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Abstract: The mononuclear neutral
chlorides [(y-ring)M(Aa)Cl] ((-ring)-
M = (17>-CsMes)Rh, (7°-CsMes)Ir, (17°p-
MeC¢H,iPr)Ru; Aa=a-amino acidate)
were treated with AgBF, to yield the
corresponding new chiral trimers [{(7-
ring)M(Aa)};](BF,);. Compounds [{(7°-
CsMe;)Ir(Ala)}s](BF.,); (1b) and [{(7°-p-
MeC¢H,iPr)Ru(L-Pro)};](BF,); (6¢) were
characterised by X-ray diffraction. Tri-
merisation takes place by chiral self-
recognition: the trimers RyRuyRy (0

have equal configuration at the metal
centre, were the only diastereomers
detected. In solution, a diastereomerisa-
tion process between both isomers oc-
curs, where the equilibrium constant
depends on the solvent, amino acidate,
and metal. The different localisation of
the polar groups (NH or NH, moieties)
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on the molecular surface of the two
diastereomers (o and o) provides a
qualitative explanation for the different
diastereomer stability observed in solu-
tion. The new chiral trimers catalyse the
reduction of unsaturated aldehydes to
unsaturated alcohols by hydrogen trans-
fer from aqueous sodium formate and
the reduction of acetophenone by hy-
drogen transfer from 2-propanol with up
to 75 % ee.

. ; . ruthenium
isomer) or Sy SuSy (0 isomer), which

Introduction

The previously reported!! chiral-at-metal a-amino acidate
chloride complexes [(y-ring)M(Aa)Cl] ((y-ring)M = (3°-
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CsMes)Rh, (7>-CsMes)Ir, (75-p-MeCeH,iPr)Ru; Aa = a-ami-
no acidate) act as ionic conductors in polar solvents such as
methanol or water, with molar conductances greater than
60 ohm~'ecm?mol ! in water.l'® The 'H NMR spectra of the
ruthenium chloride compounds [(7°-p-MeC¢H,iPr)Ru(Aa)-
Cl] (Aa= Ala, L-Pro) in D,O were affected by the presence of
LiCl. This behaviour was explained by the assumption of a
reversible ionisation of the chloride ligand from the two
possible epimers at the metal centre.l'>? However, the
"H NMR spectra of the related rhodium and iridium chloride
compounds [(73-CsMes)M(Aa)Cl] (M =Rh, Ir; Aa=Ala, L-
Pro) in the same solvent, showed only one set of resonances
which were not affected by the addition of excess lithium salt.
Additionally, conductance measurements in water gave
values for the slope of the Onsager equation that clearly
pointed to a molecular complexity greater than that of
univalent electrolytes.P!

In order to obtain further insights into the actual nature of
these complexes in solution, the reaction of a variety of
chlorides of the three metals with AgBF, was carried out,
which resulted in the preparation of a family of chiral-at-metal
trimers of the general formula [{(7-ring)M(Aa)};](BF,);. One
member of this family, [{(7°-CsMes)Rh(Phe)};](BF,); (Phe =
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phenylalaninate), has been previously prepared by Beck
et al.¥

Herein we report the preparation, characterisation and
solution studies of these trimers. The trinuclear nature of the
metal complexes together with the complete configurational
characterisation of the different diastereomers was confirmed
by a single-crystal X-ray diffraction study of two representa-
tive complexes and comparative analysis of the 'H NMR and
circular dichroism spectra for all synthesised complexes.

Furthermore, investigation of the catalytic properties of the
new complexes, together with those of the mononuclear
analogues prepared earlier, was undertaken for two equally
important reasons. With a few exceptions, these compounds
are soluble in water and have the potential for application in
aqueous/organic biphasic processes which are the objects of
intensive current research.l’) Secondly, the chirality of these
complexes, both on the ligand and the metal, could provide
the means for asymmetric catalytic transformations.

