FULL PAPER

Synthesis and Coordination Chemistry of Chelate Ligands Containing
Cyclopentadienyl, Indenyl and Fluorenyl Donors — Diastereoselectivity and
NMR Structure Analysis
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Dedicated to Prof. Dr. Heinrich Vahrenkamp on the occasion of his 60th birthday

Keywords: Cyclopentadienes / Tripodal ligands / NMR spectroscopy / Distance geometry / Ruthenium / Phosphorus

The functionalised oxetane O(CH,),C(CH,Br)(CH,OMs) (1)
is transformed into tripod ligands ROCH,C(CH,PPh,)-
(CH,PR',)(CH,Cp*) (R = H, SiMeg; R’ = Ph, Et; Cp* = indeny],
fluorenyl) (4) in a few steps. Epichlorohydrin
O(CH,)CH(CH,Cl) (5) allows for diastereoselective one-pot
syntheses of the Cp-functionalised chelate ligands
(Cp*CH,)C(H)OH(CH,PPh,) (Cp# = Cp, indenyl, fluorenyl)
(6). The SiMej-protected derivatives of these ligands react
with  RuCl,(PPhs); to produce {MesSiOCH(CH,-n'-
PPh,)(CH,-n°-Cp*)Ru(PPh3)(Cl)} (Cp* = Cp, indenyl) (15)
with high diastereoselective preference. With the same start-

ing material, tripod ligands 4 form Me;SiOCH,C(CH;,-n'-
PPh,)(CH;-n!-PR,)(CH,-n°-Indenyl)RuCl (R = Ph, Et) (16). As
shown by complete NMR spectroscopy based structure ana-
lyses (DG methods) of 16, the formation of 16 (R = Et) is dias-
tereoselective. The only diastereomer which is observed is
the one in which the PEt, donor and the phenylene part of
the indenyl ligand are juxtaposed. In addition to quantitative
NMR spectroscopy structure analyses, traditional analytical
techniques, including X-ray analyses, were used to confirm
the results.

Introduction

Cyclopentadienyl ligands which are linked to additional
donor groups by side-chains of appropriate lengths are a
special class of chelate ligands and hold quite some promise
in catalytic applications. Whereas the chemistry of ansa Cp
ligands, so elegantly developed by H. Brintzinger and his
group,!'l has boomed in recent years, the chemistry of Cp-
based chelate ligands bearing functionalities other than Cp
groups is only in its early state of development. This is espe-
cially surprising in the case of Cp derivatives containing
additional phosphane donor groups, since the chemistry of
CpM(PR3), metal templates is so well developed. The only
possible reason for this fact appears to be the lack of suit-
able methods for the synthesis of the ligands. It has been
shown that tripodal ligands CH;C(CH,PR,)(CH,PR',)-
(CH,Cp*) (Cp* = Cp, indenyl, fluorenyl) are accessible by
different routes” and some coordination chemistry of such
ligands has been reported.!!

Since it has been shown that #ripod ligands
H;CC(CH,X)(CH,Y)(CH»,Z) (X, Y, Z = donor groups
with at least one of them being a Cp derivative) are access-
ible via appropriately functionalised oxetanes in fair
yields,?! the development of the synthesis of hydroxy-func-
tionalised tripod ligands (HOCH,)C(CH,PR,)(CH,PR’,)-
(CH,Cp™) via oxetane precursors appears to be worthwhile.
In this paper ligands of this type (Cp* = indenyl, fluorenyl;
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PR,, PR’, = PPh,, PEt,) (3, 4) as well as some of their
coordination chemistry, are described.

Yet another way to hydroxy-functionalised chelate li-
gands containing phosphorus donor groups and Cp# li-
gands linked by a three-carbon chain may be based on the
use of epichlorohydrin as the starting material. It has been
shown that the enantioselective synthesis of bidentate and
tridentate chelate ligands containing up to three different
phosphorus donors HC(CH,PR,)(CH,PR’,)(OPR'’,) may
be achieved in this way.*! In this paper we show that Cp*
donor groups may also be introduced, leading to com-
pounds  HC(CH,Cp*#)(CH,PPh,)(OPPh,) (12) and
ROCH(CH,Cp#)(CH,PPh,) (6, 9). Some coordination
compounds of these novel ligands are also described.

Results and Discussion
Ligand Syntheses

Starting from Neopentane Derivatives

The functionalized oxetane 1, which has been shown to
undergo selective exchange of its functional groups by two

1. LiPR},

2.LiR

3.H,0
_—

Br R
oo{ O><:
OMs PR’

1 2a R = Indenyl, R’=Ph
2b R =Indenyl, R’=Et
2¢ R = Fluorenyl, R’=Ph

Scheme 1
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Table 1. NMR spectroscopic data of compounds 2—4/2

5 5 L
4 R AL R 6
o 2 : "“14_\(
3 x RO X
1 1 R
No. L & A _-|l'fT 4FT 6I'CT =T
xit CHy,s (o} CHa CHy, CHy,a —CH,- —CH= CH aromatic X Y
v, r M [2H] [2H] [2H] [2H1] n=1=2 [1H]
Ia Indenyl 293 (d) — 4.67,4.77 (2d) 3.25(s) 347(s)[ZH]  627(s)  733-T.67(m) [I4H] —8 —
Pih hyp = 1.6 Hz = 6.0 Hz
O {Oxetane} 373 (d) 43.1(d) 82.4(d) 35.4(d) 38.7 (s) 119.7-146.3 .
Up=156Hz  Up=156Hz Up=110Hz Jep = 106 Hz 1-25.6 (s} -
2 Indenyl 2,06 (d) — 4.58,4.70 (2d) 3.07 (s) 341(s)[2H]  6.08(s)  7.25-7.82(m)[4H] 106 {m) [6H] —
PEL, Uhp =44 Hz m=58Hz 1.46 {m) [4H]
O (Dxetane 35.2(d) 426(d) K25 (d) 35.14d) IS (5) 11951463 99(d) =121 Hz
Up=l66Hz  Up=156Hz Up=106Hz U= 110Hz 20.0 (d) ep = 11.6 Hz
1-31.2 (s} i
da Indenyl 2.53, 2.63 (2dd) — 366(s) 253,263 (2dd) 3.09 (s) 340(s) [2H]  6.394s)  7.26-T.59 (m) [24H]
PFh, =144 Hz -‘g.,,. =144 Hz
PPy H  Yp=28 34Hz i 'le'g' .
37.2 (dd) 445(1) 69,5 {t) 37.2(dd) 34701 IE6 (5) 120.3-146.9
p=166He  Up=116Hz ‘Sp=84Hz ‘Jp=166Hz Jp=85Hz
ep=B8 Hz Jop =88 Hz [-28.4 (s)}
b Inclenyl 257 (d) 3,66 (5) 1.75 (<dy 296 () 339(5) [IH]  63&(s)  T.21-T.64 (m) [14H] — 091113 (rm) [6H]
PFh, Lhp= 3.6 Hz hp=48Hz |.38-1_50 (m) [4H]
PEt;, H 37.3 (dd) 437 (pt) 697 (pt) 35.4 (dd) M8 (pt) 385 (5) 120.2-146.9 9.8 (d) ey =112 Hz
Up=163Hz p=114Hz Yp=83Hz YUm=-169Hz ‘lp-K2Hz 19,9, 20,0 {2d)
Udep=8.4 Hz Jp=87Hz e =104 Ha
-27.5 (s)} [-35.0(5)}
m Indenyl 2.58 {m) . 347 (s) 258 (m) 296 (s) 333(s) [2H]  6.25(s)  7.20-7.60 (m) [24H}
PPh; 36.7 (dd) 4421 G5 (pt) 36.7 (dd) 345(1) 385 (5) 120.3-1472
PPhy, TMS Uep = 17.0Hz p=120Hz Yp=93Hz Up=1T0H: Up-85Hz
= 100 Hz Uep= 0.0 Hz [-27.8 51}
4h Inclenyl 260, 2,70 (2dd) 3.55, 3,60 (2d) 1.3 (d) 2.99(s) 340(s) [2H]  6.35(s)  T.23-7.65 (m) [14H) 11 i) [6H]
PPh- Ly = 14.0Hz Mp=97Hz p=50Hz 144 () [4H]
PEf;, TMS  “p =138 40Hz
36,3 (dd) 43.5(pt) B85 (pt) 348 (dd) 4.4 (pt) IB5 (s) 120.4-147.3 10.04d) e = 11,0 Hz
Jp=160Hz  Up=120Hz Yp=92Hz 'Jyp=160Hz ‘Jp=86Hz 20.1,20.2 (2d)
Uep="9.0 Hz Jop = 9.0 Hz Jp=110Hz
[-27.2(s)) [=36.1 ()}
2e¢  Fluorenyl 2.99 {d) . 4.41,4.51 (d) 253 (dy 4.07{t) [1H] e 7.30-7.86 (m) [18H] -
PPh: Jar=22Hz i =6.1 Hz Yan=T2Hz “g=T2Hz
0 {Oxetane) 369 (d) 434 (d) 83.5(d) 42,8 (d) 448 (5) — 1202147 —4————— —
Up=166Hz p=141Hz p=111Hz ep=9.1Hz {-26.7 (s)} -
3¢ Fluorenyl 2.39 (m) — 3,39 {m) 2,39 (m) 272(d) 425 (1) — 7.24-7.86 (m) [28H]
FPh; L= 145 Hz Yw=145Hz gy =46Hz gy =46Hz
PPha, H 379 (dd) 449 (1) 69.7 (1) 37.9 (dd) 39300 45.71(s) 120.4-148.9
Up=17T0Hz p=110Hz Yp=82Hz 'Jp=17T0Hz ‘“Jp=83Hz
Up=92Hz Up=92Hz [-29.2 {s)}
4c Fluorenyl 237 (m) — 125 (5) 237 (m) 260 (dy 4.20 (i) —_ 7.20-7.85 {m) [28H ]
PPh. Zhay = 15.0 Hz U= 150Hz Uy =60 Hz
PPhy, TMS 374 (dd) 446 (1) 69.3 (1) 374 (ddy 3BT 456 s) — 120.2-149.2
Up=163Hz p=113Hz p=900Hz 'Jp=163Hz ‘Jp=84Hz
*Jep = 10.0 Hz *Jep = 10.0 Hz [-29.0{s)}

[l For ease of comparison the sequence of entries in this table does not follow the numbering scheme; sequence of entries for each
compound: '"H NMR, BC{'H} NMR, 3'P{'H} NMR spectroscopic data are embedded in curly brackets; solvent: CDCls; CH,, ., desig-
nates CH, groups whose protons may be diastereotopic depending on the symmetry of the compound; lines adjacent to individual column
entries indicate that signals referring to the columns to which these lines extend are within the range given in each case or are mapped
to one and the same signal. — ™ This column refers to the composition of the individual compounds with reference to the graphical
illustration (Footnotell). — ¢l Designators of the individual groups as used in the header of the table: see graphics on top of the table.

different PR, donors,®! has also been shown to allow for
the introduction of one phosphorus and one Cp donor.[°]
The reaction of 1 with one equivalent of LiPPh, followed
by the reaction with one equivalent of Lilnd or LiFlu
(Ind = indenyl, Flu = fluorenyl) yields compounds 2 after
hydrolysis and chromatographic workup (Scheme 1).
Compounds 2a (colourless oil) and 2¢ (waxy solid) were
produced in fair yields (74%/64%) while 2b (oil) was ob-
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tained in a yield of only 10%. The yield of 2b was lower
than that of 2a because LiPEt, is much more basic than
LiPPh,. Instead of replacing the OMs group, PEt,~ depro-
tonated the methyl group of the mesylate function such that
upon hydrolysis, the CH,OMs function was transformed
into the CH,OH function from which the mesylate was pre-
pared.l”! Similar problems have been observed with tosylate-
activating groups where even the p-methyl group is acidic
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enough to be deprotonated.!® The use of phenylsulfonate
might be an alternative solution, but has not yet been tested
with the problem at hand. The sequence in which the nucle-
ophiles are added in the synthesis of 2 from 1 is important,
since selective monosubstitution, which results when LiPR,
is added first, is not achieved when LiCp* is added as the
first reagent. Compounds 2 were fully characterised by their
spectroscopic and analytical data (Table 1 and Table 10).

All the NMR ('H, '3C, 3'P) signals, except for those in
the aromatic region, have been unambiguously assigned
(Table 1). As had already been observed in the synthesis of
indenyl-containing fripod ligands,*¥ the indenyl residue was
selectively bonded at its 3-position.[]

Compounds 2 reacted with LiPR, by the nucleophilic
ring opening of the oxetane cycle to produce 3 after hydro-
lysis. After chromatographic workup, 3a and 3¢ were ob-
tained as waxy solids, while 3b formed an oil (Scheme 2).

R R
, —PR’
PR’ HO PR",’

2a % = Indeny) Rom 3aR =Indenyl, R"=R"=Ph
SR = Flao R Ph 3b R =Indenyl, R’= Et, R" = Ph
¢ R =Xluorenyl, X = 3¢ R =Fluorenyl, R’=R" =Ph

1. LiPR"
2. H,0
_—

Scheme 2

The transformation of 2 into 3 occurred in yields between
62% and 73%. Analytical (Table 10) and spectroscopic data
(Table 1) of 3 are in full agreement with the assigned struc-
ture. An almost complete assignment of the NMR peaks
(except for those in the aromatic regions) is reported in
Table 1.

Preliminary experiments into the coordination chemistry
of 3 indicated that the presence of the OH group might
cause problems: Deprotonation of 3a by one equivalent of
nBuLi and subsequent reaction with FeCl, or FeCl,(PPhs),
[19] resulted in insoluble, brown products of unknown com-
position. The same protocol, however, yields
HOCH,C(CH,-1'-PPh,),(CH,-1n>-Cp)FeCl when the Cp
analogue of 3a is used.[! It appears that because the indenyl
moiety is less acidic than the Cp moiety, deprotonation of
the OH group of 3a is a concomitant or even dominant
reaction when 3a is treated with nBuLi. The use of two
equivalents of nBuLi did not improve the situation: Insol-
uble, brown products were again obtained. It was hoped to
overcome this problem by protection of the hydroxy group
as an ether derivative. It is known that transforming the
CH,OH groups of neo-pentane-based tripod ligands into
ether functional groups is problematic.I'!l Special protocols
have been developed in specific cases which overcome these
problems, one of these special protocols being based on ri-
gid temperature control under Williamson conditions.!'?!

