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Novel Highly Efficient P-Chiral Ferrocenylimino Diamidophosphite Ligands for
Pd-Catalysed Asymmetric Allylation

Vasily N. Tsarev,*!#l Sergey E. Lyubimov,®! Oleg G. Bondarev,” Alexander A. Korlyukov,?!
Mikhail Yu. Antipin,'?! Pavel V. Petrovskii,?! Vadim A. Davankov,!? Alexei A. Shiryaey,!!
Eduard B. Benetsky,!! Pavel A. Vologzhanin,!! and Konstantin N. Gavrilov!®!

Keywords: Allylic substitution / Asymmetric catalysis / Palladium / P,N-Bidentate ligands / Rhodium

Novel P*-chiral P,N-bidentate ligands were synthesized by
treatment of ferrocene-based imino alcohols with chloro-
phosphites derived from (S)-2-anilinomethylpyrrolidine or
(S)-prolinol. Metal chelate complexes with the ligands -
[Rh(CO)(PN)CI] and [Pd(PN)(ally])]*X~ (X~ = BF,, CI, I,
CH,,B117) — were obtained and all new compounds were fully
characterized by 'H, '3C, 3'P NMR, IR, MS (EI, CI, FAB, ESI

and plasma desorption techniques) and X-ray analysis (imino
alcohol 2d and complex 7). P*-Chiral diamidophosphites
gave up to 97 % ee in the Pd-catalysed allylic substitution of
1,3-diphenylallyl acetate with dimethyl malonate and para-
toluenesulfinate.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Chiral ligands incorporating ferrocene have been widely
used in asymmetric catalysis.['l Ferrocene is suitable for use
as a scaffold for chiral ligands thanks to its appropriate ri-
gidity, planar chirality, steric bulkiness and stability, while it
is also inexpensive and readily available!” and can be easily
derivatized. All these distinctive features are also character-
istic of imino alcohols, easily available by condensation of
formylferrocene and amino alcohols,*! and we recently ob-
tained P,N-bidentate arylphosphites based on these and
possessing axial or(and) central chirality. Notably, P,N-
phosphite ligands are known to be highly stereoselective in
Cu-catalysed conjugate addition, Ir-catalysed hydrogena-
tion and Rh-catalysed hydrosilylation, thanks to their in-
creased m-acidity.’] In addition, chiral phosphites are stable
towards oxidation, readily obtainable and comparatively in-
expensive: the cost of monophosphite derivatives of BI-
NOL, highly efficient in asymmetric hydrogenation, is 50
times less than that of the well known diphosphane BI-
NAP
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Taking all this into account, we develop in this article an
attractive idea of designing diamidophosphite ligands each
possessing a P*-stereocentre and a distant ferrocenylimino
group. Since ligands with asymmetric donor centres are
particularly efficient stereoinductors, their chiral phospho-
rus atoms seem to be crucial.”! We also tested the new li-
gands in the Pd-catalysed asymmetric allylation with 1,3-
diphenylallyl acetate, for known P,N-phosphites have not
been properly investigated in this theoretically and practi-
cally important process.®! Their application in the alky-
lation of 1,3-diphenylallyl acetate with dimethyl malonate,
for example, resulted in enantioselectivities no higher than
88% ee.[gl

Results and Discussion

Novel P,N-bidentate diamidophosphites were synthe-
sized by direct phosphorylation of the corresponding imino
alcohols (Scheme 1).

It should be noted that compounds 2a-d, similarly to 2-
formylpyridine-derived imino alcohols,'% exist in equilib-
rium with their corresponding oxazolidine tautomers 2a’—
d’ in organic solvents. In the case of 2d, the tautomers (ca.
1:1 ratio in both C¢Dg and CDCls) can easily be seen by
'H and '3C NMR and IR spectroscopy (see Table 1 and
Experimental) (Figure 1).

On the other hand, X-ray analysis of 2d demonstrated
that only the imino form is observed in the solid state (Fig-
ure 2).

The '"H NMR spectra of 2a—c are more complex, as the
oxazolidines represent mixtures of two epimers. Neverthe-
less, comparison of the integral intensities of the H; and H,
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Table 1. 'H, '3C NMR and IR spectral parameters of compound 2d.
| IR [cm ]
H NMR, 6y, J [Hz] (CDCly) (CHCL)
HC= (H;) OCHN (H,) CsH, CsH; CH,0O NH CH,
2d 4.63 (t,2 H,37=1.8) 4.14 _
(45%) 8.16 (s, 1 H) - 436 (L2H.3/=18) (s 5 H) 345 (s, 2 H) - 2.0 (s, 6 H) v(OH) = 3476
24’ 4.28 (br.s, 2 H) 419 364(d, 1H,27=75 208 (brs, 1 132(s, 3 H) _
s OPOTH skos o 5H) 346 IR =75 B 126 3H) NI
13C NMR, dc (CDCLy)
HC= OCHN CH, C,H; CH,O0 CMe, CH,
87.7
2d 157.5 - 68.8 70.2 71.3 60.0 23.9
68.5
80.9
67.7
20 - 89.1 67.6 68.2 7.1 59.5 S
66.2 ’
65.8
1 . .
R R? 53 R? 2 5 has (S) absolute configuration according to the character-
R H Rzﬁ)\o isticl] 2J) p values (35.1-38.5 Hz) in their '*C NMR
HO N=< ——— = HN o spectra (see Experimental).
= S Compounds 3a—d and 5 are readily soluble in common
(] e . . .
2ad ¥ rad ey organic media and stable under inert atmosphere. No traces

Figure 1. Equilibration of compounds 2a—d and their oxazolidine
tautomers 2a’'—d’.

peaks reveals significant amount of oxazolidine tautomers
(see Experimental). Interestingly, the phosphorylation reac-
tion proceeds selectively and no phospha derivatives of ox-
azolidines were detected in the reaction products. In ad-
dition, the synthesis of 3a—d and 5 is also highly stereoselec-
tive, since only epimers with pseudoequatorial orientations
of their exocyclic substituents at the phosphorus atom were
formed. In the cases of 3a-d this corresponds to the (R)
configuration of the P*-stereocentre, while the P* atom in

2098 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of decomposition products could be detected in *'P NMR
spectra of 3c after 1 year of storage.

