O
O 0 OO
—P< —P<
T 3
(d) [25] (e) [25]
CH OH
R I —PR, = ’
Q""P\gh/ 2_/P\/\/CH3 _P_~_OH _P
N |

¢ R | (a) [24b] (b) [24b] (¢) [24b]
(XIX) Z O\ /O CoHs CoFs
—F . -
[ CeHs CoFs
(d) 28] (e) [24b] () [23b,25]  (g) [23b]
9/CH3 (])/CGHS 9/C6H3F2-(2,6) (l)/C(,H_ze-(3~5) 9/C6H2F3-(2,4,6)
P CHy P CoHls P\ CeHiFy(2.6) P\ CoHiFr(3.5) P CeHaF3-(2.46)
(h) [18c] (i) [18¢] (j) [23b] (k) [23b] () [23b]
Ao O 0
o CoHa(CF3)>-(3,5) ?
] P
P CHa(CF3)-(3.5) 770 O O
(m) [23b] (m) [18¢] (0) [18¢,25] (p) [25]

Scheme 13. Racemic and enantiopure rhodium complexesntRByH12)(rac-PR4)]* (XVII), [Rh(n*-CgH12){(R.R)-PR*}]* (XVIII), and [Rh{*-

CgH12){(S,9)-PR*}* (XIX).
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3.5. Rhodium and iridium complexes

The cyclopentadienyl complex [Ri{-CsHs)(rac-PE)]
(XIVa) was prepared by reacting [RfR-CsHs)(n2-CoH4)2]

L. Dahlenburg / Coordination Chemistry Reviews 249 (2005) 2962-2992

as the major components. As chloride salts these com-
pounds were obtained by treatingf u-Cl)(n?-CaHa)2 1} 2]

with the enantiopure or racemiB; ligand in toluene or
dichloromethane at ambient temperature. No diastereose-

with an equimolar amount of the bis(phosphine) in toluene lectivity for the [Ir{(R,R)-P5™ }2]*/[Ir {(S,S)-Pt"},]* race-

at reflux[43c]. The homologous indenyl derivatives [Nf-
CoH7)(rac-PE™)], where M=Rh KIVb) [43a,] or Ir
(XIVc) [43¢€], resulted from treatment of the correspond-
ing bis(ethylene) precursors [M?-CgH7)(m?-C2H4)2] with

mate or the [If(R,R)- PPh"}{(S S)- PPh"}] meso form was
observed in the reaction ofac-P, hs with the chloro-
bridged dimer[43d]. The analogous rhodium complex
[Rh(rac-P5™),]BF4 was prepared by combining [Rfp.-

the bidentate ligand in toluene at room temperature. The O,CMe)(NCMe)][BF4]2 with an excess of the racemic
observed rate enhancement of the ligand exchange reactiomis(phosphine) in hot methanol. Crystallization of the prod-

was attributed to a facile ring slippage of the indenyl ligand
fromm°- tom3-coordination in the associative transition state
[43a,c] The indenyl complexes displayed a fluxional behav-
ior in solution which was ascribed to either a rotation of the
indenyl ligand or a displacement of the MiRoieties from the
center of the five-membered ring towards a rapidly inverting
m3-coordinated pyramidal intermediai#3a,e] Both XIVa
and XIVb underwent rapid irreversible oxidative addition
of methyl iodide giving [Rh(CH)(m>-CsHs)(rac-PYM)]I
(XVa) [43c]and [Rh(CH)(n®-CoH7)(rac-PE™)]I (XVb), re-
spectively[43b,c] (Scheme 1P

Reactions between [WP-CoH7)(n?-CgH14)>] or [Ir(m>-
CoH7)(n*-CgH12)] and rac-PE™ or (R,R)-P5™ led to com-
plex reaction mixtures in which the cationic complexes
[Ir(rac-PiM),]* and [I{(R,R)-Py™1,]* were identified

uct from CHCly/hexane gave the compound as the solvate
[Rh(rac-P5™),]BF4-CH,Cl, containing themeso isomeric
cation XVI [36¢]. The closely related optically pure com-
plex salt [RH(S,S)-PLCPM4},]03SCHR; resulted from the 1:2
reaction of [Rh{*-CgH12)2]03SCR; with the enantiopure
ligand in aceton§l8c].

1:1 reactions in THF, ethanol, or acetone between the
bis(cyclooctadiene) precursors [RI(CgH12)2]X (X = BF 4,
O3SCR) and the Cp- or Ci-symmetric bis(phosphines)
CsHg(PRp)2, CsHg[PR(R)]2, and GHg(PR:)(PR,) led to
a great variety of both racemic and enantiopure complexes
containing cations of the types [Rﬁf’(—CngZ)(mc-Pg")]*
(XVIa-XVIIf) [23b], [Rh(n*-CgH12){(R.R)-P5*}]*
(XVIIIa-XVIIle) [23b,25,28] [Rh(n*-CgH12){(S,S)-
PR}*  (XIXa—XIXp) [18c,23b,24b,25,28] [Rh(n*-

B0 e OO

(XX) (a) [25] (b) [25]
P\ @ /
P _R —PR(R') = : :
4 R 3 3
(XXI) (a) [24b,25]  (b) [24b,25]
\ @ /P \ @ /P P\ @ /
P/
Ph Ph Ph Ph

(XXII) (XXIII) (XXIV)

_ J

Y
i-Pr\
O/CGHS
—PR2 = ll) |
/ \I\{ /P\O/C6H5
Pr-i
(a) [23b] (b) [23b]

Scheme 14. Enantiopure rhodium complexes{F%F(I:&;le){(R,R)-P[R(W)]2 H* (XX)and [Rh(r|4-C8H12){(S,S)-P[R(R,)]2 H* (XXI) andC1-symmetric rhodium
complexes [Rh§*-CgH12)(rac-PPM2PR2)]*, [Rh(n*-CgH12){(R,R)-P™™2PR2}]*, and [Rh{y*-CgH12){(S,S)-PP12PR2 }]* (XXII-XXIV).
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CaHi){(RR)PY® )" (XXa, XXb) [25], [Rhin’-

CeH12){(5,5)-PR®N21 1+ (XXTa, XXIb) [24b,25)
[Rh(n*-CgH12)(rac-PPM2PR2)]* (XXIIa, XXIIb), [Rh(n*-
CgH12){(R.R)-PP2PR2}]* (XXIIla, XXXIIIb), and
[Rh(n*-CgH12){(5.,5)-PPP2PR21]*  (XXIVa, XXIVb)
[23b]; seeSchemes 13 and 1&ee also Sectio.3.1.1

with the pertinent racemic ligand in ethanol, ethanol/water,
or ethanol/CHCI, [9a,b,45b] While the CHCl, solvates

of the optically active compounds-§-[NiBr 2{(R,R)-P5™}]
(XXVIe) and (+)-[NiBr{(S,5)-P¥™}] (XXVIIe) can be
isolated by manual separation of the conglomerate of
crystals formed by spontaneous resolution upon crystal-
lization of the racemic mixture from dichloromethane

Scheme % Many of these compounds have been used as|ga b 45h] (Section 2.2, a more practicable method for

homogeneous catalysts, especially >@=C< hydrogena-
tion [18c,24b,25,28,44]and hydroformylation[23b]; see
Sectionst.3 and 4.4

3.6. Nickel, palladium, and platinum complexes
The dihalogeno nickel(ll) complexes [Npfrac-PE™)],

where X =Cl XXVa) or Br (XXVb) were made by treating
NiCl2-6H20, NiBr2-3H>0, or anhydrous nickel(ll) bromide

Ph pyp

O
I’/ ~x

p{ Ph

obtaining larger amounts of such complexes makes use of
stoichiometric reactions between nickel(ll) halides and the
corresponding enantiopure ligands. Complexes synthesized
in this way include — in addition tX*XVIc andXXVIle [17]

— the dichloro and dibromo derivatives-Y-[NiCl2{(R,R)-
PR4}], where R=GHs (XXVIa) or CgHsOMe-(4)
(XXVIb), (—)-[NiBr2{(R,R)-P}*}] with R = CsHs0Me-(2)
(XXVId) or CsH4sOMe-(4) XXVIe) [17], as well as the
phosphorinane- and dicyclohexylphosphino-substituted

X

X =Cl (XXVa), Br (XXVb) [92,b,45b]

R R
X ]) 1
SN
X B
R R
(XXVI)
X =Cl, -PR; = X =Br, PR, =
’Cﬁl-[; fCﬁH_‘O,\fIc-H] ,(“(,H; I(“,,l—l_;OMe-(E) /(},l-[_@Me-H!
- =¥, -8 —E, =¥,
CeHs CgH,0Me-(4) CeHs CeH4OMe-(2) CgH,OMe-(4)
(a)[17] (b) [17] (c) [9a,b.17,45b] (d) [17] (e)[17]
R R
P. X
Q ;w:
P X
R R
M = Ni (XXVID), Pd (XXVIII)
M = Ni:
I, -PR; = X =Br,-PR, =
CeHj
O CLO Q Q _F
CgHs
(a) [24¢] (b) [’-1; (c) [’-1'\ (d) ["-hJ (e) [9a,b,17,45b]
M = Pd:

=Cl, -PR»

OQQ O

(a) [24c] (b) [ ')4L]

(c) {“43]

Scheme 15. Racemic and enantiopure nickel and palladium complexeg(fiXPR+)] (XXV), [NiX 2{(R.R)-PR*}] (XXVI), [NiX 2{(S.5)-PR¢}] (XX VII),

and [PdX%{(S,S)-P¥4}] (XXVIII).



2976 L. Dahlenburg / Coordination Chemistry Reviews 249 (2005) 2962-2992

compounds  [NiGH{(s,S)-P{CH2)sl21]  (XXVIIa) and Phy i Pl
[NiCI2{(5,5)-P{CsH11-04}] (XXVIIb) [24c]. The diastere- SN /\IA\ /i
omers  [NiCb{(S,S)-PYRMe(CsHis-Ol 1] (XXVIIe) and g
[NICI2{(S,S)-PY5)-Me(CsHis-Il21] (XX VIId) were found to Phy bhy
co-crystallize from the mother liquors of the reaction be- (5.5)-(R) (RR)-(S)
tween NiCp-6H,0O and an (%,25)-Rp,Rp -, (15,25)-Sp,Sp-, L P
(1S,25)-Rp,Sp-isomeric mixture of the methyl(cyclohexyl)- (X;&m

substituted C,P-chirogenic bis(phosphine) SEheme 1p

[24a]; [Ni(rac-Plzwe“)z]Brz was briefly described as resulting

mh l’m
from treatment of NiBg with the permethylated; ligand G\ /i O’ /l
in ethanol[9a].