Deprotonation of 3a by nBuLi may be performed as a
kind of titration, since a slight excess of nBuLi deprotonates
the indenyl residue. The anion formed by deprotonation of
the indenyl moiety is of an intense violet colour. The alkox-
ide which is obtained when 3a is treated with one equivalent
of nBuLi was allowed to react with methyl iodide or ethyl
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iodide in THF at temperatures from —15 °C up to 30 °C in

different experiments (Scheme 3).
Indenyl
RO/_@Pth
PPh,

Indenyl
Ho/_@PPh
PPh,

3a

1. Base

2.RI
R =Et, Me

Scheme 3

The selective formation of just one product was not ob-
served in any of the experiments. TLC analyses as well as
mass spectrometric and NMR spectroscopic analyses re-
vealed the formation of a mixture of many products in each
case. A tentative explanation for this observation may be a
proton-transfer equilibrium activating the indenyl part of
the ligand with the resulting indenyl anion being far more
reactive towards alkyl iodides than the alkoxide function.
Alkyl substitution may therefore occur at the indenyl group.

This hypothesis was not further investigated, since it was
found that the protection of the alcohol group of 3 is easily
achieved by its reaction with trimethylchlorosilane, leading
to the siloxy derivatives 4 (Scheme 4), which are obtained
as colourless oils of high viscosity. The analytical and spec-
troscopic data of compounds 4 (Table 10 and Table 1) are
in full agreement with the assigned structures.

a2 :
HO PR"22 €351 PR,

3a R =Indenyl, R’=R" = Ph 4a R = Indenyl, R’=R"=Ph
3b R = Indenyl, R’= Et, R" = Ph 4b R =Indenyl, R’= Et, R" =Ph
3¢ R =Fluorenyl, R’=R" =Ph 4¢ R = Fluorenyl, R’=R" =Ph

Scheme 4

CISiMe;/NEt,
— -

Starting from Epichlorohydrin

Epichlorohydrin (5) has been shown to be an efficient
starting material for the synthesis of bidentate and triden-
tate chelate ligands.[! The tandem-type process of ring-
opening and ring-closing steps occurring upon treating epi-
chlorohydrin with phosphorus nucleophiles has been ana-
lysed in detail.[*P#] An essential step in this synthetic ap-
proach is the nucleophilic opening of the oxirane ring by
phosphide nucleophiles which has also been observed with
some related oxirane starting materials.'* In the case of
epichlorohydrin as the ligand precursor, this ring-opening
step has also been shown to work with nitrogen and sulfur
nucleophiles.[*a] In view of this proven tolerance of the reac-
tion, it appeared appealing to study the reactivity of 5 to-
wards Cp nucleophiles.

It had already been shown by B. Rieger et al. that func-
tionalised oxiranes may be attacked by Cp nucleophiles,
with substitution at one of the oxirane carbon atoms and
concomitant opening of the oxirane ring.['¥ With respect
to the nucleophilic ring-opening reaction of oxiranes, the
Cp nucleophiles show the same type of reactivity as phos-
phorus, nitrogen and sulfur nucleophiles. This type of reac-
tion works as well with 5 as the starting compound. When
5 was treated with one equivalent of LiPPh,, attack oc-
curred at the unsubstituted oxirane carbon atom. The phos-
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phane-substituted alkoxide resulting from this reaction may
be characterised as an intermediate at low temper-
atures.*>4° At higher temperatures, the alkoxide oxygen
atom attacks the CH,ClI functional group with the forma-
tion of an oxirane, which may then be further attacked by
nucleophiles at its unsubstituted carbon atom.

This sequence of steps, when performed with CpMgCl as
the second nucleophile, led to the formation of 6a in which
a Cp unit and a PPh, unit are connected by a 2-hydroxy-
1,3-propanediyl chain (Scheme 5). Compound 6a was ob-
tained as a mixture of two double-bond isomers (Table 2,
13C NMR). Its formation was always accompanied by the
formation of some 1,3-bis(diphenylphosphanyl)-2-pro-
panol, even when lower than stoichiometric quantities of
LiPPh, were used. This by-product could not be separated
from 6a such that on first inspection, C,H analysis (Table
10) appeared to be inconsistent with the given formula. The
relative content of this by-product was judged from the 'H
NMR spectrum of 6a where the methine proton (at the 2-
position of the Cs chain) at the hydroxy-substituted carbon
atom resonates at & = 3.97 (Table2) while the
HOCH(CH,PPh,), proton gives rise to a signal at 6 =
3.73.14b:4¢l Chromatographic separation of the products was
not possible. It was, however, possible to obtain an analytic-
ally pure derivative of 6a (9a, see below). When Lilnd or
LiFlu were used as the nucleophiles in the second prepara-
tion step, minor quantities of the corresponding diphos-
phanes were also obtained, but could be separated by chro-
matography such that 6b/6¢ were obtained as analytically
pure substances. Compounds 6a and 6b are colourless oils,
and 6c¢ is a colourless solid. The composition of 6 is evident
from microanalytical and mass spectrometric data (Table
10). The structure is unequivocally clear from their NMR
spectra (Table 2).

1. LiPPh,
2. MR
0]
A 3H0 R PP,
Cl OH
5 6aR=Cp (M=MgCl)

6b R = Indenyl (M =Li)
6¢ R = Fluorenyl (M = Li)

Scheme 5

The sequence in which the nucleophiles are added to 5 is
important. It had already been observed that spiro cyclis-
ation may occur when an electrophilically activating group

ALLL;Cl

5

1. LiR (R = Indenyl)
2.H,0

O‘ OH DO ¥ HO ‘g - ’g
7 anri-8 syn-8

Scheme 6

952

is present at the 4-position relative to a Cp carbon atom.?%
This type of reaction corresponds to the dominant reaction
pathway when 5 is treated with Cp nucleophiles and this is
apparent from the reaction of 5 with Lilnd. When 5 was
treated with five equivalents of Lilnd, the disubstitution
product 7 was obtained in only 4% yield while the spiro
derivatives syn-8/anti-8 were formed in 40% overall yield
(Scheme 6).

The assignment of syn and anti configurations to the two
components of the product mixture followed the arguments
explicitly described for closely analogous cases which were
observed during indenyl substitution of nreo-pentane-de-
rived tripod ligands and was based on 'H NMR spectro-
scopic data (Table 3).24

The isomers of 8 might in principle be separated by crys-
tallisation as is demonstrated by the fact that upon crys-
tallisation, single crystals of anti-8 suitable for X-ray ana-
lysis were obtained. The structure of anti-8 is shown in Fig-
ure 1 together with the structure of 7 from which single
crystals could also be grown. There is nothing peculiar
about the molecular structure of anti-8. Distances and
angles are in the normal ranges (Table 4).

While the molecular symmetry of anti-8 is C (Figure 1),
the molecules aggregate in space group P4, to form a chiral
crystal. The hydrophilic and hydrophobic parts of the mole-
cule are embedded in specific compartments of the crystal
with the hydroxy groups forming an infinite hydrogen-bon-
ded spiral around a 4, axis of the P4;-symmetric unit cell
(Figure 2). The O---O distance between neighbouring oxy-
gen atoms is only 265 pm. The position of the bridging
hydrogen atoms has been determined by diffraction
methods (H—O 83 pm, H--O 183pm). The O-*H—0O angle
is 174°. The hydrogen bonds are hence almost linear. The
H—0O-+H angle is approximately 110°. A view of this inter-
esting arrangement in the direction of the 4, axis is shown
in Figure 2, giving an impression of the infinite hydrophilic
channels along the crystal.

The structure of 7 (Figure 1) shows no peculiarities in the
bond lengths and angles (Table 5). The position of the inde-
nyl substituents is such that they are as far apart as possible
with respect to the three-carbon linker between them. This
type of orientation of indenyl and fluorenyl substituents
linked by a three-carbon chain had already been observed
for tripod ligands containing these groups.”! The solid-
state structure is again an interesting one. As already ob-
served for anti-8, hydrophobic and hydrophilic compart-
ments are well separated in the crystal. Compound 7 crys-
tallises in the achiral space group P2;/n. The hydroxy
groups form hydrogen-bonded zigzag chains around the 2,
axes of the unit cell. The O-++O distances between the hydro-
gen-bonded oxygen atoms is only 274 pm. The H-O--H
angle is 129°, the O—H distances were found to be 92 pm
and 183 pm, with the O—H---O group being almost linear
(168°).

It has been found that the transformation of enantiomer-
ically pure epichlorohydrin into its disubstituted products
HOCH(CH,PR,)(CH,PR’,) follows a completely enanti-
oselective pathway.[*! In order to find out if enantioselectiv-
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Table 2. NMR spectroscopic data of compounds 6—7, 9—12
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Y
O/ [
4
s A ]
™. 2. 0
R X R %5 R
Na. M el 5le] 3lel 4le] 5l
X CHap CHaup CH -CH,~ —CH= CH aromatic X Y
b i [2H] [2H] [1H] {n=1-2)
6a Cp 241 (m) 2.75 (m}) 3.97 (m) 2.92,3.02 (2m) [2H] 6.17-6.50(m) [3H] 7.35-7.55 (m) [10H] 2.21 {bs) [1H]
PFh, 37.2,37.4(2d) 394,403 (2d)  69.1, 69.7 (2d) 420, 44.3 (25) —_— 12851463 .
H Uep =130 Hz Yep=R1Hz 2fep= 162 Hz {-24.6 (s)} —
&b Indenyl 2.59 (d) 2.95,3.13 (2dd) 4.27 (m) 3.45 {bs) [2H] 6.41 (s) [TH] 7.30-7.65 (m) [14H] 2,53 (bs) [1H]
PPh, = 6.6 Hz Zfym = 14.3 Hz
H hm=7930
Hz
17.6 (d) 37.6(d) 68.5 (d) 38.3 (s) 119,8-145.5 —
=134 Hz ep=8.1Hz LJep=16.6 Hz 1-24.5 (s)} i
6c  Fluorenyl 2,32 (m) 2.22, 2.45 (2m) 4.05 (m) 4,30 (m) [1H] — 7.30-7.88 (m) [18H] 2,22 (m) [2H]
PFh, [3H]
H 388 (d) 42,6 (d) 68.1 (d) 452 (s) A8 120.4-147.8 .
Uep =128 Hz ep =78 Hz 2ep = 14.9 He {-25.6 (s)}
7 Indenyl 302 (m) 4.52 (m) 3.52 (s) [4H] 6.53 () [2H] 7.30-7.65 (m) [&H] 224 (s) [1H]
Indenyl 6.4 (s) 69.2 (5) 38.5 (s) 119.7-145.7 -
H
9a Cp 2.44(pt) 2.82 (m) 4.05 (m) 3.00 (m) [2H] 6.16-6.54 (m) [3H] 7.36-7.56 (m) [10H] 0.08 (s) [9H]
PPh; Sy = 5.8 Hz
™S 37.7,37.8 (2d) 39.6,40.3 (2d) 711, TL6 (2d) 41,8, 44.9 (25) 128.7-145.9 0.7 (s)
Vr=142Hz ep=84Hz Jep=176Hz 1-23.2 (s)} il
9b  Indenyl 2,50 (m) 2,93, 3.14 (2dd) 4.24 (m) 3.40(s) [1H] 6.35 (s) [1H] 7.28-7.59 (m) [14H}—————  —0.01 (s) [9H]
PPhy “hae=14.1 Hz
3
i gy =T7.0,45
. Hz
383 (d) 37.7(d) 70.3 (d) 38.3 (s) 119.5-145.9 0.6(5)
Uep=144Hz Upp= 8.6 Hz 2fop=18.1Hz {-23.5 (s)} -
12a Cp 247,2.68 (2dd)  2.80-3.00 (m) 4.31 (m) 3,00 (m) [2H] 6,10-6,49 (m) [3H]  7.37-7.38 (m) [20H]
PFh, Sl =139 Hz
PPh; *hn=72,6.1Hz
36.2 (dd) 37.9, 38.7 (2dd) 79.0 (m) 418, 44.5 (25) 128.5-146.2
Jep=153Hz  Up=35583Hz {-24.7, —24.8 (2d)} {1067, 106.8 (2d)}
Uep=144Hz {pp = 5.9 Hz} [y = 5.9 Hz}
12b  Indenyl  2.35,2.71(2dd) 317 (d) 4.52(m) 3.22(s) [2H] 6.20 (s} [1H] 7.24-7.58 (m) [24H]
PPh, Ll =139 Hz =62 Hz
PPh; gy = 6.7, 59 Hz
36,8 (dd) 36,4 (dd) 78.2 (dd) 384 (s) 119.9-144,5
ep=15.6 Hz Uep=8T,60Hz ep=201,17.0 {249 (d)} L1070/ (d)
3Jop = 5.5 Hz Hz {Uwp=356Hz}  {Upy=56Hz
12¢  Fluorenyl 2.42, .79 (2m) 4.54 (m) 4,235 (m) [1H) A8 7.28-7.89 (m) [28H]
PPh; 37.5 (dd) 422 (m) . 774 (dd) 44.7 (s) — 120.3-148.1
PPh; Uep= 15,6 Hz Yep=157,18.8 [~25.8 (d)] {103.8 (d)}
Uep =59 Hz Hz Pp=59Hzy  {Vmp=59Hz)
10 Cp 2.4-3.0 (m) [TH] 4,18 (m) 2430 (m) [TH]  6.12-6.49 (m) [3H]  7.43-7.77 (m) [10H] ———  2.4-3.0 (m)
PPh;BH; 0.4-1.9 (bs) [3H] [TH]
H 33.72, 33,77 (2d) 39.4, 403 (2d) 67.5 (d) 4210, 44.2 (25) 1292-1350 — St
Uep =363 He Yep=114Hz 2fp=24.1 Hz £9.7, 105 (25)} -
11 Cp 2,38 (m) [4H] S.1910m) 2.97 (m} [5H] 6, 18647 (m) [3H] TA6-T7.86 (m) [10] —— 2.97 (m} [5H]
PPh,BH; 0.7-1.9 (bs) [3H]
Ms 31.3, 32.0 (2d) 36.9,37.9 79,1, 79.2 (2d) 42.0, 44,4 (25) 129.2-142.3
Uep=131,12.THz  Wep=51,55Hz “Jp=4.5,5.0Hz {10.3 (bs)} 38.3, 3856 (25)

[al For ease of comparison, the sequence of entries in this table does not follow the numbering scheme; sequence of entries for each
compound: '"H NMR, BC{'H} NMR, 3'P{!H} NMR spectroscopic data are embedded in curly brackets; solvent: CDCls; CHa,,, desig-
nates CH, groups whose protons may be diastereotopic depending on the symmetry of the compound; lines adjacent to individual column
entries indicate that signals referring to the columns to which these lines extend are within the range given in each case or are mapped
to one and the same signal. — ® This column refers to the composition of the individual compounds with reference to the graphical
illustration (Footnotel®!). — [l Designators of the individual groups as used in the header of the table: see graphics on top of the table.

ity could also be achieved when Cp nucleophiles were used
in the second step of the transformation, the one-pot syn-
thesis of 6b was performed with enantiomerically pure S-
(+)-5 as well as with R-(—)-5 (Scheme 7).