For our complexes, the retention of chirality during a
catalytic reaction requires that the metal bonding of both the
arene and amino acidate ligands is maintained. For that
reason, reactions which can proceed without the need for
simultaneous coordination of three new ligands, were at-
tempted, namely i) reduction of unsaturated aldehydes by
hydrogen transfer from aqueous sodium formate and ii)
reduction of acetophenone by hydrogen transfer from 2-prop-
anol. In addition, some experiments were also done on olefin
isomerisation. Selective reduction of unsaturated carbonyl
compounds to unsaturated alcoholsl® and the stereoselective
reduction of ketones[®*<l are important practical processes and
can be effected by several Ru, Rh, and Ir complexes, while the
transfer hydrogenation of acetophenonel” is a standard
reaction to characterise the catalytic activity and enantiose-
lectivity of new catalysts.

Results

Synthesis and spectroscopic characterisation: Abbreviations
of the amino acidate ligands and metallic fragments are given
in Scheme 1. The configuration of the amino acidate is stated
for L-Pro (or D-Pro) only; otherwise Aa indicates L-Aa.

The new trimers were prepared, in methanol, in accordance
with Equation (1).

[(-ring)M(Aa)Cl] + AgBF, — %[{(-ring)M(Aa)};](BF,); + AgCl (1)

Aa=Ala (y-ring)M = [Rh] 1a, [Ir] 1b, [Ru] 1¢
Abu [Rh] 2a
Val [Rh] 3a, [Ir] 3b, [Ru] 3¢
Tle [Rh] 4a, [Ir] 4b, [Ru] 4¢
Phe [Rh] 5a, [Ir] 5b, [Ru] 5¢
L-Pro [Rh] 64, [Ir] 6b, [Ru] 6¢
D-Pro [Rh] 7a, [Ir] 7b, [Ru] 7¢
Me-Pro [Rh] 8a, [Ir] 8b
Hyp [Rh] 9a, [Ir] 9b, [Ru] 9¢

Microanalysis of the isolated solids (see Experimental Sec-
tion) were consistent with a 1:1:1 ratio of metallic fragment
[M], a-amino acidate, and BF, anion. The FAB mass spectra
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Scheme 1. Abbreviations of the amino acidate ligands and metallic
fragments. Ala=alaninate; Abu=2-amino butirate; Val=valinate;
Tle =tertleucinate; Phe = phenylalaninate; L-Pro=L-prolinate; Me-
Pro = N-methyl-L-prolinate ; Hyp = 4-hydroxy-L-prolinate.

showed, in all cases, a peak at the m/z ratio calculated for the
fragment [{(y-ring)M(Aa)};(BF,),]", with the appropriate
isotopic distribution, along with peaks assignable to di- and
monometallic species. Conductance measurements at differ-
ent concentrations, in acetone or methanol, gave values for
the slope in the Onsager equation (see Experimental Section)
that pointed to 3:1 electrolytes, although for the ruthenium
compounds, this parameter shows very variable values (from
695.1 (5¢) to 1566.4 (3¢)).> ® Table 1 contains '"H NMR data
for the new compounds. As expected, the 'H NMR spectra of
1b, 6a and 6b in D,0O were identical to those measured in the
same solvent, for the parent chlorides [ (1°-CsMe;)Ir(Ala)Cl],
[(7°-CsMes)Rh(L-Pro)Cl], and  [(#°-CsMe;s)Ir(L-Pro)Cl],
which confirms that complete dissociation of the chloride
ligand occurred in water. The IR spectra of solids 1-9 showed
strong v(NH) bands in the 3200 cm~" region,! the character-
istic bands of the uncoordinated BF, anion with 7, symme-
try,[' and a very strong v(CO) absorption at 15301590 cm~!
that, interestingly, was shifted 35—-95 cm~' to lower energies
with respect to the parent chlorides. All these data strongly
suggested a polymeric formulation involving the COO
functionality. In order to elucidate their molecular structure,
complexes 1b and 6¢ were studied by X-ray diffraction
methods.