Addition of racemicP}™ to the five-membered nick- b, b,
elacyclic complex [N{CH(Me)CH,C(O)O}(bipy)] resulted (5,5)-(5) (R.R)-(R)
in substitution of the bipyridyl ligands with formation of L ~ J
[Ni {CH(Me)CH,C(O)O} (rac-P5™)] (XXIX) as a mixture (XXIXD)

of two diastereomeric pairs of enantiomelXIXa and

XXIXb (Scheme 1B The initially formed reaction mixture  Scheme 16. Diastereomeric pairs of nickelacyclic enantioXiKiXa (top)

contained the thermodynamically less stable speXkEEXa andXXIXb (bottom)[46].

as the predominant stereoisomers, which underwent isomer-

ization to their more stable fornX¥XIXb obeying first-order

kinetics (d.e. after equilibration in methanol: 46§4%]. tinent bis(phosphine) in dichloromethan&cheme 1p
Palladium complexes that have been descrlbed [24a,c] The 1,3-diphenylallyl compound [Pagf-

in the literature include [Pdg{(s,s)-PYCH2scl21] PhCHCHCHPHj(R,R)-PE™}]PFs was prepared from

(XXVIIIa), [PACb{(S,S)-P{CsHu-dal] (XXVIIDb), and  [{Pdm3-PhCHCHCHPh)¢-Cl)},] and the optically ac-

[PdI2{(5,S)-PXR-Me(Cstis-al21] (XX VIIIe), made by  tive bis(phosphine) in acetone containing added §IPF

combining [PdX%(n*-CgH12)] (X=CI, 1) with the per- [47].

R
K R
(XXX)
X =Cl, -PR, =
L O @ A
/P\ _CeHs
(a) [21b] (b) [26b] () [21b] (d) [21b,29]
X =1I,-PR, = X = SnCls, -PR, = X = CH;, PR, =
CeHs _C¢Hs o o
J ;
L O {0 O
CeHjs /P\O/CGHS \llb’
(e) l26bl () [21b] (g) [21b] (h) [21d]

X = CH,Bu-t, PR, =

s¥eleNe

(i) [10d] () 121b,29] (k) [29]

_CH; _CeHs \ \
0 o . P=0 P,
P CHy P CoHs (—0 2— o

CH;, CH; i-C3Hy
M [29] (m) [29] (n) [29] (0) [29]

Scheme 17. Racemic platinum complexes B{B&“‘)] (XXX).
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Qli\P’R "
N
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X/Y = Cl/SnCly, -PR, =

4 R
(XXXI)

X/Y =Cl/CH3, -PR; =

LoHs O/C()Hs CoHs O/CGHS
_P\ i —P\ N N i

C(,Hﬁ /P\O/C6H5 C6H5 \lla’ /P\O/C6H5
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X/Y = Cl/CH,Bu-, PR, =

CoHs 0 0
SUOENONSIONS
1 Colts i i
(0 [10d] (®121b]  (h)[21b29] (i) [29]

_CH; _CgHjs \
o o7 P=0  Pri
P O/CH3 P O/C6H5 0 N
@129 ® ipi ([29]
[21b,29]

X/Y = H/CH,Bu-t, -PR, =

s¥eleNe

(m) [10d] (m) [29]

0] 0) CgHs _CeHs

X/Y = CHy/SnCl3, —PR, =

\
l C(,H5 /P\O/C(’H5

(0) [29] (p) [21b] (q) [21b]

X/Y = CH3/CF3S03, —PR, =

X/Y = CH,Bu-1#/CF3S03, —PR, =

P/C6H5 (])/C6H5 P/C(,Hs

\ < \
Coll;  ~PoCotls CeHs
(r) [21Db] (s) [21b] () [21Db]

Scheme 18. Racemic platinum complexes [Pt(X)P?)‘O] (XXXTI).

The majority of platinum complexes bearingiz(PRy)2

[Pt(CHzBu-t)z{(S,S)-P%[C"H"'C)‘*}] (XXXIVf) [10d], (-)-

ligands in racemic or optically active form belong to the [PHCHzBU-)2{(S,S)-PFOCH(COPr-)-(R1T2h}] (XXXTVy),

types [Pte(PX4)] and [Pt(X)(Y)(PX+)], where X, Y = halide,

Omenthyl-(1'R,2'S,5 R)]4 }]

and [Pt(CHBU-1)2{(S.5)-P}

hydride, triflate, trichlorostannyl, and alkyl, respectively (XXXIVh) [29], as well as the mixed-anion com-

(Schemes 17-20

Ligand exchange reactions between substitutionally [Pt(CI)(CHzBu—t)(rac-P%")],
0

labile cyclooctadiene precursors [R§*-CgH1o)] or
[Pt(X)(Y)(n*-CgH12)] (X, Y=CI, I, CH3, CHBut-) and
racemic or enantiopurePg4 bis(phosphines) have been

used to prepare the dihalo derivatives [Ri¥c-PR¢)]
(XXXa—XXXe) [21b,26b,29] (+)-[PtC|2{(R,R)-P§0Ph34}]

(XXXIIa), (—)-[PtCIz{(S,S)-P%OPh)“}] (XXXIVe) [21b],
[Ptlo{(R,R)-PH(R-CHMe)CH—]2[1] (XX XTIb), [Ptlo{(S,S)-
PY(R-CHMe)CH2"12)2 1] (XXXIVd) [28], and [Pth{(S.S)-
PE(R)‘Me(CsHls-C)lz}] (XXXIVe) [24a] furthermore, the
dialkyls [Pt(CH)o{rac-PRN(CH20-car] (XXXh) [21d],
[Pt(CHBU-)2(rac-PR4)],  XXXi-XXXo [10d,21b,29]
(+)-[Pt(CHBU-)2{(R.R)-PLeHIr}]  (XXXIIc), (-)-

pounds [Pt(Cl)(CH)(rac-PX¢)] (XXXIe-XXXIe) [21b],
XXXIg-XXXIi [21b,29]
[Pt(CI)(CH2BU-1) {rac-PPOPM4}]  (XXXIk) [21b,29]
(—)-P{CN(CH){(R,R)-P3™}] (XXXIIla), (+)-[PYCI)-
(CH3){(S,5)-P5™}]  (XXXVa), (—)-[PHCI)(CH:Bu-7)
{(R,R)-PY™}] (XXXIIIc), and (+)-[Pt(Cl)(CHBu-1){(S.S)-
PiM}] (XXXVe) [21b]. The dichlorides [PtGH(S,S)-
PCH2)scl21] (XXXIVa) and [PtCh{(s,s)-P{CeHtirla}]
(XXXIVb) were similarly prepared by substituting the
required bidentate phosphines for the dimethyl sulfoxide
ligands of [PtC}(OSMe)»] [24c]. An alternative method of
synthesis for alkyl chloro complexes such as [Pt(Cl)¢8H-
1){rac-P{LsHu-a1] (XXXIf) [10d], [Pt(Cl)(CHBu-1){rac-
POR4Y] (XXXT-XXXXI) [29], (+)-[Pt(CI)(CHBu-)
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(XXXII)

X =Cl,-PR, =

O/C6H5

|
e P. \O/C6H5

X=1I,-PR, = X = CH,Bu-t, PR, =

5 a0

(a) [21b] (b) [28] () [10d]

R R
Sp P
X7 ™

(XXXIII)

X/Y = Cl/CH;, -PR, = X/Y = Cl/CH,Bu-t, PR, =

CeH CeHs

/ 615 / 6113
—X —X

C(,Hs lr C6H5
(a) [21b] (b) [10d] (¢) [21D]

Scheme 19. Enantiopure platinum complexes EF{(R,R)-P§4 H (XXXII)
and [Pt(X)(Y)X(R,R)-PR+1}] (XXXIII).

{(R,R)-P{LsHI-)a1]  (XXXIIIb), (—)-[Pt(Cl)(CHBu-)
{(5,5)-PCeH-)a}] (XXXVb) [10d], [Pt(Cl)(CH.Bu-
1){(S,85)-POCHCOPr-0)-(R) 212} (XXXVa), and

[PL(CI)(CHaBu-1){(S.S)-PLOmen IR 2S5 By (XXX Ve)

[29] involves the controlled acidolysis of the corresponding
dineopentyls with methanolic HCI.

The triflate derivatives [Pt(OSLZF3)(CHz)(rac-
phe)], [Pt(OSQCFs)(CHg){rac-PLPM4}], and
[Pt(OSQCFs)(CH2Bu-r)(rac-PYM)] (XXXIr-XXXIt)
were made by treating their alkyl chloro precursors
with AgO3SCFR; in CH,Cly at ambient condition$21b],
and alkyl hydrides [Pt(H)(CkBu-r){rac-P,(CeH11-)a}],
[Pt(H)(CHBu-1){rac-PNCsH0-a1] - and  [Pt(H)(CHBu-
1){rac-PN(C2Ha20-cl1] (XX XIm-XXXIo) were isolated
from reactions of the required chloro neopentyls with
Na[BH(OMe)] in THF [10d,29]

[PtCly(rac-P5M)] (XXXa) reacted with tin(ll) chloride
in 1:1 stoichiometry in CHCl, at ambient conditions
forming [Pt(CI)(SnC8)(rac-P¥™)] (XXXIa) together with
the unreacted dichloro complex in 1:1 molar ratio. If
[Pt(CI)(CHs)(rac-PE™)] (XXXIe) or [Pt(Cl)(CHs){rac-
POP4Y] (XXXTe) were allowed to interact with equimo-
lar SnCh in acetone at room temperature, no pure
trichlorostannato  products  [Pt(SnICHsz)(rac-PYM)]
(XXXIp) or [Pt(SnCh)(CHz){rac-PC*M4}] (XXXIq)
were obtained, roughly 5:2:3 mixtures BXXIp/XXXIq,
[Pt(CI)(SNC)(rac-PEP)/[Pt(CI)(SNCE){rac-PLPM41],
and [PtCh(rac-P5P4)]/[PtClo{rac-PLPM4}] being formed
instead. Only if the reactants were combined at low tem-
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perature {20°C), tin(ll) chloride was observed to cleanly
insert into the PtCl bond of XXXlIe, giving the methyl
trichlorostannyl derivativ&XXXIq as the exclusive complex,
which at room temperature, however, underwent rapid degra-
dation to [PY(CI)(SnG){rac-PC™™41] and [PtCh{rac-
P{OPa1]. If the reactions between chloro methyl complex
XXXIc or its phenoxy analoguXXXlIe and SnC} were
carried out in toluene at 8@, the product mixtures were
dominated by dichloro and bis(trichlorostannato) complexes
[PtCh(rac-P5M)J/[Pt(SNCk)2(rac-PYM)]  (XXXa/XXXf)
and [PtCh{rac-PCPMa1]/PY(SNCh)2{rac-POPMa 1]
(XXXd/XXXg), the corresponding mono-trichlorostanna-
tes [Pt(SNG)(CHs)(rac-PEM)|/[Pt(CI)(SNCE)(rac-PL™)]
and  [Pt(SnG)(CHa){rac-PLPM4}]/[PY(CI)(SNCB){rac-
P{OPMa1] representing only minor constituents of the
product mixture$21b].

[Pt{rac-PLCsHsN-@)la 1, ][PFe], resulted from a 1:2 reac-
tion between [PtGlm*-CgH12)] and theP» ligand in the
presence of NhPFs [26b].