Eur. J. Inorg. Chem. 2001, 949—971

Compound R-(—)-6b was obtained from S-(+)-5 in a
yield of 42%, showing a specific rotation of [a]f) = —18.73
*+ 0.53. Compound S-(+)-6b was obtained from R-(—)-5 in

the same yield. The optical rotation for this product was
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Table 3. NMR spectroscopic data of compound 8l¢]

4
O 1 3 \5
1 3 HO™ 2
HO 2 5
6 4
No. 1 olb] 3lbl 4 500l b
CH CHaap Cq —CH= -CH= CH aromatic OH
[1H] [4H] [1Hl [1H] [4H] [1H]
TH.NMR  syn-8 477(dy 275(m) —  6.73,6.82(2d) 7.30-7.73(m) 3.57 (bs)
=151, *Jin = 5.4 Hz
7.4 Hz
anti§  5.02(dy  275(m)  —  656,6.78(2d) 7.30-7.73 (m) 3.57 (bs)
Jum = 14.6, *Jun =54 Hz
73 Hz
BC{'H}-NMR  syn-8 62.8 (s) 413(s) 46.8(s) 121.5-152.1 —
anti-8 63.8(s) 41.1(s) 47.6(s) 121.5-152.1 —

[4l Solvent CDCl;. — [Pl Designators of the individual groups as used in the header of the table: see graphics on top of the table.

Table 4. Selected bond lengths [pm], bond angles [°], and torsion
angles [°] for anti-8

fa]

Cl-0 141.5(3) 0-C1-C3 120.0(3)
Cl1-C2 152.9(4) 0-Cl1-C2 118.7(2)
Cl1-C3 154.2(4) C5-C4—C8 101.7(2)
C2-C4 155.5(4) C3-C4-C8 115.5(2)
C3-C4 156.6(4) C2—-C4—-C8 116.2(2)
C4-C5 151.3(3) C3-C4-C5 119.3(2)
C5-C6 133.3(4) C2—-C4—-C5 117.9(2)
C6—C7 146.8(4) 0—-Cl1-C2-C4 143.9(3)
C7-C8 140.3(4) 0-C1-C3—C4 —142.7(3)
C4-C8 151.2(4) C1-C3-C4—-C2 19.5(2)
Cor—Car 138.1(4)— C2-C1-C3—-C4 ~19.8(2)

139.3(4) Cl1-C3-C4—C8 —98.3(2)
Cl-C2-C4  89.0(2) Cl-C2-C4-C8  97.5(3)
Cl-C3-C4  88.1(2) C1-C3-C4-C5 140.0(3)
C2-C1-C3  88.9(2) Cl1-C2-C4-C5 —141.5(3)
C2-C4-C3  87.1(2)

(2] The numbering scheme used refers to the scheme shown in Fig-
ure 1; it is different from the scheme used to label individual atoms
in the deposited data; C,,—C,, designates the distances within the
anellated cycles excluding C7—C8 which is given explicitly.

[0]® = 17.28 + 0.48. The optical rotations are thus oppos-
ite in sign but equal in size (within the limits of error).
While this is no proof for complete enantioselectivity, it
agrees with the observations that the reaction is completely
enantioselective when using phosphorus nucleophiles.! It
also agrees with the results of similar reactions with other
types of oxiranes in which complete enantioselectivity is ob-
served.['4]

Since the hydroxy groups in 6 might complicate the coor-
dination of these ligands, protection of these groups was
considered to be important. As already experienced with 3,
ether formation under Williamson conditions was not suc-
cessful with 6; only inseparable mixtures of compounds
were obtained. In contrast, protection with chlorotrimethyl-
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anti-8 7

Figure 1. Structures of 7 and anti-8

silane did not cause any problems and the siloxy derivatives
9 were prepared (Scheme 8).

Silylation of 6a proceeded in close to quantitative yields
and is also a good method to purify 6a, since 9a is easily
separated from Me;SIOCH(CH,PPh,), by chromatography.
Both compounds 9 were fully characterised by their analyt-
ical and spectroscopic data (Table 2 and Table 10).

In order to activate the hydroxy group of 6 it was not
protected but instead the mesylate 11 was synthesised. For
this purpose, the phosphane group had to be protected. Ad-
dition of BH5'THF led to the formation of 10 (Scheme 9).

Compound 10 was obtained as an analytically pure, col-
ourless oil after chromatographic workup (Table 10). In
contrast to the other Cp derivatives containing phosphorus

Eur. J. Inorg. Chem. 2001, 949—971
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Figure 2. The hydrogen-bonded spiral formed by anti-8 in the crys-
tal in a projection along its 4, axis

Table 5. Selected bond lengths [pm], bond angles [°], and torsion
angles [°] of 7

[a]

Cl-0 144.3(2) Cc3-C7 147.6(3)
Cl-C2 152.5(3) Cc3'—C7’ 147.9(3)
C1-C8 152.3(3) Car—Car 138.5(3)—
C2-C3 150.0(0) 139.2(3)
C8-C3' 149.3(3) 0-Cl1-C2 117.2(2)
C3-C4 134.5(3) 0-C1-C8 109.9(2)
C3'—C4’ 135.0(3) C2-C1-C8 110.2(2)
C4-C5 150.2(3) Cl-C2-C3 117.22)
C4'—C5' 150.1(3) Cl1-C8-C3' 117.2(2)
C5-C6 150.6(3) 0—-Cl1-C2-C3 71.5(2)
C5'—C6’ 150.3(3) 0-C1-C8-C3' —65.0(2)
C6-C7 140.3(3) Cl1-C2-C3—C4 ~15.2(3)
C6'—C7’ 140.7(3) C1-C8-C3'—C4' 4.9(3)

[2] The numbering scheme used refers to the scheme shown in Fig-
ure 1; it is different from the scheme used to label individual atoms
in the deposited data; C,,—C,, designates the distances within the
anellated cycles excluding C6—C7 and C6'—C7" which are given
explicitly.

O ~—Cl ﬁ{
H Cl

S(+)5 R(-)5
1. LiPPh,
2.LiR

3. 1,0

~ Y PPhy O PPh,
q OH U OH
R(-)6b S(+)6b

Scheme 7

donor groups described in this paper, the double bond iso-
mers of 10 are resolved in its 3'P NMR spectrum (Table 2).
This is consistent with earlier findings reported for some

Eur. J. Inorg. Chem. 2001, 949—971

CISiMe,/NEt,
—_—

R/\s/\ PPh, R/\é/\ PPh,

OH OSiMe,
6aR =Cp 9aR =Cp
6b R = Indenyl 9b R = Indeny!

Scheme 8

_BH/THF _

3% > een, 155 > PPh,BH;

OH OH
6a 10
MsCI/NEt,
@ PPh,BH, Indenyl-
lithium 7 /\E/\ PPh,BH,
‘O OMs
11

Scheme 9

ligands containing Cp and PPh,BHj substituents.l?®! Mesyl-
ation of 10 by standard methods led to 11, which was ob-
tained as a colourless oil after chromatography. Analytical
and spectroscopic data (Table 10 and Table 2) confirmed its
identity. To test the reactivity of the mesylate functional
group in this compound, 11 was treated with two equiva-
lents of indenyllithium. Hydrolysis and chromatographic
workup gave only a mixture of products, among which the
expected product was clearly present as shown by mass
spectrometry (prominent signal at m/z = 420 [M*]). Fur-
ther purification was not possible.

Compounds 6 are also suitable starting materials for the
synthesis of tripodal ligands. Their reaction with CIPPh,
produced 12 containing one CH,Cp*, one CH,PPh, and
one OPPh, group. Compounds 12a and 12b were obtained
as colourless oils while 12¢ was a waxy solid (Scheme 10).

Ry pph, _CIPPR/NEG R pen,

OH O. PPh,

6aR =Cp B

6b R = Indenyl 12aR=Cp

6¢ R = Fluorenyl 12b R = Indenyl
12¢ R = Fluorenyl

Scheme 10

Mass spectra, elemental analyses and NMR spectra are
consistent with the given structures (Table 10 and Table 2).
The double-bond isomers of 12a give rise to separate peaks
in the 3'P NMR spectrum (Table 2). The impurity of 6a
[HOCH(CH,PPh,),, see above] was transformed into its
OPPh, derivative.l*] This derivative was present as an im-
purity in 12a and could not be separated by chromato-
graphy (but compare 9a, see above). Its elemental composi-
tion was determined by HRMS while 12b and 12¢ gave
highly satisfying C,H analyses (Table 10). The NMR spec-
troscopic data (Table 2) were consistent with the given for-
mulas; 12b and 12¢ also showed two separate peaks for their
double-bond isomers in the *'P NMR spectra (Table 2).
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Coordination Chemistry

Tripodal ligands RCH,C(CH,PR’,)(CH,PR,"")(CH,Cp)
have been shown to form #ripod metal templates
RCH,C(CH,n'-PR’,)(CH,-n!-PR,"")(CH,-1>-Cp)M  with
iron, manganese, molybdenum and ruthenium.?3¢-15] The
procedures leading to manganese and molybdenum derivat-
ives are complicated multi-step reactions and therefore were
not suitable to test the coordination capabilities of Cp-
containing tripod ligands.?>33 In contrast, derivatives
of the type RCH,C(CH,-n'-PR’,)(CH,-n'-PR,"")(CH,-1’-
Cp)MCI have been obtained for M = Fe and Ru by con-
venient one-step procedures.[?36.151 The different classes
of ligands described in this paper were therefore initially
tested for their reactions with FeCl, or FeCly(PPhj),.[1%]
Compounds 4 did, after deprotonation with nBuLi, react
with these reagents to yield deep-brown THF solutions
from which no pure compounds could be isolated. In con-
trast, compounds 9 reacted with FeCl,(PPhs), ['% under
similar conditions to yield the ferrocene derivatives 13 in-
stead of the corresponding CpLFePPh;Cl compounds.
These ferrocene derivatives were obtained in good yields
when FeCl, was used as the starting material (Scheme 11).

1. nBuLi Me,Si0. PPh,
\/\(\ PPh, 2 FeCl, ]
=~ . —TEE Fe
OSiMe; PhyP gs OSiMe;

9a
13a

Scheme 11

Compound 13a was obtained from 9a as a yellow, waxy
material in analytically pure form (Table 11). With two ste-
reogenic centres, 13a must exist as a mixture of meso and
racemic forms. The interaction of the chiral groups is, how-
ever, too small to make this differentiation recognisable in
its NMR spectra. Only one set of signals was observed for
each group (see Experimental Section). One sharp *'P
NMR resonance is observed at & = —23.6. The Cp protons
give rise to one unresolved signal at 6 = 4.01. Regarding
the diastereotopic methylene protons, the pair at the
CH,Cp group gives rise to a well-resolved pattern at 6 =
2.77 with 2Jyy = 14.0 Hz and 3Jyy = 6.0 Hz (see Experi-
mental Section) while those of the CH,PPh, group appear
as an unresolved multiplet at & = 2.26 (see Experimental
Section). The '3C NMR spectra show well-resolved peaks
for the individual types of carbon atoms and allowed for
the complete assignment of the Cp carbon atoms as well as
of the carbon atoms of the side chains (see Experimen-

1. nBuLi
Ph,P 2. FeCl,
THF
Me;SiO D
9b
Scheme 12
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tal Section). As is characteristic for ferrocene and its
derivatives 13a shows a reversible oxidation in its cyclo-
voltammogram. The electronic influence of the side chains
in 13a is small, since oxidation occurs at E;,, = 325 mV (vs.
SCE), while ferrocene — under the same conditions — is
oxidised at £, = 367 mV.

The presence of free phosphane donors in 13a is also
apparent from its >'P NMR signal at § = —23.6 (see Ex-
perimental Section). Additional evidence came from the re-
action of 13a with Cr(CO)sTHF which resulted in a yellow,
waxy substance. The mass spectrum of this yellow material
shows a peak at m/z = 1198 [M*, 13b-2 Cr(CO)s], which by
consecutive loss of CO groups and one Cr atom, leads to a
prominent signal at m/z = 866. Reaction of 9b with FeCl,
gave 13b as a dark red, viscous oil (Scheme 12).

The number of stereoisomers is increased by a factor of
two with respect to the number of isomers of 13a, the
reason being the loss of symmetry on going from the
monosubstituted Cp ligand in 13a to the monosubstituted
indenyl ligand in 13b. Nevertheless, only one sharp *'P
NMR signal is observed for 13b at & = —23.5. The 'H
NMR spectrum of 13b, on the other hand, clearly shows
two different sets of signals with an intensity ratio of ap-
proximately 1:1. Thus, two signals are observed for the
TMS protons, one at 8 = —0.25 and the other at & =
—0.20. Two well-separated signals are also observed for the
protons at the 3-position of the indenyl ligands, one at 6 =
4.48 and the other one at & = 4.36. The signals relating
to the other protons partly overlap. COSY experiments,®
nevertheless, allowed for their unambiguous assignment. It
followed that there are two classes of isomers of 13b which
are discernible by 'H NMR spectroscopic data. '3*C NMR
spectroscopic data are in agreement with these findings (see
Experimental Section). Since it had been shown with 13a
as the example that the chirality of the substituents does
not lead to separate signals for the corresponding diastereo-
mers, the two classes of isomers observed for 13b must be
due to the two sets of diastereomers which result by form-
ally adding the R—IndFe entity to either of the two sides
of the second R—Ind ligand. Compound 13b shows a re-
versible oxidation, as one would expect for a ferrocene de-
rivative with E;» = 106 mV (vs. SCE). It is more readily
oxidised than ferrocene which shows its oxidation peak at
470 mV in the same experiment.