Molecular structures of [{(775-CsMes)Ir(Ala)};](BF,); (1b)
and [{(5°-p-MeC¢H,iPr)Ru@.-Pro)};](BF,);- 3CH;0H (6¢):
The crystalline structures of 1b and 6c¢ constitute trimeric
cationic complexes [{(7-ring)M(Aa)};]** with BF; counter-
ions. In the case of 6¢, methanol solvent molecules are also
present in the crystals. The trinuclear metal complexes of 1b
and 6 ¢ exhibit analogous molecular structures, with the amino
acidate ligands acting in both cases as tridentate bridging
groups (Figures 1 and 2). The entire cationic complex of 1b
has crystallographically imposed three-fold symmetry relating
the geometrical parameters of the three metal centres, while
this symmetry is only apparent in the structure of 6c¢. The
nitrogen atom and one of the carboxylic oxygen atoms of
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Table 1. '"H NMR datal® for complexes 1-9.
Complex CsMe; C*H R, NH,
1b! 1.60 () 3.95 (m) 127 (d, J=6.9) (Me) 3.61 (m), 4.74 (d, J=11.1)
3al 1.94 (s) 3.03 (m) 0.96 (d, J=7.1) (Me), 3.93 (m), 4.84 (m)
0.98 (d, J=7.0) (Me),
234 (m) (CH)
3pi 173 (s) 3.55 (m) 1.00 (d, J=6.9) (Me), 420 (m), 4.35 (m)
111 (d, J=7.0) (Me),
2.20 (m) (CH)
4al 195 (s) 2.51(dd,J=11.2,5.6) 1.08 (s) (Bu) 438 (pt, J=11.2), 5.15 (bs)
4ptl 1.89 (s) 3.14 (dd, J=10.5, 6.8) 1.14 (s) (Bu) 4.92 (pt, J=10.5), 5.71 (dd, J=10.5, 6.8)
54l 1.88 (s) 3.02 (m) 2.9-33 (m) (CH,), 4.55(m), 4.8 (m)
7.2-7.4 (m) (Ph)
5l 1.82 (s) 3.84 (m) 3.02 (dd, 7 =14.6, 10.6) (CHH), 5.05 (m), 5.38 (m)
3.36 (dd, J = 14.6, 3.65) (CHH),
7.2-7.5 (m) (Ph)
p-cymene
Complex Me iPr AB systems C*H R, NH,
1ckl 245(s) 134 (d, J=7.0) 581, 6.12 (J=5.8) 3.40 (m) 129 (d, J=73) (Me) 571 (pt, J= 9.6),
1.36 (d, J=7.0) 5.98, 6.16 (J=5.9) 491 (pt, J= 9.6)
2.82 (sp)
3¢l 241 (s) 136 (d, J=6.8) 5.84, 633 (J=5.8) 3.40 (m) 0.94 (d, J=7.1) (Me) 4.69 (m), 5.70 (m)
142 (d, J=6.9) 597,625 (J=5.7) 0.99 (d, J=6.8) (Me)
2.95 (sp) 232 (m) (CH)
4cld 237(s) 143 (d, J=6.8) 5.98, 6.02 (J=6.1) 2.16 (m) 1.04 (s) (¢Bu) 5.05 (dd, J=112, 7.0)
1.48 (d, J=6.8) 620, 6.42 (J=5.9) 577 (pt, J= 10.9)
3.07 (sp)
5cld 242 (s) 132 (d, J=6.6) 5.87, 6.00 (J=5.9) 2.85 (m) 295 (d, J= 14.1) 4.98 (m), 5.72 (m),
1.34 (d, J=6.3) 6.10, 6.14 (J=5.9) 318 (dd, J= 14.1, 3.6)
2.85 (sp) 7.3 (m) (Ph)
Complex CsMes NC*H R,R, NR;
6altl 1.82 (s) 438 (m) 1.10 (m), 1.6-2.1 (m) (CH,CH,), 5.95 (m)
3.12 (m), 3.42 (m) (CH,N)
6b! 171 (s) 472 (m) 1.26 (m), 1.98 (m), 2.18 (m) (CH,CH,),  6.64 (m)
3.26 (m), 3.44 (m) (CH,N)
8ald 1.90 (s) 342 (d, J=10) 2.0-23 (m) (CH,CH,), 2.85 (s)
334 (m), 4.0 (m) (CH,N)
8hl! 171 (s) 3.95 (d, J=8.2) 2.0-2.55 (m) (CH,CH,), 2.90 (s)
3.4 (m), 3.62 (m) (CH,N)
p-cymene
Complex Me iPr AB systems NC*H R,R,4 NR,
6kl 242 (s) 132 (d, J=6.9), 577, 625 (J = 6.0), 3.32 (m) 1.65-2.15 (m) (CH,CH,), 5.47 (m)
1.39 (d, J=7.0), 597,625 (J=6.1) 3.37 (m), 425 (m) (CH,N)
2.90 (sp)
9kl 241 (s) 138 (d, J=6.6), 5.86, 631 (J=5.8), 3.65 (m) 1.90 -2.10 (m) (CH,CHOH), 5.53 (m)
1.45 (d, J=6.8), 5.98, 6.27 (J = 6.0) 4.14 (dd, J=12.0, 5.1) (CH,CHOH),
3.00 (sp) 3.60 (m), 4.45 (bs) (CH,N),