Neutral and cationic cis-chelate metal complexes with
the new P,N-ligands were obtained (Scheme 2).

In addition, cationic Pd(i1) complexes 10a, 11a and 12a
were obtained, in order to investigate the influence of a
counterion on the efficiency of the catalyst (Scheme 3).

Some important spectroscopic data of the complexes are
summarized in Tables 2-4. According to the 'Jpg;, and
V(CO) parameters of 6a-d and 7 (Table 2), the diamido-
phosphites 3a-d and 5 occupy an intermediate position be-
tween phosphanes and phosphites in a spectrochemical se-
quence of organophosphorus ligands.['? Very close values
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Figure 2. Molecular structure of 2d. Atoms are presented by ther-
mal ellipsoids drawn at 50% probability. Hydrogens are omitted
for clarity. Selected bond lengths [A]: O(1)-C(1) 1.415(3), N(1)-
C(5) 1.267(3), N(1)-C(2) 1.484(3), Fe-C (averaged) 2.040(2); se-
lected bond angles [°]: O(1)C(1)C(2) 110.82(17), C(5)N(1)C(2)
120.43(18).

3a-d, 5
+ 1/2 [Rh(CO),Cl], +1/2 [Pd(allyl)Cl],, AgBF 4
OcC, /C| /Pl/d\\ +BF;
RN RPdy
6a-d, 7 8a-d, 9
Scheme 2.

of 'Jpgry and v (CO) for 6a and 7 indicate that the electronic
properties of ligands 3a and 5 are practically identical de-
spite the distinct phosphorus atom environments.

Duplication of peaks in the 3'P NMR spectra of com-
pounds 8a-d and 10a-12a (Table 3) indicates the presence
of their exo and endo isomers.*! The sharp singlet in the
3P NMR spectrum of 9 can be explained either by fast
interconversion of the isomers or by the absence of one of
them.

Rather large *Jc)p values (14.2-17.2 Hz) in the *C
NMR spectra of 7 and 8a (see Exp. Part) point to un-
changed pseudoequatorial orientations of exocyclic substit-
uents after complexation (and therefore unchanged abso-

CHCl,

Table 2. IR and 3'P NMR spectroscopic data for complexes 6a-d
and 7 (in CHCly).

3P NMR IR, v(CO) [cm™!]
op U prn [HZ]
6a 118.9 233.1 2010
6b 120.7 234.0 2006
6¢ 132.9 227.1 2012
6d 136.8 223.8 2008
7 141.5 240.3 2014

Table 3. 3'P NMR spectroscopic data for complexes 8a—d, 9 and
10a-12a (in CDCly).

8a 8b 8c 8d 9 10a 11a 12a
114.7 116.6 130.1 127.9 122.6 120.5 115.5
o (I, (63, (63, (5 407 49, (7). (34),
(%) 112.1 1132 128.7 126.8 ’ 1222 1199 113.1
®9) (25 (37) (43) (53) (53) (66)

lute configurations of P* atoms). Another notable feature
is the significant coordination shift [Adc = dc(complex) —
Oc(ligand)] for the imine carbon atoms in 7 and 8a (10.0-
12.6 ppm).

P,N-Bidentate coordination of diamidophosphite 3a with
palladium in complex 8a is also supported by a significant
increase in Ey, P,, and E,, Ny, caused by binding of both
donor atoms to palladium (Table 4).

Table 4. XP spectroscopic data for compounds 3a and 8a.

Ey, [eV]
P2p N1s Fe2p;, Pd3ds, Bls F 1s
3a 132.1 398.9 708.4 - - -
8a 132.7 399.5 708.5 338.0 1934 685.9

Chlorocarbonyl complex 7 was analysed by single-crystal
X-ray diffraction (Figure 3).

Molecules of 7 in the crystal are characterized by (S)
configurations at the asymmetric atoms P(2), C(5), C(2")
and C(4"). The Rh(1)N(1")C(2")C(1")O(1")P(2) metallacycle
adopts a distorted sofa conformation with deviation of the
C(1") and C(2') atoms by 1.27 and 0.92 A, respectively. The
iminoferrocenyl substituent occupies a pseudoequatorial
position with respect to P(2).

Analogous metallacycles in previously investigated palla-
dium complexes with ferrocenyl,*P! 1-azatricyclo[2.2.2]oc-
tane and 1,3-azaphosphabicyclooctane substituentst!3! are
characterized by nearly the same conformation as seen in
the structure of 7, while in rhodium and palladium com-
plexes without such bulky substituents the conformations

[Pd(PN)(allyl)]* CI

3a + 1/2 [Pd(allyl)Gi],

Nal, acetone

Y

10a
[PA(PN)(allyy]*I-

/

CSCH1zB11’ THF

11a

Scheme 3.
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[PA(PN)(allyD]*[CH12B+4]”
12a

Y
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Figure 3. X-ray structure of complex 7 and numbering scheme. All hydrogen atoms linked to carbon atoms are omitted for clarity.

of metallacycles may be described as chair.*®l We may
therefore propose that the distorted sofa conformation of
the metallacycle in 7 is caused by steric overcrowding due
to the ferrocenyl moiety. The phospholidine and pyrrolidine
cycles have envelope conformations, atoms C(5) and C(4)
deviating from the basal plane by 0.43 and 0.54 A, corre-
spondingly.

The environment of the Rh(1) atom has an almost ideal
square-planar configuration, with deviation of this atom
from the basal plane equal to 0.01 A. It is noteworthy that
Rh(1) forms a short contact with the C(2F)-H(2FA) bond:
Rh(1)--H(2FA) 2.60, Rh(1)C2F)H(2FA) 122°, C(2F)-
H(2FA) distance normalized to 1.08 A (according to neu-
tron diffraction datal'¥l). The bonds lengths of the coordi-
nation polyhedra of the rhodium atom are close to those in
rhodium and palladium complexes with P,N-bidentate aryl
phosphites.[*?! Similarly to those in the compounds de-
scribed in the literature,[*®!3] the phosphorus atoms in 7
have tetrahedral configurations (the sum of basal N-P-O
angles is 300°, close to the values observed in a previously
examined compound!'3).