The reactions of 4 and 9 with FeCl, and FeCl,(PPh;), [1%
did not produce compounds in which the Cp-type donor
and the phosphorus donors bind in a chelate mode. To test
whether CoCl, might be an appropriate precursor for the
formation of such chelate compounds, the prototype ligand

Me;SiO =J
i

Ph,P

13b

Eur. J. Inorg. Chem. 2001, 949—971
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CH3C(CHzPth)z(CHsz)[zb]
CoCl, THF (Scheme 13).

treated with

was

1 1. nBuLi
i/ 2. CoCl,
“—PPh, THF
PPh,

Scheme 13

From the dark brown reaction mixture, the violet chelate
compound was separated by chromatography and isolated
as its analytically pure BPhy salt 14. The 3'P NMR reson-
ance of 14 occurs at 8 = 25.4. The 'H NMR spectrum, as
well as the 13C NMR spectrum, confirm the assigned struc-
ture (see Experimental Section). The isolation of 14 showed
that CoCl, might be a suitable starting material to obtain
the desired chelate compounds. Since the yield of 14 was
lower than the yields of the corresponding iron com-
pounds, 223261 RuCl,(PPhs); was tested as an alternative
precursor. It had been found that its reaction with
CH;C(CH,PPh,),(CH,Cp)  produces  CH;C(CH,-n'!-
PPh,),(CH,-n*-Cp)RuCl in yields of up to 41% and it had
also been observed that this compound, once formed, is
quite stable.'>! Thus, the coordination capabilities of the
ligands 9 were tested once again with RuCl,(PPhs); as the
starting coordination compound.

When 9a was deprotonated by nBuLi in THF, a yellow,
oily product remained after evaporation of the solvent. Ad-
dition of a solution of this residue in 1,2-dichloroethane to
a solution of RuCl,(PPh;); in 1,2-dichloroethane produced
a slightly brown reaction mixture. Keeping this reaction
mixture at 90 °C for 1 h resulted in the formation of 15a as
a yellow crystalline powder in yields of 50% after chromato-
graphic workup (Scheme 14, Table 11). The chirality at the
siloxy-substituted carbon atom and the metal-centred chir-
ality result in 15a existing as two diastereomers, each com-
prising of an enantiomeric pair. The 3!P NMR spectrum of
15a shows two well-resolved doublets of high intensity and
two equally well-resolved doublets with about !/, of the
intensity of the two major doublets (Experimental Section).
The assumption that these two patterns arise from two dias-
tereomers present in a ratio of 10:1 was justified by the 'H
NMR spectrum of 15a. Four well-separated signals are ob-
served for the Cp protons of the major isomer. Two of the
four Cp protons of the minor isomer give rise to well-separ-
ated signals, while the other two are hidden under the sig-
nals of the methine protons and of one of the Cp protons
of the major isomer (see Experimental Section). The dias-
tereomeric ratio, as inferred from the corresponding integ-
rals, was 13:1.

1. nBuLi
\/\{\ PPh, 2. RuCL(PPhy), 5 |
~ . 1,2-DCE ’ % Ru.
0OSiMe; Me;Si P/ ey
9% Ph;  Pph,
15a
Scheme 14
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Diastereomeric discrimination has already been observed
in the preparation of other similar compounds. B. Trost et
al. have tested a series of chelate ligands which contain a
Cp moiety covalently linked to a PPh, entity by a chiral
spacer. When these ligands were used in the preparation of
compounds of type 15a, diastereomeric ratios of up to 5:1
were observed with —(CH,);—(H)(CH,Ph)C— as the chiral
linker, the stereogenic centre being bonded to the phos-
phorus atom.l'”! Single crystals of 15a were obtained in
about 80% yield by slow evaporation of the solvent from
saturated CH,Cl,/PE (boiling range 40—60 °C) solutions.

X-ray analysis showed them to contain the racemate of
15a with two independent molecules 15a in the asymmetric
unit of the centrosymmetric unit cell (Table 6 and Figure 3).
The configuration at the stereogenic centres of the analysed
diastereomer was R,R and S,S. Based on the high yield with
which single crystals were obtained, it was assumed that the
major isomer was the diastereomer contained in the crystal.
The chelate cycle formed by C4, C3, C2, CI, P1 and Rul
adopts an approximate chair conformation (Figure 3;
Table 6, torsion angles). The OSiMe; group is in an equat-
orial position (Figure 3 and Table 6) of this cycle. The PPhs
ligand occupies an axial position, with the Cl ligand lying
in an equatorial position with respect to this idealised de-
scription (Figure 3 and Table 6). The coordination around
the ruthenium centre (Figure 3) is similar to that observed
in other derivatives of the type CpRuL,CL!! The rota-
tional position of the phenyl groups of the PPh, moiety
of the chelate ligand corresponds to the generally observed
position in tripod metal compounds H;CC(CH,n!-
PPh,),(CH,-n>-Cp)RuClL.!"! The phenyl groups of the PPh;
ligand adopt the usual propeller-type arrangement (Fig-
ure 3). Bonding to the Cp ligand is symmetric, and all the
Ru—C®P distances are similar (Table 6). The Cp ligand is
planar to within = 1 pm. The carbon atom of the chelate
chain which bonds to the Cp entity (Figure 3, C3) deviates
from this plane by 16 pm (14 pm in the other independent
molecule) in a direction opposite to the ruthenium centre.

Table 6. Selected bond lengths [pm], bond angles [°], and torsion
angles [°] of 15a

fa]

Rul—Pl 228.3(2)/227.9(2) C6—C7 142.6(9)/140.8(8)
Rul—P2 231.1(2)/231.3(2) C7—C8 144.1(9)/141.8(8)
Rul—C4 219.1(6)/218.8(6) P1—Rul—P2 99.5(1)/98.5(1)
Rul—-C5 221.1(6)/223.3(6) P—-Rul—Z 119.1/119.8
Rul—C6 222.6(6)/223.7(6) P2—Rul~Z 124.6/124.5
Rul—C7 224.8(6)/222.0(6) PI-Rul—CIl  95.1(1)/94.8(1)
Rul—C8 218.3(6)/218.6(6) P2—Rul—CIl  89.9(1)/91.4(1)
Rul-Z 184.9/185.1 Z—Rul—Cll 121.4/120.7

Rul—Cll 244.4(2)/244.8(2) C2—C1—P1—Rul —58.6(5)/53.1(5)
C3—C4  151.4(9)/150.1(8) C1-C2—C3—C4  —63.2(7)/59.1(7)

C4—C5  143.8(9)/145.2(9) C2—C3—C4—Rul 46.1(8)/~45.3(7)
C4—C8  142.1(9)/143.1(8) C3—C4—C5—-C6  173.1(6)/173.3(6)
C5-C6  140.9(9)/140.9(9) C3—C4—C8—C7 171.7(5)/—173.1(6)

[a] Atom identifiers refer to Figure 3; Z designates the centre of the
Cp ligand. There are two independent molecules 15a in the crystal;
the data referring to the second molecule are given following the
slash in each case.
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Figure 3. Structure of 15a; left-hand side: general view and labelling scheme; right-hand side: view showing the chair conformation of

the chelate cycle

The structure of the second diastereomer, which is
formed in only 7% relative to the major isomer, must corre-
spond to the one in which the positions of the PPh; and
the Cl ligands are exchanged. Inspection of Figure 3 shows
that steric crowding should increase by this exchange.

The number of possible isomers (four in the case of 15a)
occurring as two diastereomeric pairs will be increased by
a factor of two when 9b acts as a ligand in 15b, due to the
additional chirality introduced by anellating the Cp moiety.

The reaction of 9b with RuCl,(PPhs); under similar con-
ditions used in the preparation of 15a might thus, in prin-
ciple, lead to the formation of four diastereomeric forms of
15b (Scheme 15), each of them comprising of an enantiom-
eric pair, and the results of such a reaction might therefore
be difficult to analyse. On the other hand, the diastereom-
eric discrimination already observed in the formation of 15a
might even be enhanced by the additional steric congestion
introduced by the anellated benzene ring in the indenyl de-
rivative compared to the Cp derivative. This is, in fact,
found in the experimental results. Only two sharp and well-
resolved doublets are observed for 15b in its 3'P NMR spec-
trum. The '"H NMR spectrum shows sets of signals which
can unequivocally be assigned to only one diastercomer,
with no indication of any contamination by other diastereo-
mers. The signals for the methylene and the methine pro-
tons of the chelate cycle as well as the resonances of the
two Cp protons are observed in the range between 6 = 2.4

and 6 = 4.5 (see Experimental Section). Assignment of the
individual resonances was possible by analysis of the indi-
vidual coupling constants, as well as by *!P decoupling. In
the 13C NMR spectrum of 15b, the corresponding reson-
ances can unambiguously be assigned. The ipso-carbon
atoms of the indenyl moiety were also identified by their
corresponding signals. No attempt was made to assign the
signals in the arene region.

All these NMR spectra show that only one diastereomer
was formed by the reaction of 9b with RuCl,(PPh;);. Based
on the known structure of 15a, it appears that anellation of
the Cp moiety at the side of the chelate chain would lead
to less steric crowding than anellation at the PPh; side. Re-
placing the Cp moiety in 15a by the indenyl group, as in
15b, resulted in an increase in diastereomeric differentiation
and 15b was formed exclusively in one diastereomeric form.

With tripod ligands such as 4b, which have a stereogenic
carbon centre by virtue of their two different phosphorus
donors, diasterecomeric differentiation might also be ex-
pected in their tripodal-coordinated derivatives. In order to
test the coordination capabilities of 4, the achiral ligand 4a
was deprotonated with #nBulLi and treated with
RuCl,(PPhs);. Chromatographic workup led to 16a
(Scheme 16). The yield of 16a (42%) (Table 11) appeared
sufficient to also test the less easily accessible ligand 4b in
this type of reaction. A modest yield of 16% of 16b was
obtained (Table 11, Scheme 17).

1. nBuLi <]
Ph,P O 2 lfgclljzél;l’ha)a 0 1'2 .
Me;SiO D - Me;Si s
Ph,  PPh,
9b 15b
Scheme 15
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1. nBuLi
2. RuCl,(PPh,);
1,2-DCE
da 16a
Scheme 16
Table 7. 'H and 3'P{'"H} NMR spectroscopic data of compounds 16
Atom™I®l 16a 16b Atom® 16a 16b Atom®! 16a 16b
H'» 240 (dd) [1H]  1.15 (m) H" 7.27 (m) - H* 4.66 (dd) [IH]  4.53 (dd)
27um = 15.5 Hz, H2! 733 (m) - 3an = 2.7 Hz 3Juy = 2.5 Hz
2Tup = 10.3 Hz H 7.36 (m) 7.80 (m) Jup =72 Hz Jyp = 8.4 Hz
H™® 2.55 (dd) [1H] 1.55 (m) H#* 8.06 (dd) 8.10 (dd) HS 5.73 (dd) [IH]  5.59 (m)
2JHH =155 HZ, 3JHH = 6.6 HZ, 3JHH = 6.6 HZ, SJHH = 2.7 Hz BJHH = 2.5Hz
27p = 9.4 Hz Jap = 7.8 HZ  3Jyp = 8.5 Hz Jup = 3.3 Hz
H2 291 (dd) [IH] 298 (dd) [1H] HY= - 1.55 (m) HE 7.60 (d) [IH]  7.58 (d) [1H]
2fun = 154 Hz, 2y = 15.1 Hz, H»  — 1.97 (m) un = 8.2 Hz 3y = 7.4 Hz
2Jup = 107 Hz 2Jyp = 11.4 Hz H2 - 0.38 (m) H’ 7.04 () 7.26 (m)
H2 201 (m) [IH]  1.75 (m) H2 - 0.15 (m) 3an = 7.3 Hz
H* 2.06 (d) [1H] 1,92 (m) H - 1.15 (m) H8 6.23 (1) 7.58 (m)
2un = 14.4 Hz H2 - 0.65 (dt) oy = 7.6
H® 1.84 (d) [1H] 1.92 (m) 3y = 74 Hz H® 6.07 (d) 7.21 (m)
ZJHH = 144 Hz ‘;JHP = 7.2 Hz 3JHH = 8.2 Hz
CH,0 3.85 (br. s) [2H]  3.63 (br. s) [2H]
SiCH,  0.36 (s) [9H] 0.28 (s) [9H]
p! 30.4 (d) 33.8 (d)
2Jpp = 80.2 Hz 2Jpp = 77.1 Hz
p2 54.0 (d) 56.3 (d)
2Jpp = 80.2 Hz 2Jpp = 77.1 Hz

[al Solvent CDCl;. — [®! For designation of the atoms refer to Figure 6 (16a) and Figure 9 (16b).

1. nBuLi

Scheme 17

Both compounds 16 were obtained as red, microcrystal-
line powders. Two sharp doublets are observed in the 3'P
NMR spectrum of 16a (8 = 30.4, 54.0, 2Jpp = 80.2 Hz,
Table ), as is expected owing to its lack of symmetry. One
of the phosphorus atoms is close to the anellated benzene
moiety of the indenyl ligand, while the other one is further
away, on the less congested side of the compound. 'H NMR
spectroscopic data (Table 7) and '3C NMR spectroscopic
data (see Experimental Section) are in agreement with the
given formula (Table 11). By an extensive series of NMR
experiments, it was proved (see below) that the signal at 6 =
30.4 can be assigned to the phosphorus nucleus which lies
below the anellated benzene ring.

With 4b as the ligand constituent of 16b, two diastereo-
meric forms of 16b could be expected: one with the anellated
ring on the side of the PPh, group and a second with the
PEt, group and the anellated ring close to each other. From
the 3'P NMR spectroscopic data of 16b, it appeared that
only one of these isomers was formed (Table 7). In order to
find out which of the two possible isomers was formed,

Eur. J. Inorg. Chem. 2001, 949—971

2. RuCl,(PPhy),
T.2-DCE

since it was not possible to grow single crystals of 16, the
structures of 16a and 16b were elucidated by NMR experi-
ments.