4.09 (bs) (OH)

[a] Measured at room temperature. Chemical shifts in 6 from TMS as external standard. J values in hertz. Abbreviations s, singlet; bs, broad singlet; d,
doublet; dd, double doublet; pt, pseudotriplet; sp, septet; m, multiplet. [b] In CD,Cl,. [c] In (CD;),CO. [d] See Scheme 1. Assignment of protons given

below.
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Figure 1. Molecular representation of the trinuclear cation of 1b [{(»*-
CsMes)Ir(Ala));]*". Primed and double-primed atoms are related to the
non-primed ones by the symmetry transformations —x+y, —x+1, z, and
—y+1,x —y+1, z, respectively. Only the hydrogen atom on the asymmetric
C(2) has been included for clarity.

- C(143)

Figure 2. View of the trinuclear cation of 6¢ with the atom numbering
scheme. Only hydrogen atoms bonded to the two asymmetric atoms of each
proline ring have been included in the drawing for clarity.

each amino acidate are bonded to a metal centre in a chelated
fashion to form a five-membered metallocycle; the remaining
oxygen atom coordinates to a second, different metal centre
and confers an additional intermetallic bridging nature to the
amino acidate ligand.

The (N,0,0’)-bridging tridentate coordination of a-amino
acidates in transition metal complexes is rather unusual. Only
two other cyclic structures have been determined previously:
one is the tetramer [(cod)RuCl(D,L-Phe)], (cod = cycloocta-
diene; D,L-Phe = D,L-phenylalaninate),!'l and the second
species is the trinuclear complex [{(77°-CsMes)Rh(Phe)};]-
(BF,);, closely related to 1b.

The metal coordination environments could be described as
pseudo-octahedral where, in addition to the three coordina-
tion sites occupied by the amino acidate donor atoms, a -
bonded ring (pentamethylcyclopentadienyl in 1b, or p-
MeC¢H,Pr in 6¢) completes the metal coordination sphere.
Such coordination environments confer a chiral nature to
each metal centre of both complexes. Interestingly, applica-
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tion of the ligand priority sequence rules to each cationic
trimer'? shows that all three metal centres in both complexes
exhibit the same R configuration, that is for the three iridium
atoms in 1b, and for the three ruthenium atoms in 6c¢.