Basically, ligands 3a-d and 5 form rather stable metal
chelates, so their treatment with [Rh(CO),Cl], (Scheme 2)
did not produce any trans-[Rh(n'-PN),(CO)CI] complexes
that are usual by-products in cases of weakly chelating li-
gands.[l Even when 4 equivalents of ligand 3a were allowed
to react with 1 equivalent [Pd(allyl)CI], (+ 2 AgBF,, in
CDCI5/THF), signals of chelate 6a and unreacted 3a were
found together with signals of [Pd(n!-PN),(allyl)]*BF, (Jp,
115.8 (52%)) and [Pd(n'-PN)(n2-PN)(ally])]*BF,~ (Jp, 97.4,
d, 2Jpp 35.6 Hz and Jp 81.6, d, 2Jpp: 35.6 Hz (18%)). These
observations are in good agreement with the assumption
of high stability of six-membered metal chelates with P,N-
bidentate ligands.['] Nevertheless, the nature of ligand
should be taken into account, for it can cause significant

2100 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

effects. Thus, the 3'P NMR spectrum of [Pd(allyl)Cl],/4 L
(L = 3d, CDCI5/THF, 2 AgBF,) shows major signals for the
complexes [Pd(n!-PN),(ally)]*BF, (dp, 116.9 (82%)) and
[Pd(n'-PN)(n%-PN)(allyl)]"BF,~ (dp 85.7, d, 2Jpp 38.0 Hz
and Jp 81.2, d, 2Jpp 38.0 Hz (9%)) and only traces of 6d
and unreacted 3d.

Ferrocenylimino diamidophosphites 3a—d and 5 were
then tested in asymmetric Pd-catalysed allylic substitution
(Scheme 4).

The results of allylic sulfonylation are summarised in
Table 5. Best results were achieved with use of ligands 3a
and 3d (Entries 5 and 18, correspondingly). It is clear that
the bicyclic (2R,5S)-phosphorus-containing fragment is re-
sponsible for their efficiency, as ligands 3a and 3d display
practically identical enantioselectivity. At the same time, 3b
and 3c are inferior stereoinductors, probably because of the
mismatched combination of the (2R,5S)-phosphocentre
with additional C-stereogenic atoms in the peripheral imino
group. Prolinol-based ligand 5 gave a practically racemic
product (Entries 19-20). In view of the basically identical
electronic properties of 3a and 5 (see above), such a dra-
matic decrease in enantioselectivity is likely to be caused by
substitution of the NPh fragment in the phosphacycle of 3a
with an oxygen atom in 5. Application of [Pd,(dba);]-
CHCl; instead of [Pd(allyl)Cl], as a catalytic precursor re-
sulted in generally lower optical and chemical yields of pro-
duct 14.

It is well known that optical and chemical yields of cata-
lytic reactions often strongly depend on the nature of a
counterion in the cationic catalyst.'®! Among the cationic
complexes 8a—12a, the highest enantioselectivity was ob-
served with compounds 8a and 12a, bearing the noncoordi-
nating BF, and CH,B;; counterions (Table 5, Entries 5,
7-9). The lower enantioselectivity of 12a (Entry 9) than of
8a (Entry 5) is probably due to the bulkiness of its carbor-
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Scheme 4.
Table 5. Enantioselective allylic sulfonylation as shown in found to be the best. In the case of diamidophosphite 3d,
Scheme 4. no influence of the anion on optical yield was found (En-
Entr Catalyst L*Pd  Yield [%]  ee[% tries 16, 13).
1 : [Pd(alylyl)C1]2/3 a 11 99[ ! 79 [( Si ‘ It should bej ngted that.chira.l allylic §ulfones are excep-
2 [Pd(allyl)Cl],/3a 2:1 78 84 () tionally versatile intermediates in organic synthesis®¥ and
3 [Pd,(dba);]-CHCl;/3a 1:1 29 88 (S) that the 97% enantioselectivity achieved with 3a—d (Table 5,
4 [Pdy(dba);] CHCL/3a  2:1 98 79 (S) Entry 18) is superior to the highest previously known result
2 g:[a] H 969 gg Eg (93% ee) for allylic sulfonylation obtained with chiral phos-
7 10a 121 94 70 (S) phanyloxazolines.[”]
8 11a 1:1 11 21 (S) In asymmetric allylic alkylation (Scheme 4) all diami-
9 12a 1:1 16 72(S) dophosphites 3a-d provide excellent conversion and >90%
10 [Pd(ally))CI],/3b 11 34 75 (S) ee (Table 6). Ligand 5 was again found to be the least ef-
11 [Pd,(dba);-CHCl/3b  1:1 0 0 C. L : :
12 sh 11 30 86 (5) ficient, providing (R)-15 (Entries 19, 20) in contrast to the
13 [Pd(allyl)Cl]»/3¢ 1:1 16 58 (S) others. The applied solvent and L/Pd ratio were found to
14 [Pds(dba)s]-CHCl5/3c¢ 1:1 17 37 (S) influence the results for certain ligands. Unlike in the case
15 8c 1:1 14 10 (S) of the allylic sulfonylation reaction, use of [Pd,(dba)s]-
1? {llzgi?(lilt})lg)f]l-](zi/gldcb 3d H ?g g? Eg CHCIl; instead of [Pd(allyl)Cl], as a catalyst precursor
18 8d 111 85 97 (S) proved to be a good idea in the case of ligand 3a (compare
19 [Pd(allyl)CI],/5 1:1 32 9 (S) Entries 1 and 3).
20 [Pd(allyDCI],/5 2:1 29 8(S) Ligands 3a-d gave ee values of up to 97% for the allylic
gé [9Pd2(dba)3]-CHC13/ S H ?; 132 ((‘SS;) alkylation of 13 (Scheme 4), which is the best result for all

i known chiral P,N-phosphite ligands and very close to the
[a] At 0 °C. maximum enantioselectivities overall.[’4->%82.181 For com-

ane anion. Complexes 10a and, especially, 11a, with coordi-
nating ClI” and I" counterions are generally less efficient
(Entries 7, 8). The same trend can be seen for the ligand 3b
(Entries 10, 12), while for ligand 3c chloride anion was

Table 6. Enantioselective allylic alkylation according to Scheme 4.

parison, optical yields for the synthesis of 15 (Scheme 4)
achieved with ligands related to 3a—d are shown in Figure 4.