While mononuclear [Pt(OSETFs)(CHg)(rac-PE™)]
was prepared by the addition, at room temperature,
of [Pt(Cl)(CHz)(rac-Pt™)] to a solution-suspension of
AgO3SCFRs in CHCl, (vide supra), the combination of
the reactants in the reversed order at low temperature
(—60°C) led to the displacement of the €503~ ligand
from the already formed triflate product by unchanged
starting complex, producing chloro-bridgefPi(CHs)(rac-
PY14)15(n-Cl)]O3SCRs (XXXVI) [21b].

[Pt(CI)(CHzBu-1) { rac-PNCsH10-)2pCINCsHio-c)y]

(XXXVII) with one bis(piperidino)- and one
chloro(piperidino)-substituted phosphorus atom was isolated
from a 1:1 reaction between [Pt(Cl)(GBu-)(n*-CgH12)]

and an ethereal solution containimgc-CsHg[P(NCsH10-
C)z][PC|(NC5H;|_()-C)] and mC-CsHB[P(NC5H10-C)2]2 in
approximately equimolar quantiti¢alc].

The coordination polymer [Rfrac-PLCsHaN-@li},
AQs(NO3)10]l, (XXXVIII), featuring a Pt{rac-
piCsHaN-()la1; core with each chelate ligan®lN-bridging
two platinum atoms resulted from treatment of pRtic-
piCsHaN-li 1] with excess silver nitrate in acetic acid/ethanol
(Scheme 2)1[264a].

3.7. X-ray structural data and chiroptical properties

Table 3lists selected crystallographic and structural data
for altogether 59 racemic and enantiopure complexes that
have been studied by single crystal diffractometry. Partic-
ularly worthy of comment is the conformative flexibility
of the 1,2-disubstituted cyclopentane backbone of the var-
ious P, ligands: with only few exceptions, the torsion an-
gles P-C—C—P of the uncoordinated bis(phosphines) are
found in the range 150-170which leads to distances be-
tween the two phosphorus atoms of 4.4—.&.@5ection2.4;
Table 2 and seems to indicate that these compounds will not
act as good chelating ligands. However, in the mononuclear
complexes collected imable 3 the torsion anglesFC—C—P



L. Dahlenburg / Coordination Chemistry Reviews 249 (2005) 2962-2992

2979

l2\ /R
P Pt<X
R TX

R
(XXXIV)

X =Cl,-PR, =

O/C6H5
P i
- p P CeHs
| O

(a) [24¢] (b) [24c¢] (¢) [21b]

X = CH,Bu-t, -PR, =

SUS o
— ]’
i o

“CO,Pr-i

(f) [10d] (8 [29]

X=1-PR, =

-] o
P

(d)[28] (e) [24a]

N

(h) [29]

R R
e Y
Q 5Pt<
R X
FR
(XXXV)

X/Y = Cl/CHs, -PRy = X/Y = Cl/CH,Bu-1, -PR, =
/C6H5 O\ O /C(,Hs

\
CeHs 1|3 CeHs

(a) [21D]

/O COzpl‘—i
—R j/

O™ ™c0o,pr-i

(b) [10d] (c) [21b] (d)[29]

(e) [29]

Scheme 20. Enantiopure platinum complexes B,5)-PR¢1] (XXXIV) and [Pt(X)(Y)(R,R)-PR4 1] (XXXV).

are normally close to 40-50values of~34° (measured
for [RuCIz(rac-P¥e4)2]) and ~65° (observed for the cation [Rh(n“_CBle){(S,S)_P(R)'Me(CSHIS'C)]z}]OssCF?" (—)-
[ReCh(rac-P5™)]*) marking a lower and an upper limit. As  [NiBr{(R,R)-P2" 1], (+)-[PtChL{(R.R)-PLPN:}], and
a consequence of the shrinking of the dihedral angle between(—)-[PtCl,{(s,5)-P{CP"4}] list the optical rotations mea-
the two PCC planes upon coordination, the phosphorus atomssyred at different wave lengths for these compounds
move towards each other until they span, at the central metaland also for two additional enantiomers, (+)-[Rf¥
chelate PM—P bite angles typically amounting to 853°. CgH]_z){(R,R)-P%S)-Me(csﬂls-c)]z }]03SCRs and (+)-
In the cases of the three metal-metal-bonded dimolybde- [NiBrz{(S,S)-Pg 41,]. Further complexes for which specific
num complexes [MgCla(-rac-Py™);] (X=ClI, Br, 1), the rotations f], have been measured include (+)-[Rfy
P-C—C-P torsion angles are close to"88nd the distances  CgH15){(S,5)-P{C6F9141]03SCR,  [a] = +36;  (-)-
between the two phosphorus atoms are shortgned, with re'[Rh(n“-Cngz){(S,S)-P£006H3F2‘(2*6)]4}]03805, [a]ZDO —
spect to the fre®E™ ligand, from~4.45 to~3.65A [36a]. —46 (both ¢=0.2, acetone [23b]); (+)-[Pt(CH.Bu-
The footnotes given inTable 3 to entries ¢)- t)z{(R,R)_P&C6H11-C)4}], [0]p=+63 (=1, THF) [10d];

[Rh(n“-ch12){(S,S)-PEOCGHM@‘"6)14}103305, (-)-

[Rh(n*-CgH12){(R,R)-P}"™}]03SCRs, (+)-[Rh(n*-CgH12) (+)-[Pt(CI)(CHBu-1)2{(R,R)-P{CsH1-)a 1], [a]p=+71
{(5.5)-P§M1]03SChs, (+)-[Rh(n*-CeH12){(R.R)-PPPM4}] ;=1 CHCE)  [10d ~ (=)-[PUCHBU-)2{(S.S)-
03SCR, (—)-[Rh(n*-CgH12){($.5)-PLP4}]03SCRs, (—)-  PJOCHCOPr-)-(RLha}) [4]p=-31 (=03, THF)

[Rh(n*-CgH12){(S,5)-PRCHIrEN}0s5CR, () [29;



Table 3

Selected X-ray structural data for transition metal complexes containing racemic and enantioptte2-GsHg(PRe)2 or rrans-CsHg(PRe)(PR,) bis(phosphines)

Compounél Space group dM—P) &) P—M—P () P—C—C—P () Ref.

Mononuclear complexes with racemig-symmetric ligands
[ReCh(rac-P5")][Rez(n-0,CPh)Clg]° (IIT) P-1 2.501(6), 2.515(7) 82.6(2) 64.7 [36b]
[ReCh(CO)(NO)(ac-P}e4)] (Va) Fdd2 2.392(29, 2.459(2% 83.3(1) 56.1 [38]
[RUCk(rac-P}4),]¢ (VII) P2/n 2.328(1), 2.331(1) 84.80(5) 34.4 [35b]
[RUCl(rac-PCsHaN-@ls_p p NY(PPh)] (VIIIa) P-1 2.269(19, 2.364(1y 82.26(4) 46.5 [26b]
[RUC(rac-PLCsHaN-@)lap.p N)(PPH)]" (VIIID) P-1 2.271(1), 2.291(1), 2.286(1, 2.287(1) 84.40(5), 83.94(5) 49.2,51.0 [26b]
[Ru{n3-(CH)2CMe}o(rac-Pt™)]i (IXb) C2le 2.3094(7), 2.3094(7) 86.92(4) 51.0 [35b]
[Ru{n3-(CHy),CMe}2{rac-PNCsH1094 1] (1Xd) P-1 2.3245(5), 2.3321(8) 87.42(2) 52.8 [35h]
[RUCly(rac-P}'4){PhP(CHp)oNH, }] (Xa) P-1 2.248(2%, 2.327(3) 85.63(9) 35.9 [35b]
[RUCly(rac-PE"4){PhP(CHy),NH,}] (Xb) P-1 2.288(54, 2.366(5) 85.1(2) 50.4 [35b]
[RuCh(rac-P"){PhPCH,CMe;NH, 1] (XI) P-1 2.302(1Y, 2.340(1) 83.15(4) 50.8 [35h]
[RUCky(rac-PEM)(0-PhPCsHsNHMe)] (XII) C2le 2.298(3¥, 2.378(4) 84.8(1) 60.3 [35c¢]
[Ru(H)(Cl)(rac-P5™){PhP(CH)NH,}] (XIII) C2le 2.267(1%, 2.322(1) 85.22(4) 52.3 [35¢]
[Rh(rac-PEh4),]BF,© (XVI) C2le 2.309(1), 2.320(1) 84.67(4) 52.6 [36¢c]
[Rh(n*-CgH12){rac-PLCeH3F2-20l110;SCR" (XVIIc) P-1 2.208(2), 2.218(2), 2.211(3), 2.215(3) 83.0(1), 82.6(1) 49.7,49.1 [23Db]
[Rh(n*-CgH12){rac-PC6H3F2-C9110;SCR; (XVIId) P2i/c 2.216(3), 2.227(4) 82.5(1) 443 [23b]
[Rh(n*-CgH12){rac-P0C6H2F3-24804 110, SCR; (XVIIe) P-1 2.219(2), 2.229(1) 82.90(6) 49.2 [23h]
[Rh(n*-CgH12){(R,R)-PYRMe(CsHis-)l2 1105 SCRy P2/c 2.312(2), 2.323(2) 85.20(6) 44.7 [44]

[Rh(n®-  CgHi2){(S,5)-P{IM(CsM15912}103SCR; (XXa)/(XXTh)

[Ptlp{rac-PiCsMaN-@l 1M (XXXD) P2y/c 2.243(2), 2.248(2), 2.244(2), 2.247(2) 87.75(7), 87.05(7) 52.7,53.5 [26b]
[PtCl{rac-PNCsH10-94 1] (XXXc) 1-42d 2.226(1), 2.226(1) 87.90(8) 55.2 [21b]
[PtCh{rac-PCPW4 1] (XXXd) P21/n 2.199(2), 2.203(2) 86.24(8) 54.6 [29]
[Pt(CHs)2{rac-PN€2Ha)20-<l4 ] (XX Xh) P2y/c 2.268(2), 2.282(2) 85.81(6) 53.6 [21d]
[Pt(CHoBU-1)2{rac-PNCsH109)4 1] (XX Xj) Pbcn 2.285(1), 2.285(1) 86.38(7) 58.8 [21b]
[Pt(CHzBU-1)2{rac-PYNC2H420-<l4 1] (XX XK) P21/n 2.293(3), 2.307(3) 86.1(1) 56.6 [29]
[PH(CI)(SNCh)(rac-PEP4)]" (XX X1a) P2y/c 2.274(5Y, 2.282(5Y, 2.286(6Y", 2.283(5) 87.0(2), 86.9(2) 55.7,52.6 [21b]
[Pt(CI)(CHs){rac-PNCsH10-)4 1] (XX XId) P2lc 2.213(6Y", 2.276(69 87.8(2) 60.1 [21b]
[Pt(CI)(CH.Bu-r)(rac-PtM)] (XXXIg) P2i/n 2.208(1), 2.344(19 86.74(5) 56.4 [21b]
[Pt(CI)(CHzBu-1){rac-PNCsH104 1] (XX XTh) P2ilc 2.206(1Y', 2.327(2Y 86.94(5) 57.4 [21b]
[Pt(CI)(CH.Bu-1){rac-PL™M4 }] (XXXIk) P2/c 2.181(1Y, 2.277(1y 85.26(5) 50.1 [21b]
[P{(OSQCFs)(CH,Bu-1)(rac-P5)] (XXXIF) P2i/c 2.189(2Y, 2.346(2% 86.28(8) 52.5 [21b]