NMR Analysis

Compound 16a shows a well-resolved '"H NMR spec-
trum (Figure 4 and Table 7). Filtering this spectrum by
means of long-range phosphorus coupling led to the lower
traces shown in Figure 4. The signals of the methylene
protons, as well as the signals of the aromatic protons are
clearly differentiated by these traces. 2Jyp coupling leads
to prominent signals for the methylene groups which are
directly bonded to the phosphorus nuclei. The protons of
the methylene groups are diastereotopic owing to the lack
of symmetry of the compound as a whole. This diastereo-
topicity is apparent from the characteristic doublet of
doublets for each of the protons of the methylene groups
linked to the phosphorus atom. The signals labelled H'4/
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H'B (Figure 4 and Figure 6) are therefore assigned to the
methylene group at P!, the ones labelled H?*A/H?® (Fig-
ure 4 and Figure 6) originate from the methylene group at
P2. The remaining signals H3**/H?B (Figure 4 and Figure
6) must therefore be due to the CH,Cp group. The CH,O-
SiMej; group (Figure 4 and Figure 6) gives rise to signals
at & = 3.85 and 0.36.

H21|H14 Hs o
T
H41 Ha
H31 po
H2B  H2A
| 7T ‘ TTTT | T 1T ‘ L ‘ L [ TTTT ‘ T T 17T ‘ 1T
8 7 6 5 4 3 2 1 ppm

Figure 4. 'H NMR spectrum (top) and cross-sections of the
{"H,3'P}-HMBC spectrum of 16a; centre trace: filtering by long-
range coupling to P!; bottom trace: filtering by long-range coupling
to P
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The parts of the spectrum assigned to the protons of the
Cp moiety are less conclusive: There are different pathways
along which 3'P coupling to these protons may occur, while
for the methylene protons 2Jyp coupling is the dominant
pathway. It is interesting to note that one of the Cp protons
(H5; Figure 4 and Figure 6) correlates strongly with P!,
while the other shows a strong correlation with P> (H*; Fig-
ure 4 and Figure 6).

The aromatic protons are as well differentiated by their
different correlations with P! and P? (Figure 4 and Figure
6). Unambiguous assignment was not possible from this ex-
periment alone and the assignment given in Figure 4 was
based on additional experimental grounds. A plausible ar-
gument for assigning the signal H*' (Figure 4 and Figure
6) comes from comparison with the NMR spectroscopic
behaviour of other tripod metal compounds:!'>!8 In the
aryl region of the '"H NMR spectra of such compounds, the
signals with the greatest downfield shift have always been
found to be due to the ortho-protons of phosphorus-bonded
phenyl rings, wherever assignment was possible. The well-
separated signal observed for H*' in the aromatic region
(Figure 4 and Figure 6) together with its downfield shift
allowed for its assignment to an ortho-proton of a phenyl

H3B H2A

3 2
He | A7y g
H41 | J“wa ﬁ, < H9

ik
8%

8 7 6

Figure 5. DQF-COSY spectrum of 16a; the individual regions labelled a, b, and c¢ in the complete spectrum (top left) are shown in

magnified form under these labels
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ring bonded to P?. 3'P-decoupling reduced the doublet of
doublet structure of this signal (Figure 4) to a well-resolved
doublet, as expected.

The assignment of the individual signals in the methylene
region was confirmed by COSY experiments. These experi-
ments revealed the individual methylene groups by their
2Jun coupling (Figure 5a).

COSY data were important for the unambiguous assign-
ment of resonances to the indenyl part of the molecule.
While the Cp part of the indenyl ligand was clearly appar-

ent even from 1D NMR experiments (Figure 4, see above),
the signals of the protons H*—H?® (Figure 4, Figure 5 and
Figure 6) in the anellated benzene ring of the indenyl frag-
ment, while apparent as individual patterns, could not be
assigned with respect to their mutual sequence. The COSY
spectrum shown in Figure 5 (5c) enabled the sorting of the
signals into a sequence of mutually neighbouring protons.
The only ambiguity remaining was the question as to which
of the protons, H® or H°, was at the back or the front of the
molecule (Figure 6). This ambiguity was resolved by NOE

Figure 6. Numbering scheme used in the NMR analysis of 16a; the right hand side shows the conformationally relevant and experiment-

ally accessible NOE contacts as double-headed arrows
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Figure 7. NOESY spectrum of 16a; the labels designating individual conformationally relevant cross-peaks are used as an abbreviated
reference in the text; the origin of the cross-peaks follows from the labelling of the spectral traces
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experiments (Figure 7),'° which finally allowed for the un-
ambiguous assignment of all the conformationally relevant
protons labelled in Figure 6. The ambiguity about the posi-
tion of the protons H/H® was resolved by the observation
of a strong cross-peak (Figure 7; labelled a) between one of
the protons of the Cp part of the ligand (H%) and one of
the protons of the anellated benzene moiety (H®). The posi-
tion of both protons (referring to Figure 6) is clear from
this observation.

H? shows a correlation with H*! (Figure 7; b) while H*
shows correlations with H3®, H*' and H** (Figure 7; c, d,
e). H?A itself correlates with H*!' (Figure 7; f) and H*!
shows a cross-peak with H?B (Figure 7; g), which also cor-
relates with H3! (Figure 7; m). These correlations built up
a framework which unambiguously differentiated between
the two sides of the compound and showed that the phos-
phorus atom labelled P> was at the side of the molecule
opposite to that containing the anellated benzene ring (Fig-
ure 6).

The mutual orientation of the constituents at the other
side of the molecule may be inferred from cross-peaks be-
tween H® and the methylene protons H3* and H'“ (Fig-
ure 7; h, 1). H'” correlates with H!' and with H3* (Figure 7;
j, n). The second proton of this methylene group H'E, shows
a cross-peak with H?! as well as with H? (Figure 7; k, 1).
Some additional correlations involving meta-protons are
also observed (Table 8). A scaffolding was thus apparent
from the NOE experiments which qualitatively completely
defined the conformation of 16a (Figure 6, right-hand side).

A quantitative insight into the conformational manifold
adopted by 16a in solution was provided by a molecular
modelling approach. To this end, a model representation
was constructed. The basic geometry may be taken from
the experimental structures of similar compounds such as
H;CC(CH,-n'-PPh,),(CH,-n>-Cp)RuCl!3! with the anel-
lated benzene moiety and the TMS group being added by
modelling procedures.”” The model thus generated was loc-
ally optimised with respect to energy as a template for any
further calculations. Alternatively, the model may be con-
structed without explicit reference to similar molecules by
using the parameters of the modelling package (Discover
3.0, ESFF force field) alone. Both these approaches led to
basically the same conformations of the model template.

As was also observed in the structures of Cp derivatives
H;CC(CH,-n'-PPh,),(CH,-n>-Cp)RuCl, the chelate cage
itself is chiral.l'”] The torsion angles Ru—P—CH,—C,,,
never conform to a mirror symmetric arrangement, even in
the case of Cp derivatives.[>3%15] With the indenyl ligand
of 16a, additional side differentiation was imposed on the
molecules such that conformational diastereomers may ex-
ist. To cope with this problem, starting from the model
compound, a second model was constructed leaving every-
thing unchanged besides the orientation of the indenyl
group which was rotated around its C—CH, axis by 180°.
These two diastereomeric model templates, together with
the quantitative information of the inter-proton distances
were used for distance-geometry (DG) calculations.?!]
From these procedures, a set of conformations resulted,
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Table 8. NOE contacts in 16a

No. a] 16a dNOE dcalc&L (72
[pm] [pm] [pm?]
1 HIA HIB 251 177 5476
2 H2A H2B 206 176 900
3 H3A H3B 218 176 1764
4 H4 HS5 253 265 144
5 HS5 H6 278 295 289
6 H6 H7 230 242 144
7 H7 HS 234 256 484
8 HS H9 245 240 25
9 H41 H42 201 247 2116
10 CH,O0S1 HIA 289 245 1936
11 CH,O0Si HIB 300 308 64
12 CH,0Si H2B 302 291 121
13 CH,O0Si H3A 270 246 576
14 CH,O0Si H3B 281 239 1764
15 HIA H3A 304 254 2500
16 HIA HI11 226 209 289
17 HIA H9 318 319 1
18 HIB H2B 361 274 7517
19 HIB H21 229 232 9
20 H2A H4 260 268 64
21 H2A H41 247 247 0
22 H2B H41 305 265 1600
23 H2B H31 226 213 169
24 H3A H9 256 245 121
25 H3B H4 290 278 144
26 H4 H41 280 296 256
27 H4 H42 370 437 4489
28 HS5 H41 259 245 196
29 HS HI12 289 363 5476
30 H9 HI11 298 318 400
Contacts No. 1-9 1-30 10—-30 15-30
RMS [pm] 35 36 36 38

[al Atom labels refer to Figure 6 throughout. H42 (No. 27) and H12
(No. 29) designate protons in the meta position of the aryl rings
IV and I, respectively. Contacts No. 1—9 refer to distances which
are fixed by the covalent framework. In the final calculations, con-
tacts No. 2 and 4 were used as reference distances to transform the
NOE volume integrals into distances. Contacts No. 10—14 desig-
nate distances which are not fixed by the covalent framework but
refer to CH, protons of the CH,OSi fragment which are diastereo-
topically not differentiated in the spectra. The “dummy atom’ ap-
proach was used to incorporate these contacts in the calcula-
tions.?°l Contacts No. 15—30 are also not fixed by the covalent
framework and build up a tight scaffolding to which the conforma-
tion has to adopt. The ortho and meta protons of the aryl groups
show no diastereotopic differentiation in the spectra. For the pur-
pose of distance-geometry calculations, each pair of these protons
was replaced by a dummy atom.*”! For the purpose of energy
minimisation and rms calculation, the protons were assigned indi-
vidually with respect to whichever one gave the shorter distance.
The rms values given refer to inter-proton distances exclusively. The
set of contacts to which they refer is indicated by the appropriate
range in terms of their numeric labels. Since contacts No. 1—9 refer
to distances which are fixed by covalent bonding, the respective
rms value presents an expected value for the overall accuracy. The
rms values referring to all contacts (No. 1—-30) or only to con-
formationally relevant subsets (No. 10—30, No. 15—30) are well
within the expected range.

which were in agreement with the restraints imposed by the
distances pertaining to the model and by the inter-proton
distances from the NOE data.

Figure 8 shows the results obtained for 16a. The ten con-
formations (grey) with the lowest distance violations (with
the best overall agreement) are shown. While it is clear from
the NMR observations that the phenyl groups are free to
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Figure 8. NMR-derived conformations characterising 16a in solution; the conformation shown in black represents the optimal single con-
formation

IIA
HH | CH 22
2[;\ 2|B

Figure 9. Numbering scheme used in the NMR analysis of 16b; the right-hand side shows the conformationally relevant and experiment-
ally accessible NOE contacts as double-headed arrows

Figure 10. NMR-derived conformations characterising 16b in solution; the conformation shown in black represents the optimal single
conformation

rotate (only one H,,,, signal for each of the four phenyl of conformations, obtained by distance-geometry calcula-
groups was observed) a rotational preference is apparent tions, the one with the best agreement was used to define
from the distance-geometry results (Figure 8). From this set  the starting structure for geometry optimisation on the ba-
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Table 9. NOE contacts in 16b

NO.[a] 16b dNOE dcalcd. 02
[pm] [pm] [pm?]
1 HI1A HI1B 185 177 64
2 H2A H2B 195 176 350
3 H3A H3B 272 176 9293
4 H4 H5 250 265 237
5 H5 Hé6 277 295 310
6 H6 H7 233 242 74
7 HIIA HI11B 197 176 458
8 HI11B H12 271 248 520
9 H21A H21B 183 175 66
10 H21A H22 265 248 292
11 H41 H42 210 246 1332
12 CH,O0Si HI1A 270 243 708
13 CH,0Si HI1B 296 315 372
14 CH,0Si H2A 272 257 210
15 CH,0Si H2B 274 289 219
16 CH,O0Si H3B 237 236 1
17 HI1A H11B 242 267 650
18 HIB H2B 295 272 506
19 HIB H22 282 223 3505
20 H2A H4 230 246 262
21 H2A H41 247 249 5
22 H2B H41 269 258 130
23 H2B H31 220 209 121
24 H3B H4 299 285 196
25 H4 H41 280 314 1156
26 HS5 H41 251 242 79
27 H7 H12 296 337 1706
28 HI11B H21A 239 310 5055
29 HI11B H22 263 224 1552
Contacts No. 1-11 1-29 12-29 17-29
RMS [pm] 34 32 30 34

[al Atom labels refer to Figure 9 throughout. The meaning of col-
umns and designations is analogous to the one explicitly described
for 16a in Table 8. Contacts No. 1, 2, 4, and 7 were used as the
distance reference.

sis of energy minimisation. The resulting minimised con-
formation is shown in black in Figure 8.

With the best model from distance-geometry alone, the
rms deviation between the observed and calculated dis-
tances is only approximately 3 pm. This traditional measure
of quality of agreement between calculated conformations
and NOE distances is quite biased, since the distances de-
termined by the covalent framework and the distances re-
ferring to NOE contacts are measured by the same ruler. It
appears more appropriate to consider the difference be-
tween NOE-derived distances and their computationally
generated counterparts alone to derive a measure of quality.
For the model generated by distance-geometry, this measure
results in an rms of 48 pm. With the optimal conformation
obtained after energy minimisation, this rms deviation is
approximately 36 pm and thus corresponds to the error es-
timated for the accuracy of the NOE distances (Table 8).

The procedure as described for the NMR analysis of 16a
was also applied to 16b. 'H3'P-HMBCP? and 'H,'H-
COSY experiments together with other 2D NMR spectro-
scopic data did allow for the complete assignment of an
extensive subset of signals (Table 7, Figure 9 and Experi-
mental Section).
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The measured NOE contacts built up a tight scaffolding
which the conformation of 16b had to adopt (Figure 9,
right-hand side). The NMR spectroscopic data also clearly
showed that 16b was diastereomerically pure. If there were
another diastereomer present, its concentration must be be-
low the NMR detectable limit (< 1%). It is clear from these
experiments that the phosphorus nucleus of the PEt, group
resonates upfield (P!, § = 33.8, Table 7) from that of the
PPh, group (P?, § = 56.3, Table 7). It is also clear that the
PEt, group is located on the same side as the anellated ben-
zene ring. Refinement of the structure by the same proced-
ures applied to 16a led to the set of conformations shown
in Figure 10.