Moreover, in contrast to 3a-d, P*-chiral imino phos-
phane 17 requires a complex multi-step synthesis with the
use of organozirconium reagents.

Entry Catalyst L*/Pd Solvent Conversion [%0] ee [%]
1 [Pd(allyl)Cl],/3a 1:1 THF 94 70 (S)
2 [Pd(allyl)Cl],/3a 2:1 THF 99 87 (S)
3 [Pd,(dba);]*CHCl3/3a 1:1 THF 98 90 (S)
4 8a 1:1 THF 76 60 (S)
5 8a 1:1 CH,Cl, 97 65 (S)
6 12a 1:1 THF 93 85 (S)
7 [Pd(allyl)Cl],/3b 1:1 THF 99 96 (S)
8 [Pd(allyl)C1],/3b 2:1 THF 98 96 (S)
9 [Pd,(dba);]*CHCI3/3b 1:1 THF 87 95 (S)
10 8b 1:1 THF 78 83 (S)
11 8b 1:1 CH,Cl, 99 86 (S)
12 [Pd(allyl)Cl],/3¢ 1:1 THF 64 92 (S)
13 [Pd(allyl)Cl],/3¢ 2:1 THF 37 91 (S)
14 [Pd,(dba);]-CHCl5/3¢ 1:1 THF 28 94 (S)
15 8c 1:1 THF 56 90 (S)
16 8c 1:1 CH,Cl, 28 68 (S)
17 8d 1:1 THF 99 97 (S)
18 8d 1:1 CH,Cl, 96 96 (S)
19 9 1:1 THF 44 65 (R)
20 9 1:1 CH,Cl, 89 26 (R)

Eur. J. Org. Chem. 2005, 2097-2105 WWW.eurjoc.org
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Figure 4. Optical yields for the synthesis of 15 (Scheme 4) achieved
with ligands related to 3a-d.

Experimental Section

General Remarks: All reactions were carried out under dry argon
in freshly dried and distilled solvents. Infrared spectra were re-
corded on a Specord M80 spectrophotometer with samples pre-
pared as KBr pellets, as Nujol mulls between Csl plates, as CHCl;
solutions between KBr plates or in polyethylene cells. 3'P, 13C, and
'"H NMR spectra were recorded with a Bruker AMX 400 instru-
ment (162.0 MHz for 3'P, 100.6 MHz for '*C and 400.13 MHz for
'H). Complete assignment of all the resonances in '3C NMR spec-
tra was achieved by the use of DEPT techniques. Chemical shifts
(ppm) are given relative to Me,Si ("H and '3C NMR) and 85%
H;PO, (*'P NMR). The X-ray photoelectron spectra (XPS) were
measured on a Kratos XSAM 800 spectrometer calibrated against
the Ag line at 368.3 eV, the Cu line at 932.7 ¢V and the Au line at
84.0 eV; correction for the sample charging was performed at Cy
= 284.6 eV; the accuracy of the line maximum determination was
+0.1 eV. Mass spectra were recorded with a Kratos MS 890 spec-
trometer (EI), an MSVKh TOF spectrometer with ionization by
Cf-252 fission fragments (plasma desorption technique, PD), an
AMD 402 spectrometer (FAB and CI), and a Micromass Bio Q II-
ZS spectrometer (electrospray ionization technique, ESI). Elemen-
tal analyses were performed at the Laboratory of Microanalysis
(Institute of Organoelement Compounds, Moscow).

PCl; was distilled immediately before use. Et;N was distilled twice
from over KOH and then over a small amount of LiAIH, before
use. (S)-Prolinol (Aldrich) was azeotropically dried with benzene
and distilled before use. (2R,5S)-2-Chloro-3-phenyl-1,3-diaza-2-
phosphabicyclo[3.3.0]octane (1) was prepared as published.[!¢]
Imino alcohol 2a was synthesized as published.*®! The syntheses
of imino alcohols 2b-d were performed by techniques similar to
those used for 2a. Compounds 2a-d were dried under vacuum
(2 Torr, 3 h) immediately before use.

[Rh(CO),Cl],, [Pd(allyl)Cl], and [Pd,(dba);]*CHCI; were synthe-
sized as published.['” Rhodium complexes 6a-d were synthesized
for the 3'P NMR and IR experiments in CHCI; medium analo-
gously to the known procedures.*?! The preparation of complexes
7, 8a-d, 9 and 10a were performed by techniques similar to that
reported.!

NaSO,pTol, CH,(CO,Me), and BSA (N, O-bis(trimethylsilyl)acet-
amide) were purchased from Acros Organics. Compound 13 was
synthesized as published.!'*®]

(2S5)-2-(Ferrocenylideneamino)-3,3-dimethylbutan-1-ol (2b): Yield:
3.036 g, 97%; yellow solid, m.p. 130-132 °C. '"H NMR [CDCl;, dy
(Ju.n), Hz]; for 2b: oy = 0.95 (s, 9 H, CH3), 2.78 (m, 1 H, CHN),
3.78 (m, 2 H, CH,0), 4.18 (s, 5 H, CsHs), 4.34 (br.s, 1 H), 4.36
(br.s, 1 H), 4.53 (t, 3/ = 1.1 Hz, 1 H), 4.73 (t, 3J = 1.2 Hz, 1 H),
8.01 (s, 1 H, CH (H))) (66%) ppm; for 2b": 6 = 0.98 (s, 9 H, CH3),
1.82 (br.s, 1 H, NH), 3.19 (m, 1 H, CHN), 3.52 (m, 1 H, CH,0),
3.81 (m, 1 H, CH,0), 4.20 (s, 5 H, CsHs), 4.13 (br.s, 2 H), 4.30

2102 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(br.s, 2 H), 5.16 (s, 1 H, OCHN (H,)) (22%) and 0.92 (s, 9 H,
CHs), 1.82 (br.s, 1 H, NH), 3.18 (m, 1 H, CHN), 3.58 (m, 1 H,
CH,0), 3.96 (m, 1 H, CH,0), 4.19 (s, 5 H, CsHjs), 4.15 (br.s, 2 H),
4.27 (br.s, 2 H), 5.08 (s, 1 H, OCHN (H,)) (12%) ppm. '3*C NMR
(CDCly): ¢ = 26.1, 26.4, 27.1 (all s, CH3), 31.5, 32.8, 32.9 (all s,
CMe,), 61.6, 66.5 (s, CH,0), 66.1-80.4 (all Cg.), 81.8, 81.9 (s,
CHN), 90.1, 90.3 (s, OCHN), 162.1 (s, CH=N) ppm; elemental
analysis: calcd. (%) for Ci;H,3FeNO (313.1): C 65.19, H 7.40, N
4.47; found C 65.35, H 7.16, N 4.21.