Mononuclear complexes with enantiopurg-symmetric ligands
(—=)-[Rh(n*-CgH12){(R.R)-PE" }]O3SCR%" (XVIIIb) P2; 2.328(4), 2.328(4) 84.2(1) —49.5 [44]
(—)-IRh(n*-CsH12){(R,R)-PE™ }]O3SCR"® (X VIIIb) P2 2.293(2), 2.309(2) 84.08(6) —57.7 [44]
(+)-[Rh(n*-CgH12){(R.R)-PLPM4 }]OsSCR" (XVIIIc) P2, 2.207(1), 2.268(1), 2.225(1), 2.261(1) 82.94(5), 82.67(5) —49.4,-51.1 [23b]
[Rh(n*-CgH12){(5,5)-P{E""4 }]O3SCR" (XIXa) P2 2.308(2), 2.311(1), 2.303(2), 2.313(2) 84.47(7), 84.64(8) +47 .4, +49.2 [24b]
[Rh(n*-CgH12){(5,5)-P{C6111-94 }]O;SCR" (XIXe) P2 2.330(2), 2.332(1), 2.327(2), 2.331(2) 84.91(5), 86.16(5) +53.1, +46.6 [24b]
(+)-[Rh(n*-CgH12){(5.5)-PLP4 }]OsSCRY (XIXf) P2 2.306(4), 2.315(4) 84.42(8) +48.8 [44]
(—)-IRh(n*-CsH12){(S,S)-PLCPM4 1103 SCR"V (XIXi) P2 2.207(1), 2.268(1), 2.227(1), 2.264(1) 82.88(6), 82.79(6) +49.0, +51.1 [23b]
(—)-[Rh(n?-CgH12){(5,5)-PLOCEH3F2-E 5 }]0,SCRMW (XIXK) P2 2.216(3), 2.245(4), 2.217(4), 2.246(4) 82.7(1), 82.6(1) +49.1, +45.9 [23b]
(—)-[Rh(*-CgH12){(S.5)-PXC6H2F3-(246)4 }]O, SCRX (XIXI) P4y 2.228(1), 2.230(2) 83.20(8) +50.6 [23b]
(—)-[Rh(n*-CgH12){(S,S)-P{RMe(CsH15-I12 110, SCRY (XXIa) P2; 2.305(1), 2.316(1) 84.33(3) +52.7 [24b]
(—)-INiBr2{(R,R)-PE" },]? (XXVIc) P2; 2.158(1), 2.178(1) 88.33 —53.7 [9b]
[NICl2{(5,5)-P{C6H11-94 }]" (XX VIIDb) P2 2.174(3), 2.178(3), 2.174(3), 2.182(3) 89.8(1), 89.8(1) 44.9,43.9 [24c]
[NIClo{(5,5)-P{RM(CsHis-c)l2 }1A (XX VIIc) P2; 2.158(3), 2.161(3) 88.4(1) +50.8 [24a]
[NICI2{(S,5)-PYS)IMe(CaHis-l2 }]A (XX VIId) P2, 2.157(3), 2.166(3) 89.0(1) +39.0 [24a]
[PdI{(S,S)-PLR-Me(CgH1s-9l2 1] (XX VIIIc) P4y 2.256(2), 2.257(2) 87.22(7) +50.4 [24a]
(+)-[PtCL{(R,R)-PLTW4 }]"B (XX XIIa) P2; 2.194(3), 2.204(3), 2.199(3), 2.200(3) 86.4(1), 86.1(1) —52.3,-52.2 [21b]
[Pt {(R,R)-PL I 2y (xxXTID) P3,22, 2.237(2), 2.237(2) 88.2(1) —46.3 28]
(—)-[PtChL{(S.5)-PLPM4 }]"C (XXXIVc) P2; 2.196(4), 2.200(3), 2.205(3), 2.207(3) 86.4(1), 86.1(1) +54.0, +52.4 [21b]
[Pt {(5,5)-p{ NNy 15 (xxXTVA) P2 2.248(2), 2.258(2) 86.44(9) +58.0 [28]
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[Ptlo{(S,S)-PLRMe(CsHis-<)l2 1] (XX XTVe) P4y 2.236(3), 2.237(3) 87.7(1)
[P{CHBU-1) {(5,5)-PLOme ™ #2554y n (kX XTVh) P2, 2.253(4), 2.262(5), 2.261(4), 2.262(4) 84.8(2), 85.1(2)
[PHCI)(CHBuU-){(S,5)-PL™ " K255 R4y (XXX Ve) P2, 2.185(2), 2.295(2) 86.56(7)

Mononuclear complexes witfi;-symmetric ligands

[Rh(n*-CgH12){rac-PPm2 Pi-PNCH2 2110, SCRM (XX11a) P2ila 2.292(2%, 2.296(2F, 2.330(2F, 2.261(2F 85.59(6), 85.76(6)
[Rh(n*-CgH12){(S.5)-P"2 POPM2 110, SCFR; (XXIVb) P3; 2.178(2F, 2.273(2% 85.35(8)
[Pt(CI)(CHzBU1){ rac-PNCsH10-92P (NCsH19-01] (XXX VIT) P21/n 2.213(3", 2.289(3Y 85.4(1)

Di- and oligonuclear complexes
[Mo2Cly(u-rac-PtP4),] (IIa) C2lc 2.552(4), 2.596(4) G
[Mo2Bra(u-rac-PE"),] (1Ib) C2le 2.564(7), 2.609(6) G
[Mo2l4(p-rac-P54),] (Ilc) C2le 2.580(6), 2.626(6) G
[{Pt(CH)(rac-P;™)}»(1-C1)JO3SCR° (XXXVI) P-1 2.190(3), 2.312(3Y, 2.192(3Y', 2.325(2) 88.0(1), 88.2(1)
[Pt {rac-PLCsHaN @l 1, Agg(NO3)10],,° (XXX VIIN) P21/n 2.241(2), 2.255(2) 86.0(1)

+48.8
+49.2, +50.3
+52.6

56.0, 54.8
+53.2

51.8

84.8
85.9
85.7
49.4,57.2
36.6

[24a]
[29]
[29]

[230]
[23b]

[21c]

[36a]
[36a]
[36a]
[21b]
[26a]

@ Crystallographic data of previously unpublished structure determinations (comXIExed1I, X VIIc, XVIId, XVIIe, X VIIIc, XIXi, XIXk, XIXI, XXIIa, XXIVb) have been deposited as ‘Supplementary;

material’ Appendix A).
b For numbering of complexes, see Secti8z-3.7
¢ (R,RIS,S) meso forms.
d Re—P bondrrans to Cl.
€ Re—P bondtrans to CO.
f Bichelating Ru-P bonds trans to Cl.
9 Ru—P bondtrans to PPh.
h Two crystallographically independent molecules in unit cell.
I Monochelating Re-P bondsrans to Cl.
I (A-R,R)I(A-S,S) enantiomeric pairs.
K Ru—P bondsrans to —NHz or —NHMe.
I Ru—P bondsrans to—PPh.
M Pt—P bondsrans to Cl.
" Pt—P bondsrans to SnCk.
0 Pt—P bondsrans to alkyl.
P Pt—P bondtrans to triflate.
9 Specimens taken from recrystallized samples of the enantiopure comf#&kes
" [a]% (c=0.2, acetone)-119[25], —120[23D].
S Specimen picked from a conglomerate of [Rﬁ(CgH12)(rac-Plz)h“)]033C|_3, which underwent spontaneous resolution upon crystallization from/A-p&itang23b].
U [a]% (¢=0.2, acetone): +23b].
U [a]2 (c=0.2, acetone): +11[23b], +118[25].
V []2 (¢ =0.2, acetone):-3[23b].
W [a]2 (¢ =0.2, acetone):-39[23b].
X []2° (c=0.2, acetone):-49[23b].
Y [a]2 (¢=0.2, acetone):-56; for (+)-[Rhi*-CgH12){(R,R)-PLS)Me(CsHis-al2 1103SCHR; enantiomer: +6325].
Z [a] 22 (CH2Clp): —325 8; for (+)-[NiBr2{(S.5)-PE™ },] enantiomer: +319 13[9b].
A The two stereoisomers co-crystallized, forming [Nig¥5s,s)-P{R-Me(CsHis-<211.INiCI o {(S,S)-PLS)-Me(CsHis-al2 1],
B [a]s (c=1, CHCl,, ambient): +165(589 nm), +174(578 nm), +201(546 nm), +384(43628M).
€ [a]. (c=1, CH:Cly, ambient):—166(589 nm)—175(578 nm)—202(546 nm)—383(436 nm) ~717(365 nm)23b].
D Rh—PPh bonds.
E Rh—P(N<), bonds.
F Rh—P(OPh) bond.
G Distances between the two phosphorus atoms of the bridiigligand: 3.635A for X = Cl, 3.646A for X = Br, and 3.678 for X = 1.
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Ph\P/\Ph CH; HiC Ph/\P/Ph —‘(9 4. Application to synthesis and catalysis
O: p Spe L
P/ ~._ .~ \P 4.1. C—H bond activation
Ph™" “Ph Cl Ph”™ Ph
(XXXVI) Given the extensive €H activation chemistry displayed
by the angular carbene-like'%-ML, equivalent {P£(c-
O\] a CsH11)2P(CH)2P(GsH11-¢)2} established by Whitesides
\P/\ e and Hackett in the mid 198(%6], it was not surprising to see
C[ P that the 14e specig®C[rac-P{CeH-]} generated in situ
P, CHaBu-t from [Pt(H)(CHBu-1){rac-P{CsH1-94 1] under mild thermal
Q O conditions, also oxidatively added to a wide range &f si,
(XXXVII) and sp GH bonds. Thus, thermolysis of the racemic hydrido
o neopentyl complex in cyclohexane solutions of pheny-
/1'\'1\ P ~ Iacetylene pr_oduceq _the alkynyl hydridg [P.t(Hﬁ(-'Eh){rac-
o Yo \N' |N/ Q P&C‘*HH")"}] in addition to the coordination compound
O,N_ A% NO, P\ /P NG [Ptm2-HC=CPh)({rac-P{CsH11-)41]. Thermolysis in ben-
0 /O O\ C\g P \ND\\ /O O\ 0 zene proceeded to quantitatively afford [Pt(H)¥E){rac-
o=x" A SON N = Ag Ad =0 Pt if the {PC[rac-P{CeHiu]} species was
NVZ = / N\ A~ N . . .
0"\ / A ;D \ / o generated inmeta-xylene, three platinum aryl hydrides
05 ° P/ \P ozN’O\Ag”O‘Noz were formed as expected: [Pt({'@eHgMEz-(ZA)}{{aC-
2 /Nl IN\ o o P{CeHidal] [Pt(H){CsHaMer~(3,5)} { rac-P{CoHi-cla}],
N - \W/ and [Pt(HY CeHaMez-(2,6)} {rac-P{CsH1-94}1]" Thermol-
0 ysis of the neopentyl hydride ipara-xylene afforded
(XXXVIID) mixtures of products resulting from aryl and benzyt€
activation, [Pt(HYCsHaMep-(2,5)} { rac-P{CsHi-ca 1]