The optimal single conformation is shown in black in
Figure 10. The rms deviation between the calculated and
experimental values of 18 conformationally relevant inter-
proton distances (Figure 9) is only 30 pm (Table 9). This
single conformation is therefore in optimal agreement with
the NOE data. The most important result of this NMR
analysis is that it proves that chiral indenyl-containing ri-
pod ligands form their tripod metal derivatives under com-
plete diastereoselective control.

Conclusion

Functionalised  tripod  ligands of the type
ROCH,C(CH,PPh,)(CH,PR',)(CH,Cp#) (Cp* = indenyl,
fluorenyl) are accessible from the oxetane precursor
O(CH,),C(CH,Br)(CH,OMs) in a few steps. These tripod
ligands form ruthenium complexes of the CpRuL,Cl type
with the Cp# group and the phosphorus donor groups
linked by a neo-pentane scaffolding.

Epichlorohydrin is a suitable starting material to prepare
chelate ligands (Cp*CH,)CHOH(CH,PPh,) in fully diaster-
eoselective one-pot syntheses. These chelate ligands coord-
inate highly diastereoselectively to Ru(PPh;)(Cl).

The formation of the complex Me;SiOCH,C(CH,-n'-
PPh,)(CH,-n'-PEt,)(CH,-n’-Indenyl)RuCl is completely
diastereoselective, with the six-membered cycle of the inde-
nyl constituent lying on the same side to which the PEt,
group is coordinated.

A complete and unambiguous structure analysis of the
tripod compounds Me;SiOCH,C(CH,-n!-PPh,)(CH,-n!-
PR,)(CH,-n’-Indenyl)RuCl (R = Ph, Et) by a combination
of NMR spectroscopy methods as well as distance-geo-
metry modelling is reported, which documents the power
of NMR methods for the quantitative analysis of structures
of coordination compounds.

Experimental Section

General Remarks: All manipulations involving phosphanes were
carried out under argon by means of standard Schlenk techniques
and were monitored by TLC (Macherey—Nagel Co., Polygram SIL
G/UV,s,). All solvents were dried by standard methods®3 and dis-
tilled under argon. The solvents CDCl; and CD-Cl, used for NMR
spectroscopic measurements were degassed by three successive
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“freeze-pump-thaw” cycles and dried over 4-A molecular sieves.
— MS: Finnigan MAT 8320; EI (70 ¢V); FAB (Xenon; matrix: 4-
nitrobenzyl alcohol). — HR-MS(EI): Jeol JMS-700. — HR-
MS(FAB): VG ZAB 2F — Melting points: Gallenkamp MFB-595
010; uncorrected values. — Optical rotations: Jasco DIP310, 10-cm
cell, Na-D line (A = 589 nm) — Cyclovoltammetry: EG&G Prince-
ton Applied Research model 273; potentials in mV versus SCE at
a glassy carbon electrode at 25 °C; solutions of compounds: 1073
M in 0.1 M BuyNPF¢ in CH,Cl,. — Elemental analyses: Microana-
lytical Laboratory of the Organisch-Chemisches Institut, Univer-
sitdt Heidelberg.

Materials: Silica gel (Kieselgel z. A. 0.06—0.2 mm, J. T. Baker
Chemicals B. V.) used for chromatography was degassed at 1 mbar
for 24 h and saturated with argon. A solution of #nBuLi in hexane
(2.5 M) was used for deprotonations. S-(+)- and R-(—)-epichlorohy-
drin (5) (97% ee) were degassed and checked for optical purity by
measurement of their specific rotations (|[a]] = 34.3%4)). HPEt,,>’]
HPPh,,”®  3-(bromomethyl)-3-(methanesulfonoxymethyl)oxetane
(1),5) 1,1-bis(diphenylphosphanylmethyl)-1-(cyclopentadienylme-
thyl)ethane,?® (PPh;),FeCl, [19 and (PPh;);RuCl, 271 were pre-
pared according to or by adaptation of literature procedures. All
other chemicals were obtained from commercial suppliers and used
without further purification.

NMR: Spectra were recorded at 298 K with a Bruker Avance
DPX200 spectrometer at 200.13 MHz ('H), 50.323 MHz ('3C),
81.014 MHz (*'P) and with a Bruker Avance DRX300 spectrometer
at 300.13 MHz ('H), 121.495 MHz (3'P); chemical shifts (8) are
reported in ppm with CHCl; ("H: § = 5.32; 3C: § = 53.5) as
internal standard; 3'P chemical shifts (8) are reported in ppm with
85% H3PO, (*'P: § = 0) as external standard. Acronyms of pulse
programmes refer to pulse sequences supplied under these names
for the BRUKER series of instruments; relaxation delays for 2D
NMR experiments were set at around 1.5 s if not stated otherwise.
'H-3'P-HMBC: pulse sequence inv4dgslrnd; instruments DRX300
(16a), DPX200 (16b); spectral width F, = 2588 Hz, F, = 3888 Hz
(16a), F, = 1717 Hz, F; = 2755 Hz (16b), mixing time 70 ms.
'H,'3C-HMBC: pulse sequence inv4gslrnd; instrument DPX200;
spectral width F, = 1380 Hz, F; = 6542 Hz (16a), F, = 1717 Hz,
F, = 7348 Hz (16b), mixing time 70 ms. 'H,'3C-HSQC: pulse se-
quence invieagssi; instrument DPX200; spectral width F, =
1380 Hz, F, = 6542 Hz (16a), F, = 1717 Hz, F, = 7046 Hz (16b).
'H,'"H-DQFCOSY: pulse sequence cosygsmftp; instrument
DPX200; spectral width 1380 Hz (16a), 1717 Hz (16b) in both di-
mensions. 'H,'H-NOESY: pulse sequence noesytp; instrument
DPX200; spectral width 1380 Hz (16a), 1717 Hz (16b) in both di-
mensions; relaxation delay 2.0 s; mixing time 500 ms.

NOE Analysis: The NOE peaks were integrated by standard
methods (volume integration, Felix software package from
MSI).120281 The peak volumes were transformed to distances by
assuming the initial rate approximation to be valid. For bringing
the distances to an absolute scale, the known inter-proton distances
of H*H? (265 pm) and H>*/H?B (178 pm) (16a) and H'A/H'B, H>A/
H?B, H''"A/H''B (178 pm) and H*H> (265 pm) (16b) were used.
Other combinations of reference distances were also tested; differ-
ent sets of references did not cause changes greater than 10%. Ow-
ing to the fact that only one mixing time was used, the overall
accuracy of the NOE-derived distances will not be much better
than 30 pm.

Distance-Geometry Calculations: The NOE-derived distances were
used to build the distance matrix, together with the distance limits
derived from covalent bonding. Upper and lower boundaries for
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NOE distances were set at 10%. The distance restraints derived
from covalent bonding were defined by the DGII programme pack-
age (DGII package of NMR Refine module, InsightIl, 98.0).[200]
Some of the protons, the ortho- and meta-protons of the phenyl
groups and the protons of the CH,OSiMe; group had to be re-
placed by dummy atoms since no diastereotopic differentiation was
apparent for these protons. The upper boundary of the distance
interval referring to these dummy protons was appropriately in-
creased by 100 pm.[*] Distance-geometry calculations were used to
produce a total of 200 conformations for each of the compounds
16a and 16b. The starting models were based on the structures ob-
tained in each case by energy minimisation. In order to efficiently
cope with the problem caused by the conformational chirality of
the cage, the mirror image of this model with respect to the torsions
within this cage was also incorporated as a starting point. Each of
these two starting structures for each of the compounds 16a and
16b was allowed to adapt to the NOE restraints (DGII package
of NMR Refine module, Insight98.0).2°"1 The number of different
conformations resulting from this procedure was limited to 100 for
each starting geometry. It was observed that the minimisation pro-
cedure was able to converge from one sense of skew of the scaffold-
ing to its opposite. Repetitive runs, however, showed that the degree
of skewness of the chelate cage of the resulting structures was
highly biased by the degree of skewness of the starting structure.
This problem was overcome by the technique described above. With
respect to the torsion angles Ru—P—CH,—C,,,, the DGII runs
produce solutions which are close to being either symmetric with
respect to the idealised mirror plane (bisecting the P—Ru—P angle
and vertical to the P—Ru—P plane) or are antisymmetric with re-
spect to this plane. With respect to energy minimisation calcula-
tions (see below) the best solutions for these torsional arrange-
ments were used as a starting point. From the 200 conformations
generated for both 16a and 16b, the 10 with the best overall agree-
ment were selected to produce the superposition graphs shown in
Figure 8 and Figure 10. In order to construct a model which best
approximates the NOE distances and at the same time corresponds
to a local minimum of the force field generated molecular hypersur-
face, the following procedure was adopted. Energy minimisation of
the best structures generated by distance-geometry was done with
the distances determined by NOE measurements constrained by
corresponding high-force constants (harmonic potential force con-
stants: 100 kcal-mOI*'-A*Z). After reaching convergence, the NOE-
derived constraints were removed and the conformation was al-
lowed to relax on the basis of the molecular force field alone. The
rms deviation between the model with NOE restraints and the one
without was found to be 37 pm (16a) and 26 pm (16b) (based on
all atoms). The resulting conformations are shown in black in Fig-
ure 8 and Figure 10. Generating an optimal model by the alternat-
ive procedure of taking the best solutions from the DGII runs as
the starting points for the force-field refinement (no additional
NOE restraints) led to similar results. The optimal solution derived
by constrained refinement was again found. The minima derived
by both methods were the same for 16a (rms = 1.6 pm, based on
all atoms) and 16b (rms = 1.7 pm, based on all atoms). As a meas-
ure of agreement between the models and the experimental values,
the rms deviation between the distance estimates from the model
and from the experiment was calculated. Different subsets of inter-
proton distances were included in these calculations. As is seen in
Table 8 and Table 9, the individual error estimates were very similar
to each other, independent of which subset was chosen for their cal-
culation.

Synthetic Procedures: The analytical data are collected in Table 10
and 11. NMR spectroscopic data, if not explicitly given in the ex-
perimental protocols are presented in Table 1—3, and Table 7.
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Table 10. Analytical data of compounds 2—12
No. Empirical formula Eluent! MS (EI) Ceated.» Heateds Pealed. Il/l.p.[b] HIi—MS Yield
(]W) (Rt) mlz ((VO) [Frag] found> t1found> [ C] Mcalcd./found (%)
22 Cyl,sOP PE/EL,0, 7:3 384 (100) [M*T; 353 (52) 81.23, 6.55 - - 74
(384.46) (0.33) IM* — CH,OJ; 199 (24) 80.64, 6.49
[M* — PPh,)
2b C3H,s0P PE/Et,0, 7:3 288 (100) [M*]; 259 (66) 74.97, 8.74 - - 10
(288.37) (0.37) [M* — Et]; 258 (82) 73.24, 8.53
[M* — CH,0]
2¢  CyH,OP PE/EL,0, 1:1 434 (89) [M™]; 404 (2) 82.93, 6.26, 7.13 78 - 64
(434.52) (0.47) [M* — CH,Ol: 83.00, 6.58, 6.53
269 (4) [M* — Fluorenyl];
[21\545+(3) CH,FI 1]
- >Fluoreny
3a C;3H3,0P, PE/E,0, 3:2 571 (34) [M*]; 494 (45) 79.98, 6.36, 10.86 80 - 73
(570.65) (0.40) [M™ — PhJ; 385 (100) 79.18, 6.37, 10.84 (dec.)
[M* — PPh,]
3b  CyHsOP, PE/EL,0, 3:2 474 (12) [M™]; 445 (100) 75.93, 7.65, 13.05 - - 68
(474.56) (0.48) [M* — Et]; 397 (7) [M* — Ph]; 74.56, 7.50, 12.59
385 (5) [M* — PEt,;
[21319*(28)PPh ]
- 2.
3¢ CupHyOP, PE/EL,0, 6.5:3.5 620 (16) [M*]; 544 (80) 81.27, 6.17, 9.98 96 - 62
(620.71) (0.37) [M* — Phl; 467 (30) 80.86, 6.40, 9.65
[M* — 2PhJ; 435 (34) [M* — PPh,]
42 CyH,OPSi PE/EL,0, 9:1 642 (59) [M]; 566 (55) 76.60, 6.90, 9.65 - - 86
(642.83) (0.44) [M* — Phj; 458 (100) 75.75,7.25, 9.76
[M* — PPh,]
4b C53H44OP,Si1 PE/E,0, 9:1 547 (6) [M*]; 518 (100) 72.49, 8.12, 11.34 - — 84
(546.74) (0.41) [M* — Et]; 362 (15) 72.38, 8.29, 11.26
[M* — PPh,)
4c C45Hy6OP,Si PE/E,0, 9:1 693 (31) [M™]; 617 (85) 78.01, 6.69, 8.94 - - 38
(692.89) (0.49) [M™ — Ph]; 405 (38) 78.02, 7.17, 8.77
[M* — CH,OTMS — PPh.J; 343 (19)
[M* — PPh, — Fluorenyl]; 329 (100)
[M* — PPh, — Fluorenyl — CH,]
6a Cy0H,,OP PE/E,0, 3:2 308 (63) [M*]; 307 (24) 77.89, 6.87 - 308.13300/ 82
(308.36) (0.37) [M* — H] 74.02, 6.80 308.13394
6b  C,,H,;0P PE/EL,0, 1:1 358 (92) 80.43, 6.47, 8.64 - - 49
(358.42) (0.39) IM*] 79.99, 6.50, 8.95
6c  CogH,sOP PE/E,0, 3:2 408 (32) [M™] 82.33, 6.17, 7.58 44 - 82
(408.48) (0.3) 82.45, 6.13, 7.01
7 CyH,00 PE/EL,0, 1:1 288 (53) [M*]; 270 (46) 87.46, 6.99 61 - 4
(288.39) (0.43) [M* — H,O[; 159 (85) 86.93, 7.00
[M* — CHsIndenyl]
8 C,H,,0 PE/EL,0, 1:1 172 (22) [M*]; 143 (13) 83.69, 7.02 - - 30
(172.22) (0.22) [M* — COHJ; 128 (100) 83.54, 7.13
[M* — CH,CHOH]
9a C,3H,yOPSi PE/E,0, 9:1 381 (62) 72.59, 7.68, 8.14 - 380.1725/ 96
(380.54) (0.72) [M™]; 292 (13) 71.01, 7.84, 8.16 380.1729
[M* — OTMS]
9  C,,H; OPSi PE/EL,0, 9:1 431 (66) [M™]; 314 (100) 75.31, 7.26, 7.19 - - 77
(430.60) (0.56) [M* — Indenyl] 75.14, 7.41, 7.36
10 C,oH,4BOP PE/E,0, 3:2 321 (25) [M*]; 308 (60) 74.50, 7.51, 9.61 - - 71
(322.20) (0.32) [M* — BH,J; 242 (10) 73.24, 7.54, 9.49
[M* — CH,Cpl; 108 (63)
[M* — CH,PPh,BH;]
11 CyHyBOsPS PE/EL,0, 2:3 402 (5) [M*1; 385 (4) 62.98, 6.55, 7.74 - - 70
(400.29) (0.37) [M* — BH,J; 370 (70) 60.63, 6.66
[M* — CH; — BH,J; 305 (18)
[M* — 0SO,CH,]; 291 (14)
[M* — BH; — OSO,CH,]
12a  C3H,0P, PE/EL,0, 9:1 492 (10) [M*]; 307 (28) 78.03, 6.14, 12.58 - 492.17719/ 45
(0.48) [M* — PPhyJ; 291 (59) 75.92, 6.27 492.18007
[M* — OPPh,)]
(492.54)
12b  CsHs,OP, PE/EL,0, 4:1 542 (6) [M*]; 357 (38) 79.69, 5.94, 11.42 - - 51
(542.59) (0.63) [M* — PPhyJ; 341 (48) 79.49, 6.09, 11.36
[M* — OPPh,]
12¢ Cy4oH340P, PE/Et,0, 4:1 592 (12) [M*]; 515 (20) 81.07, 5.78, 10.45 97 - 61
(592.65) (0.59) [M™* — Ph]; 427 (26) 81.07, 5.78, 9.90