The entire configurational characterisation of the trinuclear
molecules also requires the description of the remaining chiral
centres present in these molecules. The chirality of the a-
carbon atom of both amino acidate ligands has been fixed in
the substrate amino acid (S) and should not be modified under
the reaction conditions. A third chiral centre appears in 6c¢ at
the nitrogen atom of the amino acidate after coordination to
the metal. According to previously determined structures,!'’]
and with a conformational analysis carried out for chelate
prolinate complexes based on the interdependence of tor-
sional bond angles on both five-membered fused rings
(metallocycle and prolinate),'*! the chirality observed at the
nitrogen atoms (S) is in all cases identical to that exhibited by
the a-carbon of the amino acidate ligand. As a summary, we
can characterise the diastereomers obtained in the solid state
with the chiral descriptors R, R, R ScScSc for 1b and Rg,-
RyuRruScScScSnSnSy for 6¢. An identical configuration, Ryy-
RinRriuScScSc, is present in the solid state for the closely related
phenylalaninate complex [{(#7°-CsMes)Rh(Phe)};]>+.[4 3]

Within the trinuclear cation 1b, both Ir—O bonding
interactions are apparently of a similar strength as reflected
by the statistically identical bond lengths observed, 2.130(7)
and 2.116(9) A (Table 2). The Ir—N bond length is also in this

Table 2. Selected bond lengths [A] and angles [°] for the trimeric cation of
1b.l

TIr—N(1) 2.122(13) Ir-C(7) 2.16(2)
Ir-0(1) 2.130(7) Ir-C(8) 2.147(14)
Ir-0(2) 2.116(9) Ir-GM 1.76(2)
Ir—C(4) 2.123(13) N(1)-C(2) 1.51(2)
Ir-C(5) 2.144(14) C(1)-0(1) 1.24(2)
Ir-C(6) 2.16(2) C(1)-0(2) 127(2)
N(1)-Ir-O(1) 78.4(6) Ir-O(1)-C(1) 116.2(10)
N(1)-Ir-0(2) 77.8(5) Ir-N(1)-C(2) 111.0(9)
N(1)-Ir-G 134.1(7) 0(1)-C(1)-0(2') 124.4(13)
O(1)-Ir-0(2) 86.8(4) 0(1)-C(1)-C(2) 119.9(13)
O(1)-Ir-GM 131.0(7) 0(2)-C(1)-C(2) 115.8(13)
0O(2)-Ir-GM 129.1(6) C(1)-C(2)-C(3) 109.2(13)

[a] The symmetry transformation used to generate primed atoms is: —x +
¥, —x+1, z. [b] G represents the centroid of the coordinated pentame-
thylcyclopentadienyl ring.

range, 2.122(13) A. These coordination bond lengths of the
alaninate ligand compare well with the values observed in the
related rhodium phenylalaninate complex [{(7°-CsMes)-
Rh(Phe)};]** (mean values of 2.115(3), 2.137(3) and
2.136(4) A, respectively). However, the Ir—O bond lengths
in these bridging carboxylato complexes are slightly longer
than the values observed in mononuclear (7°-CsMes)Ir™
compounds where a-amino acidates are coordinated in a
bidentate N,O-chelated fashion, such as in [ (57°-CsMes)IrCI(L-
pro)] (Ir—O: 2.086(5) and Ir-N: 2.136(6) A)1 [(-
CsMes)Ir(allylglicinato)] (2.085(8) and 2.107(7) A),18 [(i’-
CsMe;)Ir(C=CCMe;)(L-pro)] (2.105(5) and 2.135(6)A)17
and [(7°-CsMe;s)IrCl(2-methyl-3-dimethylaminobutanoato) |
(2.076(9) and 2.158(11) A),8! probably as a consequence of
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the greater electron density withdrawing occasioned by the
bridging bonding mode of the carboxylate ligand.