i;h;{]nl(il [2216C$|atinum complexésXXVI [21b], XXXVII [21c], and and [Pt(HXCH2C6H4Me-(4)}{rac-P§C6H11'C)4}], re-

spectively. Finally, heating of [Pt(H)(CHBu-r){rac-
(—)-[Pt(CI)(CHa){(R,R)-PE™}], [a]=—187 (589nm), p{CeHida] in the presence of hexamethyldisiloxane
—196 (578nm),—224 (546 nm),—401 (436 nm),—701 led to oxidative addition of mgtgyl N bonds giving
(365nm);  (+)-[PLCI)(CH){(S.5)-PE™}], [a],=+186 [Pt(H)(CstlMeQOSIMeg){rac—Pg sHi-9)a1] (Scheme 2p
(589 nm), +194 (578nm), +222 (546 nm), +396 (436 nm), [10]-

+682  (365nm), {—)-[Pt(CI)(CHzBu-t){(R,R)-Pgh“}], Thermolyses of the enantiomerically pure start-
[o], =—146 (589nm),—153 (578nm),—175 (546nm), NG materials [Pt(H)(CHBU-){(R.R)-P{*sM1)4}] and
—323  (436nm);  (+)-[Pt(CI)(CHBuU-){(S.5)-PEhs}], [Pt(H)(CHaBU-1){(S,5)}-P2(%6H117<)4}] - were  performed

[a], =+137 (589nm), +144 (578nm), +167 (546nm), at 68°C ip cyclohexar_1e containing precisely .2 equiv. of
+305 (436nm), +581 (365nm) (all=1, CHCk [21b]). (£)-2,2-dimethyl-1,1-binaphthyl or {)-2,2-di-r-butyl-
A o -

Comparison with the data compiled for the free (tertiary 11-Piphenyl. Monitoring the decomposition of the two
phosphine)- and phosphonite-type IiganﬂsRQ-Pg“/(S,S)- Qleopentyi hydrides and the for_majuon of products by
pga‘ and @,R)_PSOR)H(S,S)_P&ORM in Section2.4 (Table ), b'P ’Tlndh I(-j| _(lj\lMR spectrt())_scopy |nd|c%t§Id”_g14e expe(;:ted
shows that their coordination induces the sense of the opticalP!ary! hydrides [Ptc(6|;|{)lg_6!)afY‘§(RiR)'P£ }] anc
rotation to change sign irrespective of the nature of the [Pt(H)(bmryI){(S,S)-PS *}] to be produced as mix-
central metal and the additional ligands. tures of isomers in quantitative yields. The degree of

In the CD spectra of partially resolved [MGla(p-rac- optig_al resolution achieved dur_ingt]-biaryI—H oxidaf[ive
Pgh4)2] (twist angle P-Mo—Mo—P, ~22°), the most drastic addition was subseque_ntly estlmate_d_fror_n the enrichment
changes were observed in the range whererthe> 5,,, of the ®)- and ()-enantiomers remaining in the aneacted
T — dyy, andm,. — 822 transitions occur Onthe basis Piaryls. For both substrates the optical inductions were

X. Xy xXc—y . .

of a (verified) CD sign rule predicting negative and posi- 10W (3-6%) but clearly above the level of confidence as
tive CD bands, respectively, for the, — &, transitions of it could be shown that the enantiodiscrimination that was
A- and A-conformer dinuclear meialmet;i-bonded com-  achieved during the attempted resolution of the two biaryls
plexes [MbXa(p-PN P)] with P-M—M—P torsional angles is contrc_)lled by the chirality of thecbli{s(pyosphine) ligand.
between 0 and 45 and the observation of opposite signs for Thus, with [PF(H)(C&BU_I).{(R’R)_PQ . éﬂ af)a .
thed,, — 8,2_,2 andd,, — &, transitiong48], it was con- for the reactive mtermed_latéPto[(R,R)-Pg ¢P1l]}, the
cluded that this partially resolved dimolybdenum complex (5)-(+)-2,2-dimethyl-1,1-binaphthyl was found to be
was dominated by thet conformer with ligands ofK,R) slightly enriched in _the biaryl sample _recovered from the
chirality, since the sign for the CD band attributed to the C—H cleavage reaction and thermolysis of [Pt(H)(Ed-

By — B,2_,2 transition was negativis6al. 1{(S,5)-P{CsH-)41] correspondingly resulted in  slight
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N 70 °C R‘p'R N

P P —C-H
P CH,Bu-t — CMey P s
/ R /3

R R R
RZC-CGH[[
QO
~.. / J—
P/Pt\c/_ Pt—C\— = PtT@ Pt@ Pt
. N

Pt Pt Pt —\Si -O—Si/—
pi— \
Pt

Scheme 22. €H activation chemistry displayed by [Pt(H)(GBuU-){rac-P{CsH11-4}] [10].

enrichment of the K)-(—)-2,2-dimethyl-1,1-binaphthyl in 4.2. Grignard cross-coupling
the unreacted biarylScheme 2B[10].

For improving the optical yields of the resolution A study of the [NiCh{(R,R)-P3™}]- or [NiCl2{(R,R)-
procedure outlined before, alternative routes allowing a PQCEH"OMe'(“)]‘*}]-catalyzed cross-coupling of some aryl,
reactive chiral (chelate phosphine)platinum(0) fragment vinyl, and allyl electrophiles RX witha-C-chiral Grig-
to be generated at lower temperatures were investi-nard reagents ®H(Me)MgX (R =Et, Ph) showed that
gated. As it had been demonstrated that the intro- use of the phenyl-substituted catalyst gave higher e.e.
duction of oxygen and nitrogen substituents onto the (up to 55%, depending on the nature of X) for the
phosphorus atoms of neopentyl hydrides [Pt(H)¢8H+ product isomers indicated iScheme 24(Egs. (1)—(3)),
(PN P)] results in more facile reductive elimination of than thep-anisyl-substituted one. The reactions proceeded
neopentane and oxidative addition of unactivated hy- with high chemoselectivity, the extent of formation of

drocarbons[49], the reactivities towards -€H elimina- isomeric coupling products (1-phenylbutane, 4-phenyl-1-
tion and addition of the piperidino- and morpholino- butene, and 5-phenyl-1-pentene, respectively) generally
substituted complexes [Pt(H)(QBu—t){rac—P&NCSHw'CM}] being <1-29%17a]. In cross-coupling reactions between 1-

and [Pt(H)(CHBuU-1){rac-PINC2Ha)20-ds1] were studied.  phenylethyl magnesium bromide and vinyl chloride which
However, the two compounds exhibited similar inertness to- used NiBp—(R,R)-Px¢ in situ catalysts with R=gHs,
wards thermal release of neopentane as did the racemic ofCgH4OMe-(2), or GH4OMe-(4) instead of the preformed
enantiopure complexes [Pt(H)(GBu-r){P{CsH1-a 1], giv- dichloro complexes ofScheme 24(Eq. (2)), the de-
ing C-H insertion products such as the phenyl hydrides gree of asymmetric induction was found to decrease in
[Pt(H)(CsHs){ rac-P,(NCsH10=)a1] and [Pt(H)(GHs){rac- the order of theP-substituents R=gH4sOMe-(2) (best
PINC:HL)20-¢la1] only upon prolonged thermolysis at 6C e.e~ 44%) > GHsOMe-(4) (17%) > GHs (11%). Further-

[29]. more, the enantioselectivities changed with the extent of
R CA L
Q...Ap\ H ; ¢-CeHy, (68 °C)
Pt\ + !
R~ CH,Bu-t N — CMey
¢ o U
R =c-CeHyy (2 equiv.)
AR CA L
wp_ _H : . . .
Pt + ' ~5 10 6% e.e. for (R)-(—) form
R/ \binaph : Z
® R :
(mixture of isomers) (1 equiv.)

Scheme 23. Reaction of [Pt(H)(GBu-1){(S,S)-P{LsH11-<)a 1] with 2 equiv. of &)-2,2-dimethyl-1,1-binaphthyl[10].
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X INICL{(RR)-P,"),]
MgX —M"X’) (1)

X=Cl e.e.:28%
X =Br: e.e.:55%

Mex + x N _INICL{RR) P Z ®
—Mng

X=Cl e.e.:47%
X =Br: e.e.:38%

: Ph4
MgX + PHO_~ _INCL{RR-P™p) N &
—MgX(OPh)

X =Cl e.e.:26%
X =Br: ee.:31%

_— [NiBr,{(R.R)-P,R4},] =
OPh + EtMgBr Et )
(CH2),1 _MgBr(OPh) (CHZ)H

n=1;R=CgHs: S/R~91/9
CcH4OMe-(2): S/R ~70/30
C¢H OMe-(4): S/R ~ 92/8

n=2;R=Cg¢Hs: S/R~87/13
CgH4OMe-(2): S/R ~ 51/49
Ce¢H4OMe-(4): S/R ~ 85/15

Ph

[NiBro{(R.R)-P,P1,] :
AN FXX"Ph (9)

—MgBr(OPh)
OR =O0H; e.e.: 41%
OC(O)OEt; e.e.: 52%
OPh; e.e.: 53%
OSiMes; e.e.: 67%

~X""0or + PhMgBr

[NiBr{(5.5)-P,P14},] ™
Z R
—MgBr(OPh) /'\/ TS o ©

~X""S0or + PhMgBr

OR = OC(O)OEt; e.e.: 42%
OSiMes; e.e.: 58%

Scheme 24. Ni)L(—(R,R)—Pg"— and Nin—(S,S)—P§4—cata|yzed Grignard cross-coupling reacti¢hs,45b]

conversion and were substantially affected by the method the (§) products were in general lower in the alkylation of
used to prepare the reaction mixtuf@gd]. 2-cyclohexenyl phenyl ether than in that of 2-cyclopentenyl

Cross-coupling reactions of 2-cyclopentenyl phenyl ether phenyl ether. With both substrates, maximum e.e< o4 and
and 2-cyclohexenyl phenyl ether with ethyl magnesium bro- ~83%, respectively, were observed for the ethylation reac-
mide, which were carried out in the presence of the di- tion[17e].

bromo complexes [NiBgr{(R,R)-Pg“}], where R=GHs, The enantioselectivities of cross-coupling reactions
CsH4OMe-(2), or GH4OMe-(4), gave the best enantios- between crotyl alcohol derivatives GHH-CHCH,OR
electivities with [NiBr{(R,R)-PL™}] and [NiBr2{(R.R)- (OR=0H, OC(O)OEt, OPh, OSiM$ and phenyl magne-

PiCsHiOMe-(M)a1] a5 (pre)catalystsScheme 24 Eq. (4)) sium bromide which used both [NiBf(R,R)-Pt™}] and
[17b]. In cross-coupling reactions between two cycloalkenyl [NiBrz{(S,S)-Pgh" }] as catalyst complexes were found to de-
phenyl ethers and different alkyl magnesium bromides pend on the size of the leaving group OR: the larger their
RMgX (R=Me, Et,n-Pr, i-Pr) which used [NiG{(R,R)- volume, the higher the enantiomeric excesstashéme 25
Pgh“}] as the catalyst precursor, the enantioselectivities for Egs. (5) and (6)). Monitoring the different reaction mixtures
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product R)-(—)-2,2dimethyl-1,1-binaphthyl was obtained
in modest enantiomeric excess (26[4c].