[M* — Fluorenyl];
413 (94) [M* — CH,Fluorenyl]; 391 (100)

[M* — OPPh,;

407 (29) [M* — PPh,]

a1 PE = petroleum ether (boiling range 40—60 °C). — [® dec. = decomposition.
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Ligand Syntheses

General Procedure for the Synthesis of Compounds 2: The corres-
ponding phosphane R,PH (10 mmol) for the generation of the nu-
cleophile I was dissolved in THF (50 mL) and deprotonated by the
dropwise addition of nBuLi (10 mmol) at 0 °C. This solution was
stirred for 1 h at 25 °C. Meanwhile, nucleophile II (22 mmol, 2.2
equiv.) (indene or fluorene) was dissolved in THF (50 mL) and de-
protonated in the same manner as nucleophile I. 3-(Bromomethyl)-
3-(methanesulfonoxymethyl)oxetane (1) (10 mmol) was dissolved in
THF (50 mL) and cooled to —10 °C. At this temperature, the previ-
ously prepared phosphide (nucleophile I) solution was added drop-
wise over a period of 2 h. After the addition was completed, the
mixture was allowed to warm to 25 °C and stirring was continued
for another 30 min. Meanwhile the solution of nucleophile II was
heated to 60 °C and the oxetane solution was added dropwise over
a period of 1 h. The mixture was then heated at reflux for 2 h. After
cooling to 25 °C, the mixture was hydrolysed by the addition of
water (30 mL). The organic phase was separated, and the aqueous
layer was extracted with diethyl ether (3 X 30 mL). The combined
organic phases were washed with saturated NaCl solution until a
neutral pH was achieved, and then dried with Na,SO,. The solvent
was evaporated in vacuo and the residue was purified by column
chromatography (silica gel; eluent, Ry, yields, and analytical data
as given in Table 10).

General Procedure for the Synthesis of Compounds 3: Phosphane
R,PH (6 mmol, 1.2 equiv.) for the generation of the nucleophile
was dissolved in THF (40 mL) and deprotonated by the dropwise
addition of nBuLi (6 mmol) at 0 °C. This solution was stirred for
1 h at 25 °C. Meanwhile, oxetane 2 (5 mmol) was dissolved in THF
(40 mL) and deprotonated in the same manner as the phosphane.
The solution of the phosphide was added dropwise to the solution
of the oxetane 2 over a period of 45 min at 25 °C. The resulting
mixture was stirred for 3 h. The mixture was then heated at reflux
for 2 h. After cooling to 25 °C the mixture was hydrolysed by the
addition of water (30 mL). The organic phase was separated, and
the aqueous layer was extracted with diethyl ether (3 X 30 mL).
The combined organic phases were washed with saturated NaCl
solution until a neutral pH was achieved, and then dried with
Na,S0O,. The solvent was evaporated in vacuo and the residue was
purified by column chromatography (silica gel; eluent, Ry, yields,
and analytical data as given in Table 10).

General Procedure for the Synthesis of Compounds 4 and 9: The
starting material (3 or 6) (4 mmol) was dissolved in CH,Cl,
(20 mL) and triethylamine (6 mmol, 1.5 equiv.) was added. The so-
lution was cooled to 0 °C and trimethylsilyl chloride (5.2 mmol,
1.3 equiv.) was added dropwise. Stirring was continued for 1.5h
and then all volatiles were removed in vacuo. The remaining residue
was further purified by column chromatography (silica gel; eluent,
Ry, yields, and analytical data as given in Table 10).

General Procedure for the Synthesis of Compound 6a: Diphenylpho-
sphane (10 mmol, 1 equiv.) was dissolved in THF (30 mL) and de-
protonated by the dropwise addition of #BuLi (10 mmol) at 0 °C.
This solution was stirred for 1 h at 25 °C. Meanwhile, epichlorohy-
drin (10 mmol) was dissolved in THF (30 mL) and cooled to —70
°C. At this temperature, the phosphide solution was added drop-
wise over a period of 45 min. After warming to 25 °C, the solution
was stirred for 30 min and added dropwise over a period of 20 min
to a solution of CpMgCI-2THF (23 mmol, 2.3 equiv.) in THF
(40 mL). The resulting mixture was stirred for 15 h at 25 °C. The
mixture was hydrolysed by the addition of an NH4Cl solution
(10%, 50 mL). The organic phase was separated, and the aqueous
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layer was extracted with diethyl ether (3 X 30 mL). The combined
organic phases were washed with a saturated NaCl solution until
a neutral pH was achieved and then dried with Na,SO,. The solv-
ent was evaporated in vacuo and the residue was purified by col-
umn chromatography (silica gel; eluent, Ry, yields, and analytical
data as given in Table 10).

General Procedure for the Synthesis of Compounds 6b/6c: Di-
phenylphosphane (10 mmol, 1 equiv.) for the generation of the nu-
cleophile I was dissolved in THF (30 mL) and deprotonated by the
dropwise addition of #nBuLi (10 mmol) at 0 °C. This solution was
stirred for 1 h at 25 °C. Meanwhile, epichlorohydrin (10 mmol) was
dissolved in THF (30 mL) and cooled to —70 °C. At this temper-
ature, the solution of the phosphide was added dropwise over a
period of 45 min. After warming to 25 °C, the solution was stirred
for 30 min and added dropwise over a period of 20 min to a solu-
tion of nucleophile II (indenyllithium or fluorenyllithium, prepared
in the same manner as nucleophile I) (23 mmol, 2.3 equiv.) in THF
(40 mL). The resulting mixture was stirred for 15 h at 25 °C. The
mixture was hydrolysed by the addition of water (30 mL). The or-
ganic phase was separated, and the aqueous layer was extracted
with diethyl ether (3 X 30 mL). The combined organic phases were
washed with a saturated NaCl solution until a neutral pH was
achieved, and then dried with Na,SO,. The solvent was evaporated
in vacuo and the residue was purified by column chromatography
(silica gel; eluent, Ry yields, and analytical data as given in
Table 10). The same procedure was used for the synthesis of R-(—)-
6b from S-(+)-5 and S-(+)-6b from R-(—)-5.

Procedure for the Synthesis of Compounds 7, 8: Indene (108 mmol)
was dissolved in THF (40 mL). This solution was cooled to 0 °C
and treated with nBuLi (108 mmol). The solution was allowed to
warm to 20 °C and stirred for 1.5 h. Meanwhile, epichlorohydrin
(2.16 mmol) was dissolved in THF (20 mL) at —40 °C. The freshly
prepared solution of Lilnd was added to this solution through a
Teflon" capillary under a slight overpressure of Argon over 1 h.
The resulting solution was stirred for 15 h at 20 °C. After hydrolysis
with H,O (30 mL), the organic phase was separated and the aque-
ous phase extracted with diethyl ether (3 X 30 mL). The combined
organic phases were washed with a saturated NaCl solution until
a neutral pH was achieved, and dried with NaSO,. After evapora-
tion of all volatiles in vacuo, the remaining material was dissolved
in CH>Cl, and separated by column chromatography (silica gel;
eluent, Ry, yields, and analytical data as given in Table 10).

Procedure for the Synthesis of Compound 10: Compound 6a
(6.0 mmol) was dissolved in THF (40 mL). BH3/THF (7.8 mL,
16.2 mmol) were added dropwise at 0 °C over 5 min. After stirring
the solution for 1 h at 0 °C, the volatiles were removed in vacuo.
The remaining colourless oil was dissolved in CH»Cl, and purified
by column chromatography (silica gel; eluent, Ry, yields, and ana-
lytical data as given in Table 10).

Procedure for the Synthesis of Compound 11: Compound 10
(6.0 mmol) was dissolved in CH,Cl, (30 mL). After the addition
of triethylamine (9 mmol), the solution was cooled to 0 °C. MsCl
(7.8 mmol) was added over 2 min and the solution was stirred for
6 h at 20 °C. After hydrolysis with H,O (10 mL), the organic phase
was separated. The aqueous phase was extracted with CH,Cl, (3
X 20 mL). The combined organic phases were washed with a satur-
ated NaCl solution until a neutral pH was achieved, and dried with
NaSO,. After evaporation of the solvent, the viscous oily residue
was dissolved in CH,Cl, and purified by column chromatograph
(silica gel; eluent, Ry yields, and analytical data as given in
Table 10).
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General Procedure for the Synthesis of Compounds 12: Compound
6 (4 mmol) was dissolved in CH,Cl, (20 mL) and triethylamine
(5.6 mmol, 1.4 equiv.) was added. The solution was cooled to 0
°C and chlorodiphenylphosphane (4.8 mmol, 1.2 equiv.) was added
dropwise. Stirring was continued for 2h at 25 °C, and then all
volatiles were removed in vacuo. The remaining residue was further
purified by column chromatography (silica gel; eluent, Ry, yields,
and analytical data as given in Table 10).

Syntheses of Coordination Compounds

General Procedure for the Synthesis of Compounds 13: Compound
9 (1 mmol) was dissolved in THF (20 mL) and deprotonated by the
dropwise addition of #BuLi (1 mmol) at 0 °C. The solution was
stirred for 1.5 h at 25 °C. Meanwhile, FeCl, (0.6 mmol) was sus-
pended in THF (15 mL) and stirred for 30 min. This solution was
added dropwise to the solution of the deprotonated ligand over a
period of 10 min. The mixture was stirred for 1 h. After this time,
the mixture was heated, in the case of 13a, for 4 h at reflux, and in
the case of 13b, for 2 h at 50 °C. All volatiles were removed in
vacuo and the remaining residue was further purified by column
chromatography. In the case of 13a, the remaining residue was
taken up in diethyl ether and purified by chromatography on neut-
ral Al,O3 (Brockmann activity grade III). On evaporation of the
solvent from the eluate, the purified compound 13a was obtained
in oily form. Further purification could be achieved by washing
with petroleum ether (boiling range 40—60 °C) and resulted in a
microcrystalline solid (Table 11). In the case of 13b, the remaining

Table 11. Analytical data of compounds 13—16

residue was purified by chromatography on neutral Al,O;
(Brockmann activity grade I11). The contaminants were eluted with
petroleum ether (boiling range 40—60 °C) and mixtures of petro-
leum ether/toluene. Subsequently, compound 13b was eluted with
toluene. On evaporation of the solvent from the eluate, the purified
compound 13b was obtained in microcrystalline form (Table 11).

'H NMR: 13a (CDCl5): § = —0.03 (s, 18 H, SiCHj3), 2.26 (m, 4 H,
CH,P), 2.58 (dd, 2 H, CH,»,Cp, 2Juyn = 14.0 Hz, 3Juy = 6.0 Hz),
2.77 (dd, 2 H, CH,,Cp, 2Juu = 14.0 Hz, 3Jy = 6.0 Hz), 3.72 (m,
2 H, CHOSI), 4.01 (br. s, 8 H, CpH), 7.30—7.50 (m, 20 H, aromatic
CH). — 13b (CDCl3): 6 = —0.25, —0.20 (2 s, 18 H, SiCHs),
2.10—2.40 (m, 4 H, CH,P), 2.55—3.40 (m, 4 H, CH,Indenyl), 3.67
(m, 2 H, CHOSI), 3.80—4.10 (m, 2 H, Indenyl five-membered ring
CH), 4.36 (m, 1 H, Indenyl five-membered ring CH), 4.48 (m, 1 H,
Indenyl five-membered ring CH), 6.85—7.19 (m, 8 H, Indenyl six-
membered ring CH), 7.19—7.55 (m, 20 H, aromatic H).

I3C{'TH} NMR: 13a (CDCls): § = 0.6 (s, SiCH3), 37.4 (d, CH,P,
Jep = 14.6 Hz), 39.6 (d, CH,Cp, 3Jcop = 8.5 Hz), 68.6, 63.7 (2's,
CpH (3, 4), 70.4, 71.0 [2 s, CpH (2, 5)], 72.3 (d, CHOSI, 2Jcp =
17.6 Hz), 84.9 (s, ipso-C4-Cp), 128.7—139.8 (aromatic C). — 13b
(CDCly): 6 = 0.5 (s, SiCH3), 36.0—38.1 (m, CH,P and CH,Ind-
enyl), 60.7 (m, Indenyl five-membered ring CH), 61.5 (s, Indenyl
five-membered ring CH), 71.7 (m, CHOSI), 73.4 (m, Indenyl five-
membered ring CH), 75.8 (m, ipso-Cy-Indenyl five-membered ring),
87.1 (m, Indenyl five-membered ring Cg), 122.8—140.1 (aromatic
and olefinic CH).