(1S,2R)-2-(Ferrocenylideneamino)-1,2-diphenylethan-1-ol (2¢):
Yield: 3.07 g, 75%; orange solid; m.p. 141-143°C. 'H NMR
[CDCl;, 0y (Ju.n), Hz], for 2¢: oy = 3.93 (s, 5 H, CsHs), 4.32 (br.s,
2 H), 4.58 (br.s, 2 H), 4.41 (d, 3J = 6.6 Hz, 1 H, CHN), 5.09 (d, 3J
=6.6 Hz, 1 H, CHO), 7.23-7.35 (m, 10 H, CHpy), 8.02 (s, 1 H, CH
(H;)) (72%) ppm; for 2¢’: 6y = 4.27 (s, 5 H, CsHs), 4.28 (d, 3J =
6.5 Hz, 1 H, CHN); 4.60 (t, 3/ = 1.3 Hz, 2 H), 4.79 (t, 3J = 1.2 Hz,
2 H), 4.77 (d, 3J = 6.5Hz, 1 H, CHO), 5.29 (s, 1 H, OCHN (H,)),
7.24-7.36 (m, 10 H, CHpy) (28 %) ppm. '3C NMR (CDCl): 6¢c =
77.4 (s, CHN), 68.1-80.0 (all Cg.), 80.3 (s, CHO), 127.1-141.0
(Cpp), 162.1 (s, CH=N) ppm; elemental analysis: calcd. (%) for
C,sHy3FeNO (409.3): C 73.36, H 5.66, N 3.42; found C 73.52, H
5.87, N 3.60.

2-(Ferrocenylideneamino)-2-methylpropan-1-ol (2d): Yield: 2.623 g,
92%; orange solid; m.p. 134-136 °C. 'H NMR [C¢Dy, oy (Jyn),
Hz]; for 2d: oy = 1.19 (s, 6 H, CH3), 3.59 (s, 2 H, CH,0), 4.06 (s,
5 H, CsHs), 4.16 (t, 3J = 1.8 Hz, 2 H), 4.65 (t, 3J = 1.8 Hz, 2 H),
8.10 (s, 1 H, CH (Hj)) (49%); for 2d": oy = 1.05 (s, 3 H, CHj), 1.21
(s, 3 H, CH3), 2.23 (br.s, 1 H, NH), 3.38 (d, 2J = 7.4 Hz, 1 H,
CH,0), 3.56 (d, 2J = 7.4 Hz, 1 H, CH,0), 4.21 (s, 5 H, CsHs), 4.07
(br.s, 2 H), 4.41 (m, 1 H), 4.45 (m, 1 H), 5.49 (s, | H, OCHN (H,))
(51%) ppm; elemental analysis: caled. (%) for C;sHoFeNO (285.2):
C 63.18, H 6.72, N 4.91; found C 62.91, H 6.58, N 5.18.

Preparation of Chlorophosphite 4: A solution of (S)-prolinol
(0.61 mL, 6 mmol) and Et;N (1.6 mL, 12mmol) in benzene
(30 mL) was added dropwise at 0 °C to a vigorously stirred solution
of PCl; (0.528 mL, 6 mmol) in benzene (70 mL). The resulting mix-
ture was warmed to 80 °C for a short time, and then cooled down
to 20 °C. The solid Et;N-HCI was filtered off and the filtrate was
evaporated in vacuo. The residue was distilled in vacuo to obtain
4.

(2R,55)-2-Chloro-3,1-oxaza-2-phosphabicyclo|3.3.0]octane 4):
Yield: 0.82 g, 82%; colourless oil; b.p. 65-68 °C (1 Torr). *C NMR
[CDCl;, dc (Jcp), Hz]: dc = 28.4 (br.s, C (7)), 29.4 (s, C (6)), 43.9
(br.s, C (8)), 63.3 (br.s, C (5)), 73.8 [d, 2J = 8.9 Hz, C (4)] ppm. 3'P
NMR (CDCly): dp = 173.6 ppm. MS (70 eV, EI): m/z (%): 181 (70)
[M]*, 165 (56), 149 (55), 131 (44), 120 (100), 100 (44), 91 (53);
elemental analysis: calcd. (%) for CsHoCINOP (165.0): C 36.27, H
5.48, N 8.46; found C 35.98, H 5.61, N 8.70.

Preparation of Ligands. General Technique: A solution of the appro-
priate imino alcohol (5.4 mmol) in benzene (10 mL) was added
dropwise at 0 °C to a vigorously stirred solution of compound 1 or
4 (5.40 mmol) and Et;N (0.73 mL, 5.40 mmol) in benzene (10 mL).
The resulting mixture was warmed to 80 °C for a short time and
then cooled down to 20 °C. The solution was filtered, and hexane
(30 mL) was added to precipitate Et;N-HCI. The mixture was fil-
tered again, the solvent was evaporated in vacuo, and the residue
was dried in vacuo (1 Torr, 2 h).