4.3. >C=( hydrogenation

Many of the optically active (®,2R)- and (1,25)-
CsHg(PRy)2 ligands have been investigated for their
efficacy in Rh-catalyzed asymmetric hydrogenations of
standard enamide substrates such #&sacetylamino
acrylic (Ac-acrH) and cinnamic (Ac-cinH) acid and
their methyl esters, Ac-acrMe and Ac-cinMe, respectively
[9a,b,18c,22a,b,24b,25,28)ne important purpose of these
studies was to elucidate possible correlations between the re-
sults of the hydrogenation reactions and structural properties
of the metal complexes in order to understand the factors gov-
erning the stereoselectivity of the catalysts. Some particularly
illuminating results of such studies are collectedable 4

One first conclusion to be drawn for hydrogenations us-
ing either the unsubstitute@ ®)-PE™ or (S,5)-PE™ ligands
(nos.1a and1b) or their dendritically expanded homologues
with different multiple homochiral units in the periphery (nos.
2a-2d) is that the generally high enantioselectivity for the
(8)- or (R)-products displayed by the-phenylated rhodium
catalysts summarized under entrieand2 is governed by
the R,R) or (S,S) configuration and, respectively,or 8 con-
formation of the chiral cyclopentane backbone rather than
being controlled by the chiral dendritic expansi¢22a,b]

The rhodium chelate complexes of these ligands thus fol-
low an empirical\/d rule which predicts that a chelate
will give the (§) enantiomer while & chelate will produce
the (R) enantiomef45a]. While this is the case for all ligands
bearing two aryl substituents, the Hi(2-naphthol)-derived
bis(phosphonites) of entri®a—5d reveal such a strong influ-
ence of the axially chiral substituents on the orientation of the

Scheme 25. (a) Quadrant-blocking in Rt)-Me-BPE catalysts by equa- optical in.duc.tion that thgir sense of chirality can supersede
torially aligned phospholane methyl substituents and favored (less favored) the contribution of the ligand core. Thus, rhodium(l) cata-
si-face e-face) binding of the substrate as proposed by H&&§ and (b) lyst complexes pOSSESSin@,(@)-PgR)'BH\IOL‘HE]2 or (S,9)-
quadrant-blocking in\- anda-shaped Rhi R)-PAR CHMICH 1l 5y PI(R)-BINOLATEL |igands always gave rise to hydrogenation
Rh-(5,5)-PI CHMOCH 12 cata1ysts by axially oriented phospholane hy- — Products with §) configuration (entrie§a andSd) whereas
drogen atoms and (in either case) less favored enamiéee binding as the (R) enantiomers predominated in the product mixtures
suggested by Pringl28]. formed with the two diastereomeric rhodium(l) catalysts
bearing S,S)_P¥S)—BINOLATE]2 and @,R)_PgS)—BINOLATE]Z
by circular dichroism and'P NMR spectroscopy revealed ligands (nos5b and5c). The optical yields achieved with
the presence of [Ni(Br)(§Hs)(P5™)], [Ni(CeHs)2(PYM)], the (5,5)-PYS)-BINOLATEL: hig(phosphonite) are by far supe-
and [Ni(PiM)] intermediates. [Ni(OR)@—crotyI)(Pzgh")] rior to those obtained with the catalytic system based on
species, believed to be involved in the catalysis at low con- the (§,5)-P{®)-BINOLATEL |igand and, correspondingly, the
centrations, remained undetected. A stereochemical model(R,R)-P{RBINOLATEL |igand js much more selective than
was set up in order to explain the observed relationship its (R,R)-PKS)BINOLATE]L; giastereomer. Obviously, the two
between product configuration and chelate conformation enantiomers with like chirality of their backbone carbon
[45Db]. atoms and phosphonite substitutents represent the beneficial
Cross-coupling reactions between 1-bromo-2-methyl- matched combination of stereochemical elements while the
naphthalene with its derived Grignard reagent, which were forms with unlike configuration of the two-carbon backbone
carried outin the presence of nickel and palladium complexesand the BINOL-derived phosphonite rings must be looked at
of the types [MCH{(S,S)-PXCH2)s21] and [MChL{(S.S)- as the disadvantageous mismatched counterparts.
P&CGHH‘C)“}], generally suffered from low conversions. With Clear-cut matched—-mismatched effects in enantiose-
[NiCI2{(S,S)-P§C6H“‘°')4}] as catalyst precursor, the coupling lective hydrogenation are also manifest for the=C<



2986 L. Dahlenburg / Coordination Chemistry Reviews 249 (2005) 2962-2992

Table 4
Enantioselective hydrogenation of standard enamide substrates with optically active'-Bfi{12){(R.R)-PX¢}]X and [Rhn*-CgH12){(5.5)-PR*}1X
(pre)catalyst’

No. Ligand Substrate

P§4 Ac-acrH e.e. (%) Ac-acrMe e.e. (%) Ac-cinH e.e. (%) Ac-cinMe e.e. (%) Ref.
1a (R,R)-PEM 92 (5) 86 () 95 (5) 91 (5) [25]
1b (8,5)-PEh4 91 R) 85 (R) 93 (R) 91 R) [25]
2 (s, S)_P[2C6H3 (CH=NR),-(3,5)l4b
2a R = (R)-CH(CH,OH)Pr-i 96 (R) [22a,b]
2b R =(5)-CH(CH,OH)Pr-i 94 (R) [22a,a]
2c R = (R)-CH(Me)CgHy;-c 94 (R) [22a,b]
2d (R,R)_P[2C6H3{CHzObornylf(lS)}z-(S.5)]4 b 96 (5) [22a,b]
2e (S’S)_P[C(,Hg,(CHZObornylf(lS))z»(3.5)]4b 94 (R) [22a]
3a (R,R)-P{[(R-CHMe)CH ) 73 (®) 77 R) [28]
3b (5,9)-PY(R-CHMe)CH 15} 95 (R) 98 (R) [28]
4a (R,R)-PLR-Me(CsHis-0l, ¢ 23 (R) 28 (R) 28 (R) 34 (R) [25]
4b (,8)-PLS)Me(CsHus-)lzc 21 (5) 29 () 26 (5) 35(S) [25]
4c (R,R)-PS)Me(CsHis-ollp ¢ 90 (5) 83 (S) 73 () 86 (5) [25]
4d (.8)-P{R-Me(CsHis-)lc 90 (R) 82 (R) 74 R) 86 (R) [25]
5a (R,R)-PLR)-BINOLATE], 92 (5) 86 (5) 77 () 85 (5) [25]
5b (S.S)-PLS)-BINOLATE], 96 (R) 89 (R) 78 (R) 85 (R) [25]
5¢ (R,R)-PLS)-BINOLATE], 27 R) 39 (R) 20 (R) 36 (R) [25]
5d (S.S)-P{R)-BINOLATE], 28 (S) 31(5) 24 (S) 36 () [25]

a X~ =CI~ (nos.2a-2e): in situ catalysts generated frofiRh(u.-Cl)(n*-CgH12)}2] and the corresponding chelate phosphine), BEos.3a and3b) or
F3CSQO;~ (entriesla, 1b, 4a—4d, and5a—5d).

b See Sectio2.3.1.2 Schemes 5 and. 6

¢ The configurations at the phosphorus atoms are given fofréhdigands; they are inverted upon coordination to rhodium as a consequence of the CIP
sequence rules.

reductions catalyzed by the more electron-rich rhodium “anti-lock-and-key” mechanistic behavifsd,50] in which
complexes possessing either the diastereomeRi®){ the major product enantiomer is formed by hydrogenation
pi(R-CHM)CH L), gnd  6,5)-PY(R-CHMe)CHz ), of the less favorably bonded enantioface, both the high
bis(phospholane) ligand3a and3b or the C,P-chirogenic  (R)-selectivity of the Rh-{,S)-P{(R-CHMe)CH"12}2 com-
methyl(cyclooctyl)-substituted bis(phosphines) of entries plex and the somewhat loweR)-discriminating properties

4a—4d. of the Rh-R,R)-PYR-CHMCH:"L:),  giastereomer are
The  bis(phospholane)  §5)-P{(R-CHMe)CH 1z}, suggestive ofsi-face binding of the substrate in tHess

is clearly more enantiodiscriminative than itR,K)- stable adducts $cheme 25Db)). In contrast to the original

PL(R-CHMe)CH2—12}, diastereomer. The observation that the stereochemical model proposed for chelate complexes

Rh-(S,S)-P{{(R-CHMe)CH "2}z catalyst, which has confor- of bis(phospholane)-substituted ligands, it was therefore

mation of its chelate ring, proved to be much more selective concluded that it is the top right and bottom left quadrants
for the R) products than the correspondingconformer which are more effectively shielded in the ground-state
Rh-(R,R)-PY(R-CHMe)CH212)2 \was unexpectefP8]: so far, ~ geometries of the two diastereomers than the quadrants left
the stereochemical model used for the understanding of theside up and right side down—actually, to a higher extent in
enantioselection by catalysts bearing chiral phospholanematched 3-[Rh(n*-CgH12){(S,S)-P{(®-CHMe)CH 21,11+
groups such as the DUPHOS- and BPE-typghenylene- but to a lower degree in the less matched cation

or  1,2-ethylene-bis-®5R)-dialkylphospholanes ~ was [Rh(n*-CgH12){(R,R)-P{(R-CHMeCH:"1o}:11+ 28] In
based on the assumption that two of the four equatorially fact, crystal structures analyses of two model complexes,
aligned alkyl ring substituents adjacent to the phosphorus 8-[Ptl2{(s,5)-Pi(R-CHMe)CH"2}211 - and  \-[Ptlo{(R,R)-
atoms effectively block the “top left and bottom right P{(R-CHMeCH: 2111 showed that the equatorial methyl
coordination quadrants[2c], as indicated by drawing (a) substituents of the phospholane rings blocking the top left
of Scheme 25 [5c,e]ln the more stable (less reactive)  and bottom right quadrants are0.5A closer to the iodo
enamide adduct, the substrate should therefore be bondedigands in thex than in thed conformer, whereas the axial
through itssi-face, the less favored (more reactive) adduct «-hydrogen atoms occupying the lower left and upper right
diastereomer being that in which the enamide is coordi- quadrants are-0.3A closer to the other ligands in the
nated through itsre-face. Since Rh-DuPHOS catalysts than in then diastereomer. It was therefore concluded that
have been confirmed to follow the Halpern—Brown-type it is the steric repulsion between the enamide substrate with
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the axially aligned hydrogen atoms which substantially
contributes to the enantiofacially discriminating abilities
of the catalyst complexes¢heme 2fb)) [28]. A different
interpretation is given below.