The bridging coordination of the L-prolinate ligand in 6 ¢ to
the isoelectronic '(7%-p-MeC¢H,Pr)Ru’ moiety generates
bond lengths and angles around the metal analogous to those
reported for 1b (Table 3). The Ru—Aa bond lengths (av
Ru—-N 2.116(6), av Ru—O(1) 2.096(5), av Ru—O(2)

Table 3. Selected bond lengths [A] and angles [°] for the trimeric cation of
6c¢.l2

(])[ﬂl (2)[3J (3) [a]
Ru-N 2.109(9) 2.109(10) 2.131(9)
Ru-0(1) 2.098(7) 2.089(7) 2.101(8)
Ru-0(2) 2.132(8) 2.121(8) 2.109(9)
Ru-C(6) 2.231(12) 2.168(14) 2.207(13)
Ru-C(7) 2.137(12) 2.147(14) 2.162(12)
Ru-C(8) 2.145(14) 2.176(13) 2.204(13)
Ru-C(9) 2.164(12) 2.175(13) 2.201(12)
Ru-C(10) 2.155(13) 2.165(13) 2.182(12)
Ru-C(11) 2.188(12) 2.181(12) 2.175(12)
Ru- G 1.652(5) 1.650(6) 1.669(5)
N-C(2) 1.50(2) 1.51(2) 1.494(14)
N-C(5) 1.48(2) 1.51(2) 1.48(2)
C(1)-0(1) 1.258(14) 1.239(13) 1.275(15)
C(1)-0(2) 1.252(14) 1.267(14) 1.263(14)
N-Ru-O(1) 76.4(3) 78.3(4) 77.3(3)
N-Ru-O(2) 82.0(3) 78.4(4) 77.9(3)
N-Ru-G 134.0(3) 134.8(3) 134.2(3)
0(1)-Ru-0(2) 83.1(3) 85.4(3) 85.7(3)
O(1)-Ru-G 130.1(3) 129.8(3) 130.5(3)
0O(2)-Ru-GI 131.1(3) 130.4(3) 130.9(3)
0(1)-C(1)-0(2) 123.3(10) 124.9(11) 122.1(11)
0(1)-C(1)-C(2) 119.9(10) 120.7(11) 119.9(11)
0(2)-C(1)-C(2) 116.7(10) 114.4(10) 117.9(11)

[a] Each column collects related geometrical parameters for the three ana-
logous—but crystallographically independent—moieties '(p-MeC4H,iPr)-
Ru(L-pro)’. The atom labelling scheme used has been systematized adding
1, 2 or 3 to the numbering shown in this table (see Figure 1). [b] G
represents the centroid of the coordinated six-membered p-MeC.H,iPr
rings.

2.121(5) A) are in good agreement with the average values
observed in N,O-chelate a-amino acidato—Ru!' complexes
(av Ru—N 2.128(9), av Ru—O 2.096(7) A).l¥) Interestingly,
within experimental error, the carboxylate group acts in both
complexes as a symmetrical bridging ligand.

Taking into account the trimeric nature of these complexes
and assuming that the nitrogen atom of the prolinate
compounds 6-9 adopt only the same configuration as the
asymmetric carbon atom of the amino acidate ligand,!'> 4 20l
these compounds could exist as four diastereomers, depend-
ing on the configuration at the metal atoms: S,:5,SScSc-
Sc(SnSnSn)s SuSuBuScScSc(SnSnSn)s SuBuRyScScSc(SySySn),
and RyRyRyuS-ScSc(SySySy).21 However, their 'H NMR
spectra showed only the presence of one or two of the four
possible diastereomers (see below) and, interestingly, in both
isomers only one set of resonances for the protons of the #-
ring (the most intense 'H NMR signals) appeared. Thus, the
two observed isomers must have the same configuration at the
three metals, that is S5, SuScScSc(SySaSn) or RyRyRy-
ScSeSc(SySaSy) (these are designated hereafter as o and p
isomers for simplification) because three sets of resonances of
equal intensity would be expected for the other two isomers
with different configuration at the metal centres.