No. Empirical formula MS
(M)

Ccalcd.’ Hcalcdn Pcalcd. M.p.[a] HR-MS

Cyclovoltammetry Yield

m/z (%) [Frag.] found> Hfound> Pround [°Cl  Mcaicd.founa Potential [mV] (SCE)  (V0)
13a CysHssFeO,P,Si, EI 814 (18) [M™*]; 435 (100) 67.80, 6.93, 7.60 - - E\» =325 AE="70 86
(814.90) [M* — Ca3HagOPSi] 68.00. 7.06. 7.84
13b Cs4HeoFeO,P,Si, EI915 (8) [M*]; 485 (100) [M* — 70.88, 6.61 — 9142956/ E,, = 107; AE = 283 47
(915.02) CyyH,,OPSi]; 430 (54) [CoyH5 OPSi]  69.70, 6.65 914.2947
14 CsHsBCICOP,  FAB 597 (100) [M* — BPh,]; 75.95,5.82,675 - - - 38
(917.20) 562 (28) [M* — BPhy — Cl]; 73.31, 6.76, 6.14
503 (22) [M* — BPh, — CI — Co]
152 C4Hy;CIOP,RuSi EI 778 (4) [M*]; 517 (18) 63.27,5.57,7.96 190 - E,» = 531: AE = 160 51
(778.33) [M* — PPhy]; 481 (17) 62.71,5.90, 784 dec.
[M* — PPh; — CI]
15b C,sH,sCIOP,RuSi FAB 828 (80) [M™]; 793 (100) 65.21, 5.48 176 828.1447/ E,p = 429; AE = 92 36
(828.39) M* — (1] 64.60, 5.93 dec.  793.1758,
828.1443/
793.1777
16a C4 H,;CIOP,SiRu FAB 778 (70) [M*]; 743 (100) [M* —CI] 63.22, 5.57 160 778.1290/ E,, = 276; AE =73 42
(778.32) 61.61, 5.67 dec.  743.1602,
778.1306/
743.1642

16b C;3H,43CIOP,RuSi FAB 682 (100) [M™*] -

(682.25)

154 682.1290/

dec.  647.1602,
682.1266/
647.1589

Ep=231;AE =99 16

[l dec. = decomposition.
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3IP{IH} NMR: 13a (CDCl;): & = —23.6 (s). — 13b (CDCly): § =
—23.5 (s).

General Procedure for the Synthesis of Compound 14: 1,1-Bis-
(diphenylphosphanylmethyl)-1-(cyclopentadienylmethyl)ethane (1
mmol) was dissolved in THF (20 mL) and deprotonated by the
dropwise addition of nBuLi (I mmol) at 0 °C. The solution was
stirred for 1.5h at 25 °C. Meanwhile, CoCl, (1 mmol) was sus-
pended in THF (20 mL) and cooled to —30 °C. The deprotonated
ligand was added dropwise to this solution over a period of 5 min.
After addition was completed, the mixture was allowed to warm
to 20 °C and stirred for another 45 min. All volatiles were removed
in vacuo. The remaining residue was dissolved in ethanol (20 mL)
and NaBPh, (1 mmol) was added. After stirring for 2 h, all volatiles
were removed in vacuo and the remaining residue was further puri-
fied by column chromatography. Compound 14 was eluted with
THF/CH,Cl, mixtures. On evaporation of the solvent from the elu-
ate, the purified compound 14 was obtained in microcrystalline
form (Table 11).

'H NMR: 14 (CD,Cl,): 8 = 1.26 (br. s, 2 H,CH,Cp), 1.52 (br. s, 3
H, C,CH3), 2.29 (m, 2 H, CH,,P, 2Jyyy = 15.7Hz), 2.59 (m, 2 H,
CH,P, 2Jyy = 15.7 Hz), 4.68 (br. s, 2 H, Cp), 5.99 (br. s, 2 H,
Cp), 6.75—7.95 (m, 60 H, aromatic CH).

13C{'H} NMR: 14 (CD,CL): 8 = 31.3 (m, CH,P), 33.3 (t, C,CHs,
3Jcp = 129 Hz), 35.1 (s, CH,Cp), 47.3 (s, C,), 76.7, 97.9, 100.5 (3
s, Cp), 121.6—135.8 and 162.3—165.3 (m, aromatic CH).

3PAH} NMR: 14 (CD,CL): § = 23.3 ().

General Procedure for the Synthesis of Compounds 15 and 16: The
appropriate ligand (4 or 9) (1 mmol) was dissolved in THF (20 mL)
and deprotonated by the dropwise addition of nBuLi (I mmol) at
0 °C. This solution was stirred for 1.5 h at 25 °C. All volatiles were
then removed in vacuo and the remaining residue was dissolved
in 1,2-dichloroethane (1,2-DCE) (15 mL). This solution was added
dropwise over a period of 10 min at 25 °C to a solution of
RuCl,(PPh3); (1 mmol) in 1,2-DCE (30 mL). The mixture was

Table 12. Crystal data for compounds 7, 8, and 15a

stirred for 30 min. After this time, the mixture was heated for 2 h
(16)/1.5 h (15) at 90 °C. All volatiles were removed in vacuo and
the remaining residue was further purified by column chromato-
graphy. — 16 [solid phase neutral Al,O3 (Brockmann activity grade
III)]: The excess triphenylphosphane and other contaminants were
eluted with diethyl ether and the compounds 16 were subsequently
eluted with Et,O/CH,Cl, mixtures. — 15 (solid phase silica gel):
The excess triphenylphosphane and other contaminants were
eluted with petroleum ether (boiling range 40— 60 °C) (PE) and PE/
Et,O mixtures. The compounds 15 were eluted with PE/Et,O 1:1.
— On evaporation of the solvent from the eluate, the purified com-
pounds 15 and 16 were obtained in microcrystalline form
(Table 11).

'TH NMR: 15a (CDCl): Major product: 6 = —0.03 (s, 9 H, SiCHs),
1.73 (dd, 1 H, CH,,Cp, *Juyn = 12.0 Hz, 3Jyy = 14.0 Hz), 2.05
(dd, 1 H, CH,,Cp, *Jun = 12.0 Hz, 3Jyy = 12.0 Hz), 2.55 (m, 2
H, CH,P), 3.68 (m, 1 H, CHOSI), 3.73 (br. s, | H, Cp), 3.88 (br. s,
1 H, Cp), 4.52 (br. s, 1 H, Cp), 5.40 (br. s, 1 H, Cp), aromatic CH:
6.55-6.70 (m, 2 H), 6.86—6.94 (m, 2 H), 6.95—-7.50 (m, 19 H),
8.05—8.20 (m, 2 H). — Minor product: 6 = 4.97 (s, 0.08 H, Cp),
5.18 (s, 0.08 H, Cp). — 15b (CDCl): 6 = 0.14 (s, 9 H, SiCH3), 2.78
(m, 2 H, CH,P), 3.23 (m, 1 H, Indenyl five-membered ring CH,
3Jun = 2.2 Hz), 3.28 (m, 1 H, CH,,Indenyl), 3.70 (m, 1 H, CH,,In-
denyl, Jyp = 7.6 Hz), 4.08 (m, 1 H, CHOSIi), 4.34 (m, 1 H, Indenyl
five-membered ring CH, 3Jyy = 2.2 Hz), 6.80—7.70 (m, 29 H, aro-
matic and olefinic CH).

BBC{'H} NMR: 15a (CDCl;): Major product: & = 0.5 (s, SiCHj),
33.2 (s, CH,Cp), 37.0 (d, CH,P, 'Jcp = 28.1 Hz), 68.6 (d, CHOSI,
2Jep = 12.5Hz), 74.4 (d, Cp, Jcp = 10.0 Hz), 76.6 (s, Cp), 78.2 (d,
Cp, Jep = 11.0 Hz), 84.7 (s, ipso-Cy4-Cp), 99.8 (s, Cp), 127.6—135.9
(aromatic CH). 15b (CDCly): 8 = 0.6 (s, SiCH3), 32.5 (s, CH,Ind-
enyl), 39.2 (d, CH,P, 'Jep = 29.7 Hz), 65.0 (s, Indenyl five-mem-
bered ring CH), 69.1 (d, CHOSI, 2Jcp = 9.5 Hz), 73.6 (d, ipso-Cy-
Indenyl five-membered ring, Jcp = 13.6 Hz), 83.9 (s, Indenyl five-
membered ring CH), 104.7 (d, Indenyl five-membered ring C,,

Compound 7 anti-8 15a-2 CH,Cl,
Empirical formula C,H,,,0O C,,H;,0 Cg4HooClgO,P4RU,Si,
Molecular mass 288.370 172.220 431.615

Crystal size [mm] 0.05 X 0.1 X 0.2 0.07 X 0.07 X 0.2 0.15 X 0.1 X 0.03
Crystal system monoclinic tetragonal triclinic

Space group (No.)B!¢l P2,/n (14) P4, (76) Pl (2)

Lattice constants:

a [pm] 1645.0(3) 1260.6(2) 1001.3(2)

b [pm] 502.2(1) 1260.6(2) 1668.1(3)

¢ [pm] 1971.9(4) 604.4(1) 2473.6(5)

o [°] 90 90 100.69(3)

B ] 109.63(3) 90 90.51(3)

v [°] 90 90 101.10(3)

V' [10° pm? 1534 960.5 3980

VA 4 4 4

dy [g cm 3] 1.248 1.191 1.441

T [K] 200 200 200

Scan range 2.8° =20 = 52.1° 3.2° =20 = 52.1° 2.8° =20 = 52.0°
Method o scan, Ao = 1.0° o scan, Ao = 1.0° o scan, Ao = 2.0°
Scan speed 40 s frame ! 30 s frame ! 25 s frame !

No. of measured rflns. 11122 6580 57851

No. of unique rflns. 3003 1876 15570

No. of observed rflns. 2162 982 9344

Observation criterion 1=20c I1=2c I1=2c

No. of param. refined 259 154 911

Resid. el. density [107¢ e pm ™3] 0.28 0.14 1.65

Ry/R,, [%)] (refinement on F?) 5.717.1 4.7/8.0 6.8/15
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Jep = 8.0Hz), 112.7 (s, Indenyl five-membered ring C),
122.4—138.8 (aromatic and olefinic CH). — 16a (CDCl;): § = 0.16
(s, SiCH3), 28.6 (dd, CH,P!, 'Jp = 34.0 Hz, 3Jcp = 5.5 Hz), 30.0
(dd, CH,P?, 'Jep = 39.0 Hz, 3Jcp = 4.1 Hz), 31.4 (s, CH,Indenyl),
55.4 (dd, C,CH,O, *Jcp = 7.8 Hz and 4.1 Hz), 58.9 (s, C,CH?),
73.9 (t, CuCH,0, *Jcp = 13.0 Hz), 75.9 (d, CH5, 2Jcp = 13.6 Hz),
97.5 (s, CH%), 113.4 (m, C,CH?), 117.0 (s, CH®), 118.0 (s, C,CH?),
125.3 (s, CH®), 125.6 (s, CH), 128.2 (s, CH®), 127.6—143.0 (aro-
matic CH). For designation of protons see Figure 6. — 16b
(CDCI,): & = 0.0 (s, SiCH3), 7.8 (d, PCH,CH3, 2Jcp = 32.1 Hz),
8.0 (d, PCH,CHj3, 2Jcp = 26.6 Hz), 15.9 (d, PCH,CH;3, YJep =
21.1 Hz), 25.7 (d, PCH,CH3, 'Jep = 24.8 Hz), 28.4 (m, CH,PELt,),
29.1 (m, CH,PPh,), 30.3 (s, CHIndenyl), 54.7 (dd, C,CH,0,
2Jcp = 6.4 Hz and 3.7 Hz), 57.8 (s, C,CH*), 71.8 (d, CH?, Jcp =
12.8 Hz), 73.8 (pt, C,CH,0, *Jcp = 12.8 Hz), 94.1 (s, CH?), 116.2
(m, C,CH?, Jcp = 3.7Hz and 4.5 Hz), 118.5 (s, CH®), 119.4 (m,
C,CH?, Jcp = 2.7Hz and 4.5 Hz), 124.7 (s, CH®), 125.2 (s, aro-
matic CH), 126.0 (s, CH’), 128.5—141.9 (aromatic CH and CHS?).
For designation of protons see Figure 9.

3IP{'H} NMR: 15a (CDCl;): Main product: § = 23.3 (d, 2Jpp =
41.0 Hz), 43.2 (d, 2Jpp = 41.0 Hz). — Minor product: 25.5 (d,
2Jpp = 39.9 Hz), 40.4 (d, 2Jpp = 39.9 Hz). — 15b (CDCl5): & =
35.7 (d, 2Jpp = 35.5 Hz), 40.0 (d, >Jpp = 35.5 Hz).

X-ray Crystallographic Study: Suitable crystals were taken directly
out of the mother liquor, immersed in perfluorinated polyether oil
and fixed to a glass capillary at 200 K. The measurements were
carried out with a Nonius—Kappa CCD diffractometer (low-tem-
perature unit, graphite-monochromated Mo-K, radiation). The
data was processed by the standard Nonius software.?% All calcula-
tions were performed using the SHELX software package.?! Struc-
tures were solved by direct methods with the SHELXS-97 pro-
grammel'? and refined with the SHELXL-97 programme.'?]
Graphic handling of the structural data during solution and refine-
ment was performed with XPMA 1?2l Atomic coordinates and an-
isotropic thermal parameters of the non-hydrogen atoms were re-
fined by full-matrix least-squares calculations. Data for the struc-
ture determinations are compiled in Table 12. The figures of the
structures (Figure 1—3) were made with WinRay-32.133 Crystallo-
graphic data (excluding structure factors) for the structures re-
ported in this paper have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publication no. CCDC-
140087 (7), -140086 (anti-8) and -140088 (15a). Copies of the data
can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK [Fax: (internat.) + 44-1223/336-
033; E-mail: deposit@ccdc.cam.ac.uk].
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