With regard to the diastereomeric ligands featuring mixed
methyl(cyclooctyl) substitution of their donor atoms, en-
tries 4a—4d of Table 4 make it clear that it is the two
bis(phosphine) enantiomers with opposite configuration at
carbon and phosphorus which make up the superior hydro-
genation catalysts. Rhodium complexes derived from these
four electron-rich bis(phosphines) resemble the complexes
based on the more electron-poor bis(phosphon#&asyd "axial” R!, R%: ¢-CgHs "equatorial” R', R ¢-CgH, s
in that the compounds showing the matched combination
of stereoelements (nodc/4d and 5a/5b) follow the \/3
rl‘_lle (vide supra), whereas the mlsma_tChed catalys'gs (en'SchemeZG. Spatial orientation of cyclooctyl and methyl substituegt®in
triesda/4b andSc/5d) do not. The catalytic results obtained  chirogenic matchek-[Rh(n?-CgH12){ (R,R)-P{ R Me(CsHis-c)l2 11+ and mis-
with the complexes of the aforementioned two diastereomeric matcheds-[Rh(n*-CgH12){(S.5)-P{ P M(Cstis-N21]* catalyst precursors
bis(phospholane) ligands are akin: the matchednformer [44].

Rh—(5,5)-PY(R-CHMe)CH2 212 induces R) stereoselection
and thus obeys the rule; mismatcheghaped Rh-K,R)-
p{(R-CHMe)CH 1), jikewise favors the formation of prod-  which has been identified as the enantiodetermining irre-

matched A conformer mismatched & conformer

RI'I—(R.R)fPZI(RJ'MNCKH 15-c)]2 RI'I—(S.S}fpzl(RJ'MQ(CHHIS'(')IZ

"equatorial" R?, R* CH; "axial" RZ, R*: CHs

ucts with ) configuration and, hence, breaks the rule. versible step of asymmetric hydrogenation, is controlled in
There exists substantial structural information on com- an enantiofacially discriminating fashion by repulsive inter-
plexes of the four isomeri@Me(CsHis-Al2 jigands 4a—4d action between the chelate ring of the substrate and the bulky

(Section3.7, Table 3, which strongly suggests that the very  P-substituents in short-lived diastereomeric dihydrido enam-
different enantioselectivities displayed by their rhodium cat- ide intermediatef51] such as depicted iSsicheme 27or the
alysts with like or unlike stereochemistry at the donor and the RhH,—substrate adducts of the two rhodium catalysts bear-
backbone atoms is related to differences in the spatial align-ing the cyclooctyl(methyl)-substituted ligands withR(2R)-
ment of the bulky cycloalkyl rings in the diastereomeric com- Rp,Rp and (15,25)-Rp,Rp configuration.

plex cationg[24a,b,25,44] Major structural differences be- For 8-[Rh(n*-CgH12){(S,S)-PXR-Me(Cstis-Ol1 1+ e g,
tweend-shaped [Rh{*-CgH12){(S,S)-PLR-Me(CsHis-c)la 11+ the diastereomen''-c-CgHig, containing the substrate
(which is characterized by theismatched combination of

its C andP stereogenic elements; see footnote ‘cTable 4

and its matched counterpart \-[Rh(n*-CgH12){(R,R)-
PYR)-Me(CsHis-0l211* arise from the contrasting orientations Q. fﬁi{.

. . . Po RN R/ P
of these sterically demanding groups with respect to the gl 5 Q
P—Rh-P coordination plane; in both cases they shield the @c’/ "R

; ; H

bottom left and top right quadrants of the ligand sphere, HN ‘
but are equatorially aligned in the former (torsion angles ~ =0
P—Rh-P—CgH15-¢, 137.2 and 131.5), whereas they point ph Me Mé P

towards a more axial direction in the latter (torsion angles
P—Rh—-P—CgH15-c, 114.3 and 113.8) (Scheme 2p[44].
Following the quadrant model previously proposed by
Knowles[2c], Gridnev and Imamotfb1] have recently pre-
sented evidence that any rhodium catalyst vifitbhirogenic
chelate phosphines, in which the difference in size be-
tween the terminal substituents is as distinct as in the
piMe(CsHis)l2 |igands, will favor the formation ofK) hy-
drogenation productsrespective of a X or 8 conformation
of the backbone, if the more voluminous groups are located
in the upper left and lower right quadrants, while oppo- 8"-c-CsHis" (slightly disfavored)  8'"-c-CgHy5% (slightly favored)
site orientation, i.e., in the bottom left and top right quad- enamide bonded through si face enamide bonded through re face
rants will provoke §) stereoselection, as observed for _ . . .
RN Cota) (e V=0l and o’ S0 T S SR e
CgH12){(S,)-P (R)'ME(CSHIS-C)]Z}F- This is because the mi- [Rh(n*-CgH12){(S,)-PYR-Me(Cstis-2 11+ precatalysts (after Gridnev and
gratory insertion of the enamide to form an alkyl hydride, Imamoto[51]).

Al-e-CgH; 5™ (strongly disfavored) Me-CgH 5™ (strongly favored)
enamide bonded through si face enamide bonded through re face
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bonded through itge-face to give §)-amino acids as ob-
served, should be lower in energy thélac-CgHjg because
it is the smallerP-bound methyl group rather than the bulky
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equatorial to a more axial orientation satisfies an early pre-
diction formulated by Nagel as follows: \“. to build a good
catalyst for the hydrogenation dfacylacrylic acid deriva-

cyclooctyl substituent that undergoes direct steric repulsion tives, it is necessary to have two large groups in the chelating
with the carboxyl residue of the enamide chelate ring. As a diphosphine as axial as possib[&2].

consequence of their pronounced equatorial alignment, how-

ever, the spatially expanded cyclooctyl ringsefRh(n?-
CgH12){(S,S)-PYR)-Me(CsHis-Al211* not only block the two
down left and top right quadrants of the diastereomeric in-
termediate$' andd" but also slightly penetrate into the ad-

4.4. Hydroformylation

In the presence of tin(ll) chloride, the platinum complexes
[PtCl(rac-PE™)], [PtCla{rac-PLPMs1], [Pt(CI)(CHg)(rac-

jacent parts of the coordination sphere as well, thereby con-P5M)], [Pt(Cl)(CHz){rac-PLCPW4}], [Pt(CI)(CH,Bu-r){rac-

tributing to some unwanted shielding of the upper left and
lower right quadrants; seechemes 26 (right) and 27 (bot-

tom) [24b,44] This reduces the degree of favorable quadrant-

blocking, thought to make diastereomét-c-CgHa more
readily accessible thal-c-CgH74, and results in only little
stereodiscriminating abilities of the complex. Matched cat-
alyst A-[Rh(n?-CgH12){(R,R)-PY R Me(CsHis-Al211+ on the
other hand, differs in structure from its mismatctdeshaped
counterpart by a distinct axial arrangement of the cyclooctyl
rings. This results in steric blocking of only the top right and
bottom left quadrants, making'-c-CgH3% of Scheme 27
(top) definitely lower in energy tham'-c-CsHel"s‘; see also
Scheme 2§left) [44].

The platinum complex 3-[Ptl>{(S,S)-
pi(R-CHMe)CH 12121 - which served as a structural
model of the matched catalysi-[Rh(n*-CgH12){(S.S)-
pi(R-CHMe)CH 1111+ (vide supra), possesses quadrant-
blocking methyl groups at the 2,5 positions of the

PﬁOPhM}], and [Pt(OSQCFs)(CHs)(rac-Pt™)] acted as
catalysts for the hydroformylation of styrene, forming
2- and 3-phenylpropanal together with ethylbenzene. Ex-
cept for [PtCh(rac-PE™)], they also catalyzed the con-
secutive hydrogenation of the primary propanals to al-
cohols. High regioselectivities towards 2-phenylpropanal
(branched-to-normal ratios91:9) were obtained in hy-
droformylations catalyzed by [Ptglrac-P{P"™4}] and
[Pt(CI)(CHg)(rac-PE™)], for which the influence of var-
ied CO/H, partial pressures, catalyst-to-substrate ratios, and
different reaction temperatures and times on the outcome
of the catalytic reaction was studied. When tin-modified
complexes (+)-[PtGK(R,R)-PCPM4}], (—)-[PtChL{(S,S)-
POPMa1] and (+)-[PH(CI)(CH){(S,S)-P514}] were used as
optically active catalysts, only low stereoselectivity for asym-
metric hydroformylation (e.e. <18%) was obsery2dib].

Hydroformylations of styrene which were run in toluene
at 40°C under 50bar of a 1:1 CO/Hsynthesis gas mix-

phospholane rings which show a decidedly axial alignment ture in the presence of 0.2mol% of a rhodium com-

relative to the coordination plane in the upper left and lower
right coordination quadrants (torsion anglesR—P—C2°,
—99.6°/—110.7) [28]. According to the Gridnev/Imamoto

plex of the type [Rh{*-CgH1z)(rac-PR4)]03SCR;, where
R=CgHs, CsFs, OCeHs, OCeH3(CRs)2-(3,5), OGH3F2-
(2,6), OGH3F»-(3,5), or OGH2F3-(2,4,6), proceeded with

rule, this arrangement should favor the formation of dihy- extremely high chemoselectivity in that neither the forma-
dride enamide intermediates which give high optical yields tion of ethylbenzene nor the consecutive production of al-
of the (R) hydrogenation products as observed. In contrast, cohols did occur. Regioselectivities for the branched alde-

the A\-[Ptlo{(R,R)-P(R-CHMOCH: 12111 diastereomer,

hyde 2-phenylpropanal as high as 99:1 were achieved for

which was used to model the structure of mismatched the very electron-poor catalyst complexes with RgF&;

A-[Rh(n*-CgH12){(R,R)-PH(R-CHMCH 12l 31+ - presents

OCsH3F2-(2,6), or OGH3F2-(3,5). On the other hand, vir-

the same two methyl groups in the same two quadrants intually no enantioselectivity forR)- or (S)-PhCH(Me)CHO
equatorial orientation with respect to the coordination plane was observed if the enantiopure complexes fh(

(torsion angles PRh—P—C25, —131.7 each), which can

CgH12){(R,R)-P}4}]03SCR; with R=CsHs or CsFs and

safely be predicted to result in some unwanted deshielding [Rh(n*-CgH12){(S.S)-PX4}]03SCFR; with R=CgHs, CsFs,

of the top left and bottom right quadrants. As the location of

OGsHs, OGeH3(CFs)2-(3,5), OGHaF2-(2,6), OGHsF2-

the phospholane substituents in the coordination quadrants i3,5), or OGH2F3-(2,4,6) were used as (pre)catalyisb].

independent of thk or 8 conformation of the five-membered

chelate ring in the case of the two platinum complexes (large 4.5. Miscellaneous applications

CHg'’s top left and down right; small H's down left and
top right) and as both rhodium analogues indu@ (

stereoselection, it becomes clear that the two RIR)¢
P{z[(R)-CH(Me)CHz—]z}z and Rh—.S,S)-P%KR)'CH(M")CHZ_]Z}2

In the presence of KOBu- as activating base,
the bis(phosphine)/aminophosphine-coordinated ruthenium
complexes [RuGKrac-PY™){PhP(CHy)2NH}] (Section

complexes also fit the aforementioned Gridnev/imamoto 3.5, Scheme 11 Xb) and [RuCh(rac-P5™)(PhPCH;

rule for catalysts bearing-chirogenic bis(phosphines) with
substituents pairwise differing in size.