(2R,58,2'S,3' S)-2-|2'-(Ferrocenylideneamino)-3'-methylpentyloxy]-
3-phenyl-1,3-diaza-2-phosphabicyclo[3.3.0]octane (3a): Yield:
2.792 g, 90%; orange solid; m.p. 117-119 °C; '3C NMR [CDCl,,
oc (Jep), Hz]: oc = 10.9 (s, CH3CH,), 15.9 (s, CH;CH), 24.9 (s,
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CH;3CH,), 25.9 [d, 3J = 3.4 Hz, C(7)], 31.9 C(6), 36.0 (s, CH;CH),
48.5[d, 2J = 38.5 Hz, C(8)], 54.7 [d, 2J = 7.2 Hz, C(4)], 63.1 [d, 2J
= 8.8 Hz, C(5)], 63.5 [2J = 5.3 Hz, POCH,], 68.9 (s, Ccp), 68.2,
68.3, 69.8, 69.9 (all s, Cg.). 76.3 (s, NCH), 80.6 [s, Crc(ipsoy), 114.6
(d, 3J = 11.8 Hz, CHpy), 118.5 (s, CHpy,), 128.8 (s, CHpy,), 145.6 (d,
2J = 16.0 Hz, Cpy), 160.6 (s, CH=N) ppm. 3'P NMR (CDCl5): ép
= 121.4 ppm. MS (CI): m/z (%): 517 (100) [M]*, 433 (96), 368 (42),
212 (35), 205 (70). MS (70 eV, EI): m/z (%): 517 (12) [M]*, 433
(100), 368 (80), 212 (35), 205 (41); elemental analysis: calcd. (%)
for C,3H36FeN;OP (517.2): C 64.99, H 7.01, N 8.12; found C 65.12,
H 7.24, N 7.96

(2R,58,2'S)-2-|2'-(Ferrocenylideneamino)-3',3'-dimethylbutoxy]-3-
phenyl-1,3-diaza-2-phosphabicyclo[3.3.0Joctane (3b): Yield: 2.55 g,
91%; orange solid; m.p. 113-115 °C. '3C NMR [CDCls, é¢ (Jcp),
Hz]: 6c = 25.9[d, 3J = 3.8 Hz, C(7)], 27.0 (s, CCHj3), 31.9 (s, C(6)),
32.8 (s, CCHs), 48.4 [d, 2J = 38.5 Hz, C(8)], 54.8 [d, 2J = 7.3 Hz,
C(4)), 62.3 [d, 2J = 5.7 Hz, POCH,], 63.1 [d, 2J = 9.2 Hz, C(5)),
68.8 (s, Ccp), 68.0, 68.6, 69.7, 69.8 (all s, Cr), 80.4 [d, *J = 2.3 Hz,
NCH], 81.3 (s, Cre(ipsoy)> 114.7 (d, 3J = 11.8 Hz, CHpy), 118.5 (s,
CHpy), 128.9 (s, CHpy), 145.7 (d, 2J = 15.6 Hz, Cpy), 160.1 (s,
CH=N) ppm. *'P NMR (CDCls): 6p = 121.6 ppm. MS (70 eV, EI):
miz (%): 517 (5) [M]*, 433 (56), 368 (65), 313 (100), 205 (71); ele-
mental analysis: calcd. (%) for CogH3cFeN;OP (517.2): C 64.99, H
7.01, N 8.12; found C 64.85, H 7.18, N 7.95.

(2R,58,1'S,2' R)-2-|2’-(Ferrocenylideneamino)-1',2'-diphenylethoxy]-
3-phenyl-1,3-diaza-2-phosphabicyclo|3.3.0]octane 3o): Yield:
2.814 g, 85%; dark orange solid; m.p. 125-127°C. 3C NMR
[CDCls, ¢ (Jep), Hz]: ¢ = 26.1 [d, 3J = 4.2 Hz, C(7)], 32.2 (s, C
(6)), 47.2 [d, 2J = 36.2 Hz, C(8)], 53.3 [d, 2J = 8.4 Hz, C(4)], 63.2
[d, 2J = 8.8 Hz, C(5)], 68.7 (s, Ccp), 66.7, 69.4, 69.7, 69.9 (all s,
Cre), 78.1 (s, NCH), 80.6 (s, Cre(ipso))> 81.04 (s, POCH), 114.5 (d,
3J = 13 Hz, CHpy), 118.1 (s, CHpy), 126.6 (s, CHpy), 126.8 (s,
CHpy,), 127.0 (s, CHpy), 127.5 (s, CHpy), 127.7 (s, CHpy), 127.9 (s,
CHpy), 128.3 (s, CHpy), 140.1 (s, Cpy), 142.1 (s, Cpy), 145.1 (d, 2J
= 15.3 Hz, Cpyp), 160.8 (s, CH=N) ppm. *'P NMR (CDCls): dp =
120.6. MS (CI): m/z (%): 614 (10) [M + H]*, 433 (100), 392 (55),
205 (43). MS (70 eV, EX): m/z (%): 613 (4) [M]*, 433 (76), 392 (12),
302 (15), 205 (100); elemental analysis: caled. (%) for
C;36H36FeN;OP (613.2): C 70.48, H 5.91, N 6.85; found C 70.25,
H 6.09, N 7.02.

(2R,5S5)-2-|2’-(Ferrocenylideneamino)-2'-methylpropoxy|-3-phenyl-
1,3-diaza-2-phosphabicyclo[3.3.0]octane (3d): Yield: 2.43 g, 92%;
light orange solid; m.p. 120-122 °C. 3C NMR [CDCl3, é¢ (Jeop),
Hz]: 6c = 24.1 and 24.8 (both s, CH3), 30.0 [d, 3J = 2.9 Hz, C(7)],
31.7 (s, C(6)), 48.5 [d, 2J = 38.5 Hz, C(8)], 55.0 [d, 2J = 6.7 Hz,
C4)], 59.7 (d, 3J = 1.9 Hz, CN), 63.0 [d, 2J = 8.9 Hz, C(5)], 69.2
(d, 2J = 5.7 Hz, POCH.,), 68.9 (s, Cc), 68.0, 68.3, 68.5, 70.0 (all s,
Cro), 81.3 (s, Cre(ipsoy), 114.5 (d, 3J = 11.4 Hz, CHpyp), 118.5 (s,
CHpy,), 128.8 (s, CHpy), 145.6 (d, 2J = 16.2 Hz, Cpy), 157.0 (s,
CH=N) ppm. 3'P NMR (CDCl5): dp = 121.7 ppm. MS (CI): m/z
(%): 490 (61) [M + H]*, 433 (100), 368 (44), 205 (87). MS (70 eV,
EI): m/z (%): 489 (3) [M]*, 433 (100), 368 (95), 212 (34), 205 (35);
elemental analysis: calcd. (%) for C,sH3,FeN3;OP (489.2): C 63.81,
H 6.59, N 8.59; found C 64.02, H 6.88, N 8.27.