CMexNH3)] (XT) were used as catalysts for the transfer hy-
drogenation of acetophenone with isopropanol as the hy-

The observed enhancement of enantioselectivity achieveddrogen source. In §Hg/i-PrOH (1:1) at 50C, at sub-
by changing the alignment of a large substituent from a more Strate/catalyst/base ratios of 200:1:5, the conversions of
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PhC(Me¥O to PhCH(Me)OH after 3h were 97% fdtb sic hydrogenations (Sectiod.3, Table 4. Conventional
and 53% forXI. The clear-cut drop in activity observed for ligands such asR(R)- and (S,S)—Pgh" suffered a great loss

XI was ascribed to hindered accessibility of the—Ritd, of their selectivities under biphasic conditions, giving the

bond for the ketone owing to steric shielding of the amino hydrogenation products only with 23% e[22a,b]

functions by the adjacent methyl substituei3sb]. A water-soluble in situ catalyst prepared frogRh(u.-
The complexes [RuXrac-PiCsHsN-@li_p p N)(PPH)]- Cl)(n*-CgH12)}2] and the hydroxymethyl-substituted ligand

H,O, where X=CI, Br, and I, respectively (Sectid; (5,8)-P{CH20H)4 gssisted the homogeneous hydrogenation of

Scheme 10VIIIb), effected the homogeneous catalytic hy- sodium ¢)-a-acetamidocinnamate in aqueous solution with
drogenation of aldimines to amines. Under 1000 psi of 22% e.e. for theK)-product[22a,b]
Hz, in MeOH at ambient temperature and a substrate-to-  Water-soluble in situ catalysts composed ¢RRA(.-
catalyst ratio of 2000:1, the conversions of PhG{NPh to Ch(m*CgH12)}2] and  (,5)-PLH0Ms  or  (5,5)-
PhCHNHPh after 3 h were 80, 99, and 63% for the chloro, P{Csﬂs[CH(OH)(Sos'Nf)]z-(S,5)}4 (the sulfite adduct of
bromo, and iodo complexes, respectively. With the imine (Sz S)_P£C6H3(CHO)2-(3,5)]4) were also used for the homo-
substrate PhC(HNCHzPh, under the conditions outlined geneous hydrogenation in aqueous solution of theNC
before but for 1 h reaction time, the conversions to dibenzy- §uble bonds of the pyrazine ring of folic acid to 5,6,7,8-
lamine were as low as 5% (X=Cl), 10% (X=Br), and 28% (etrahydrofolic acid, where a new stereogenic center is
(X=1) [26b] formed at C-6 of the pteridine syste@gheme 28top). The
Promoted by 18-crown-6 as a phase transfer oactions proceeded rather slowly, producing diastereomeric
reagent, two in situ 4catalytlc systems made up in gycesses for the §65) stereoisomer of-10%[22c].
toluene of fRh(u-Cl)(n"-CgH12)}2] and either of the Reactions of the resolved bis(menthy?){x-acetami-
two octaborneoll-bls(:g)?ospmne_s) RR)- and §.5)- docinnamate) iridium(l) complexes (+)-[l©=C(Me)NHC
PLCeH(CHLObomy(15)):-90 (Section2.3.1.2 Scheme B [cO,menthyl-®)]=CHCsHs }2]BF4 and ()-[Ir {O=C(Me)
catalyzed the two-phase hydrogenation of an aq“eOUSNHC[COzmenthyI—G)]=CHC6H5}2]BF4 with 2 equiv. of
solution of sodium %)-a-acetamidocinnamate with e.e. of ¢ racemichh“ bis(phosphine) in CbCl, proceeded
60-80% for the §) and ) products, respectively, showing  ith high enantioselectivity giving [§O=C(Me)NHC[CO
that the dendritically expanded ligands maintained a greatmenthyl-Q’?)]=CHC6H5}{(S S)-PPh}]BF, and [I{O=C
deal of their high enantioselectivities known from monopha- (Me)NHC[COzmenthyI-(S)]=CH2CGH5}{(R R)_P§h4 NEIA

O CO,H

HN NS

,:t /j) [{Rh(u-ChH(n*-CgH 2)},] +
N water-soluble chiral P, ligand

o i
g H
O py HN

N

H)N\\ ~10% e.e.

H,N N N
H
s H,C %
OWO _ [Pd(acac),]/base O 0
+ AcO
HN\n’ N\CH3 dendritically expanded HN\“, N\CH3
(0] chiral bis(phosphine) o)

10-20% e.e.
for (-)-isomer

Scheme 28. Rh-catalyzed enantioselective hydrogenation of folic acid[2@@)and Pd-catalyzed enantioselective allylation of 1,5-dimethyl barituric acid
(bottom)[22a,b]
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Scheme 29. Iridium-bis(enamide)-induced in situ resolutionePt™ for
enantioselective homogeneous hydrogend&&j

and leaving 1 equiv. of the enantiomeRSK)- and §,5)-P5™
as free ligands in solution. Adding [Rh(norbornadief®) 4
(0.8 equiv.) and methylA)-a-acetamidocinnamate (50-100
equiv.) followed by stirring under Hthus gave the methyl
ester of N-acetyl-()-phenylalanine in 90% e.e. starting
with the dextrorotatory bis(enamide) compound and the
(R) hydrogenation product in 91% e.e. starting with the
laevorotatory precursor comple®¢heme 2P[53].

A number of experiments aiming at the enantiose-
lective hydrosilylation of acetophenone with diphenylsi-

lane were run in the neat substrate using in situ cat-

alytic systems composed of Rh(u-Cl)(n*-CgH12)}2] and

an tetra- or octaimine type ligand,§)-PLCsHsCH=NR-Q)L4
and ,5)-PiCsH3(CH=NR)2-G.5)ls (Section2.3.1.2 Scheme &

At a substrate-to-catalyst ratio of 400:1, the “octaimine-
bis(phosphine)” bearing eight aldimine groups derived from
p-(—)-valinol (R = (R)-CH(CH,OH)Pr4) afforded the high-
est e.e. of 23% §). The diastereomer with eight-(+)-
valinol-derived substituents (R $)-CH(CH,OH)Pr4) fur-
nished the sames)-enantiomeric reduction product in only
12% e.e., indicating a rather strong influence of the pe-
ripheral groups on the outcome of the catalysis. With
eight R)-CH(Me)GsH11-¢ residues R in the periphery of
the “octaimine-bis(phosphine)”, an e.e. of 19%) (vas
obtained. The “tetraimine-bis(phosphine)” ligand$S}-
PiCeHsCHENR-Q)ls | \where R =R)- or (S)-CH(CH,OH)Pr-,
induced only low optical yields (3—6%) aR{-PhCH(Me)OH
[22a,b]

The 1,3-diphenylallyl complex [Pg-PhCHCHCHPh)
{(R,R)-PLM}]PFs was used as a catalyst for the
Pd-assisted alkylation of the racemic allylic acetate
PhCH=CHCH(OAc)Ph with dimethyl malonate as a soft
carbon nucleophile, which gave the substitution product
(S)-PhCH=CHCH{CH(CO:Me), }Ph in 85% e.€e[47].

The Pd-catalyzed enantioselective allylation of 1,5-
dimethyl barbituric acid with allyl acetate according to
Scheme 28bottom) was studied using several in situ cat-
alysts made up of palladium acetylacetonate and different
dendritically expandeft, ligands of the “tetra- or octaimine-
bis(phosphine)” and “octaborneol-bis(phosphine)” types
(5,9)- P£C6H4CH—NR @, (s,5)- P%C6H3(CH=NR)2 @5k " and
(R,R)- or (S.5)- PQCﬁHS{CHZObomy (19))-(3.5)]4 respectlvely
The “octaimines” with R=Rg)- CH(CHZOH)Pr-z (S)-
CH(CHxOH)Pr4, and §)-CH(CH,OH)Bu- induced e.e. in
the range of 10-20% for the laevorotatory allylation prod-
uct, showing that the direction of optical induction was
exclusively determined by the §PS) architecture of the
chelate backbone. Only marginal enantioselectivities were
displayed by the two diastereomeric “octaborneols”, #tje (
and ()-valinol-derived “tetraimines”, and the “octaimine
bis(phosphine)” with R =K)-CH(Me)CsH11-c [22a,b]

The enantioselective extrusion of carbon dioxide
from the linear or branched allyl phenyl carbonates
MeCH=CHCH,OCO,Ph and HC=CHCH(Me)OCGQPh,
respectively, produced the allyl phenyl ethers
MeCH=CHCH,OPh and HC=CHCH(Me)OPh in a
close to 4:1 molar ratio with-10-14 e.e. for theS) enan-
tiomer of the branched decarboxylation product, if catalyzed
by [Pcb(PhCH=CHC(O)CH=CHPhJ}]/(R,R)-PE™ [54].

5. Concluding remarks

Since the first synthesis and resolution afic-
CsHg(PPh)2 by Green and co-workers a broad spectrum
of bis(phosphines) based on the Ix@xs-disubstituted cy-
clopentane backbone has become available. The convenient
structural modification of the compounds by a modular ap-
proach allows diverse 4Eg(PRy)2 ligands with widespread
substitution patterns to be readily isolated in optically ac-
tive form. There exists a large number of mono-, di-, and
oligonuclear metal complexes bearing the bidentates either as
racemates or as resolved enantiomers in chelating or bridging
coordination. Successful applications of the ligands to homo-
geneous catalysis so far include Ni-assisted enantioselective
Grignard cross-coupling reactions, regio-selective (but not
enantioselective) hydroformylations of styrene with rhodium
catalysts and, particularly, Rh-catalyzed asymmet@eC<
hydrogenations.
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