(2R,5S,2'S,3'S)-2-|2’-(Ferrocenylideneamino)-3'-methylpentyloxy]-
3,1-oxaza-2-phosphabicyclo[3.3.0]octane (5): Yield: 90%; dark red
oil. 13C NMR [CDCls, d¢ (Jep), Hz]: dc = 10.9 (s, CH;CH,), 15.8
(s, CH3CH), 25.1 (s, CH3CH>), 26.0 [d, 3J = 3.0 Hz, C(7)], 30.8 (s,
C(6)), 36.3 (s, CH3CH), 46.9 [d, 2J = 35.1 Hz, C(8)], 61.7 [d, 2J =
3.4 Hz, C(5)], 64.0 (d, 2J = 3.8 Hz, POCH,), 68.8 (s, Ccp), 68.1,
69.8, 69.9, 70.0 (all s, C), 73.6 [d, 2J = 10.7 Hz, C(4)], 76.5 [d, *J =
4.2 Hz, NCH], 80.8 (s, Cro(ipso))» 160.5 (s, CH=N) ppm. *'P NMR
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(CDCly): dp = 151.5ppm. MS (70eV, El): m/z (%): 442 (4)
[M]*, 313 (27), 213 (33), 66 (100); elemental analysis: calcd. (%) for
Cy,H; FeN,O,P (442.2): C 59.74, H 7.06, N 6.33; found C 59.67,
H 691, N 6.19.

Rhodium and Palladium Complexes

[Rh(CO)(S)CI] (7): Yield 0.161 g, 93%; orange-red powder; m.p.
165-167 °C (dec.) ppm. 13C NMR [CDCl;, ¢ (Jc p), Hz): 6c = 10.3
(s, CH5CH,), 14.0 (s, CH3CH), 25.3 (s, CH3CH,), 26.3 (s, C(7)),
29.6 [s, C(6)], 37.3 (s, CH3CH), 45.4 [d, 2J = 14.2 Hz, C(8)], 60.7
[d, 27 = 5.1 Hz, C(5)], 66.2 (s, POCH,), 69.6 (s, Cc,), 68.3, 69.9,
72.6, 73.4 (all s, Cg.), 71.6 [d, 2J = 8.2 Hz, C(4)], 75.5 (s, NCH),
80.5 (8, Cre(ipsoy)> 170.5 (s, CH=N) ppm. IR (Nujol): W(RhCI) =
304 cm!'; elemental analysis: caled. (%) for C,3HsCIFeN,OsPRh
(608.0): C 45.38, H 5.13, N 4.60; found C 45.24, H 4.96, N 4.41.

[Pd(3a)(ally)]*BF,~ (8a): Yield 0.286 g, 95%; red powder; m.p.
142-144 °C (dec.). '3C NMR [CDCl;, é¢ (Jcp), Hz]: ¢ = 10.8 (s,
CH;CH,), 13.9 (s, CH3CH), 25.8 (s, CH3CH>), 26.9 [d, *J = 6.5 Hz,
C(7)], 30.5 (s, C(6)), 38.2 (s, CH;CH), 46.8 [d, 2J = 17.2 Hz, C(8)],
49.6 (s, CHaguyy, trans-N), 54.3 (s, C(4)), 61.1 (s, C(5)), 70.0 (s,
POCH,), 69.9 (s, Ccp), 68.3, 68.8, 71.3, 71.4 (all s, Cg.), 73.3 (s,
NCH), 78.7 (s, Cre(ipsoy)> 81.8 [d, 2J = 37.4 Hz, CHsany1), trans-P],
121.8 [d, 2J = 7.6 Hz, CHapiyp)), 117.8 (d, 3J = 8.0 Hz, CHpy,), 122.3
(s, CHpp), 129.3 (s, CHpyp), 142.2 (d, 2J = 12.2 Hz, Cpyp), 173.2 (s,
CH=N) ppm. MS (PD): m/z (%): 664 (94) [M — BF,]*, 623 (41)
[M — BF, — allyl]*, 311 (36), 204 (100). MS (70 eV, EI): m/z (%):
751 (21) [M]*, 710 (20) [M — allyl]*, 66 (100); elemental analysis:
caled. (%) for C31HyBF4FeN;OPPd (751.1): C 49.53, H 5.50, N
5.59; found C 49.12 H 5.73, N, 5.22.

[Pd(3b)(allyD)]*BF, (8b): Yield 0.277 g, 92%; pale orange powder;
m.p. 138-140 °C (dec.). MS (ESI): m/z (%): 664 (100) [M — BF,]*,
623 (7) [M — BF, — allyl]*, 205 (9); elemental analysis: caled. (%)
for C3,HyBF,FeN3;OPPd (751.1): C 49.53, H 5.50, N 5.59; found
C 49.71, H 5.23, N 5.37.

[Pd(3c)(allyl)]*BF4 (8c): Yield 0.32 g, 94%; dark orange powder;
m.p. 150-152 °C (dec.). MS (FAB): m/z (%): 760 (100) [M — BF,]",
719 (8) [M — BF, — allyl]*, 556 (28), 392 (30), 205 (57); elemental
analysis: calcd. (%) for C3gHyBF4FeN;OPPd (847.1): C 55.25, H
4.87, N 4,96; found C 55.37, H 5.11, N 5,78.

[Pd(3d)(allyD)]*BF, (8d): Yield 0.261 g, 90%; orange powder; m.p.
169-171 °C (dec). MS (FAB): m/z (%): 636 (100) [M — BF4]*, 595
(78) [M — BF, — allyl]*, 368 (37), 205 (59); elemental analysis: calcd.
(%) for CyHj3,BF,FeN;OPPd (723.1): C 48.13, H 5.15, N 5.81;
found C 48.47, H 491, N 5.48.

[Pd(5)(allyD)]*BF 4 (9): Yield 0.257 g, 95%; red powder; m.p. 147
149 °C (dec.). MS (PD): m/z (%): 589 (100) [M — BF,]*, 548 (15)
[M — BF, —allyl]*, 314 (49), 130 (50); elemental analysis: calcd. (%)
for C,sH;3sBF4FeN,O,PPd (676.1): C 44.38, H 5.36, N 4.14; found
C 44.12, H 5.51, N 3.91.

[Pd(3a)(allyD)]*CI- (10a): Yield 0.269 g, 96%; orange powder; m.p.
146-148 °C (dec); elemental analysis: caled. (%) for C3;Hy ClFeN;.
OPPd (699.1): C 53.16, H 5.90, N 6.00; found C 52.97, H 6.17, N
5.78.

Preparation of Complexes 11a and 12a: A solution of Nal (0.075 g,
0.5 mmol) in dry acetone (10 mL) for 11a or solution of CsCH,B;
(0.138 g, 0.5 mmol) in dry THF (10 mL) for 12a was added drop-
wise to a stirred solution of complex 10a (0.350 g, 0.5 mmol) in the
same solvent (10 mL) at 20 °C. The reaction mixture was stirred at
20 °C for 1 h, filtered, concentrated to ca. 0.5 mL, and precipitated
with ether. The obtained precipitate was separated by centrifuga-
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tion, washed with diethyl ether (2x 10 mL) and dried in air and in
vacuo (1 Torr).

[Pd(3a)(allyD)]*T~ (11a): Yield 0.356 g, 90%; light orange powder;
m.p. 138-140 °C (dec); elemental analysis: caled. (%) for
C3;Hy FeIN;OPPd (791.0): C 47.2, H 5.22, N 5.31; found C 47.36
H 5.57 N 4.98.

[Pd(3a)(allyD]*[CH ;B (12a): Yield: 0.375¢g, 93%; deep red
powder; m.p. 166-168 °C (dec.). MS (PD): m/z (%): 664 (20) [M —
CB,H;,]", 623 (12) [M — CB;H, — allyl]*, 204 (59), 133 (100);
elemental analysis: calcd. (%) for C3,Hs3B; FeN;OPPd (809.3): C
47.57, H 6.61, N 5.20; found C 47.31, H 6.42, N 4.96.

Catalytic Experiments

Palladium-Catalysed Sulfonylation of 1,3-Diphenyl-2-propenyl Ace-
tate with Sodium p-Toluenesulfinate: [Pd(allyl)Cl], (3.6 mg,
10-2mmol) or [Pd,(dba);]*CHClI; (10.3 mg, 102 mmol) and ligand
3a-d, 5 (2-4x 102 mmol) or complex 8a—d to 12a (2% 102 mmol)
were dissolved in THF (5 mL) at room temp. After the mixture had
been stirred for 40 min, 1,3-diphenyl-2-propenyl acetate (0.1 mL,
5% 10! mmol) was added. Stirring was continued for 15 min and a
portion of NaSO,pTol (178 mg, 1 mmol) was added. After the mix-
ture had been stirred for 48 h, brine (10 mL) was added, and the
mixture was extracted with THF (3 X7 mL). The organic phase was
dried (MgSO,) and concentrated in vacuo. Purification by
recrystallisation from ethanol gave the product as milky white crys-
tals. Enantiomeric excess was determined by HPLC ((R,R)Whelk-
01, C¢H 4/iPrOH = 4:1, 1 mLmin', 254 nm) according to pub-
lished data.l%

Palladium-Catalysed Alkylation of 1,3-Diphenyl-2-propenyl Acetate

with Dimethyl Malonate: [Pd(allyl)Cl], (3.6 mg, 102mmol) or
[Pd,(dba);]-CHCl; (10.3 mg, 102 mmol) and ligand 3a—c or 5 (2—

4x102mmol) or complex 8a—d or 9 (2 x 102 mmol) were dissolved
in the appropriate solvent (5 mL) at room temp. After the solution
had been stirred for 40 min, 1,3-diphenyl-2-propenyl acetate
(0.1 mL, 5x10°"' mmol) was added. Stirring was continued for
15min and dimethyl malonate (0.1 mL, 8.7x 10! mmol), BSA
[N,O-bis(trimethylsilyl)acetamide] (0.22 mL, 8.7 % 10" mmol) and
AcONa (2 mg) were then added to the catalyst solution, and the
mixture was stirred for 48 h. The solution was diluted with THF
(5mL) and filtered through Celite. The solvent was removed in
vacuo to afford a pale yellow oil that solidified on standing. Enan-
tiomeric excess was determined by HPLC (Daicel Chiralcel OD-H,
CeH 4/iPrOH = 99:1; 0.5 mLmin"!, 254 nm) according to pub-
lished data.l?!!

X-ray Crystallographic Study: X-ray studies of 2d and 7: The princi-
pal experimental and crystallographic parameters are presented in
Table 7. The structure of 2d and 7 were solved by direct methods
and refined by full-matrix techniques against F? in anisotropic
approximation with use of the SHELXTL 5.1 program package.**]
The positions of hydrogen atoms were calculated geometrically and
included in refinement in rigid body approximation. The absolute
configuration of 7 was determined by use of the Flack parameter.

CCDC-250539 (for 2d) and -250538 (for 7) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table 7. The principal experimental and crystallographic parameters of structures 2d and 7.

2d 7
Diffractometer Bruker Smart CCD 1000 Syntex P2,
Molecular formula C,sH,oFeNO C,3H;3,ClFeN,Os;PRh
Formula mass 285.16 608.68
Colour, shape red, prism red, prism
Dimensions [mm] 0.2%x0.2x0.2 0.2%x0.2x0.1
Crystal system monoclinic orthorhombic
Space group P2/c P2,2,2,
a[A] 9.290(4) 10.241(2)
b [A] 18.902(8) 14.260(3)
c[A] 7.689(3) 16.963(3)
p [1 103.461(8)
VA3 1313.2(9) 2477.3(9)
zZ 4 4
Pealed. [gem ] 1.442 1.632
Temperature [K] 120 153
Min./max. 20 [°] 1.00 and 28.05
Scan type w (0.3° step in w and 10 s exposure per frame) ©/260
Radiation, A(Mo-K,) [A] 0.71072
Linear absorption () [cm '] 11.35 14.51
Absorption correction SADABS none
Tnin/ Trnax. 0.805/0.805
F(000) 600 1240
Total refl. (Riy) 10092 (0.0265) 3385 (0.0007)
Number of independent refl. 3742 3385
Number of indepent refl. with 7 > 2(a) 2958 2781
Parameters 169 289
WR, 0.0964 0.1193
Ry 0.0437 0.0474
GOF 0.962 0.949
Pmax/Pmin. [€ A7 1.071/-0.398 1.833/-1.466
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