1548
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Keeping in mind the different solution behaviour of the p
and o diastereomers (see below) we have examined the crystal
structure of complex 1b to try to obtain some information to
aid understanding of this behaviour. We have considered the
local supramolecular environment of a reference trimer
molecule (RM)P! by evaluating the packing potential energy
(ppe) through an atom —atom interaction contribution?? and
with the inclusion of a hydrogen-bonding system. It should be
stressed that the pairwise potential energy method is used
only as a means to investigate qualitatively the different
contributions of environment molecules (EM) around the
reference, with no pretensions of obtaining true crystal
potential energy values.®?!

The nearly spherical shape of the trimers permits pseudo
hexagonal close packing. Each trimer molecule is surrounded
by fourteen identical trinuclear molecules in an ABABA
sequence (1/3/6/3/1 molecules). The detailed analysis of the
relative contribution of each EM shows the six molecules in
the same plane of the reference molecule (A layer, ab
crystallographic plane) contribute less than 10% to the
calculated ppe. Within this plane, the molecules (cation +
anions) are well separated with intermolecular distances
among non-hydrogen atoms longer than 7.17 A (9.35 A for
cation —anion and 6.01 A for anion —anion separations). This
indicates that the interactions among molecules in the ab
plane are weak and, presumably, do not exert an appreciable
influence on the RM.

The most intense contributions to the ppe appear between
the RM and symmetry-related molecules along the ¢ axis,
which belong to consecutive close-packed layers (Figure 3).
Those molecules, numbered between 2 and 7 (6 and 7 not
shown in Figure 3) (B layers), account for more than 67 % of

Figure 3. Space-filling model of the pseudohexagonal close-packing
(ABABA) in 1b; molecules in the plane of the reference molecule (RM)
have been omitted for clarity. (shaded spheres: reference molecule (RM);
black spheres: fluorine atoms of the BF, groups; open spheres: environ-
ment molecules).

the interatomic contacts and make a significant contribution
to the estimated packing energy. Interestingly, the two
molecules in consecutive A layers (8 and 9 in Figure 3)
exhibit a repulsive contribution to the ppe, which is inter-
preted by the presence of cation-—anion ionic contributions
that are not considered in the ppe calculation program.?* In
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fact, a search for short interatomic distances, potentially
indicative of the presence of hydrogen bonding, has only
revealed the existence of this type of interaction between F
atoms of the BF, anions and aminic hydrogen atoms (Figure 4,
Table 4).

Table 4. Potential hydrogen bondsl® observed in the crystal structure of 1b.

isomer. In this solvent, NOE difference spectra for the iridium
L-prolinate complex 6b, showed enhancement of the signal
due to the NH proton (4.6 %) and to the C*H proton of the
amino acidate (5.3 % ) and no NOE effect for the CH, protons
adjacent to the asymmetric carbon, while the CsMes protons
were irradiated (Figure 5). These results support that complex

Atomsl®! d(D-H) [A] d(D - A) [A] d(H-- A)[A] X(D-H--A)[] 5.3

N
N(1)~ H(IN) - F(4c) [1] 1.00(2) 2.96(4) 2.05(5) 143(2) & /4;\‘
N(1)-H(IN) ---F(1d) [1] 1.00(2) 3.20(4) 2.21(5) 169(2) NG ~JF os
N(1)-H(IN) - F(2d) [1] 1.00(2) 3.26(5) 2.45(5) 137(2) Ir =
N(1)-H(IN)---F(3d) [1] 1.00(2) 3.26(6) 2.49(5) 133(2) o/
N(1)-H(IN)---F(2c) [1] 1.00(2) 3.14(4) 2.21(4) 154(2) / b N #
N(1)-H(2N)---F(2a) 0.99(2) 3.54(4) 2.56(4) 171(2) *
N(1)-H(2N)--F(2b) 0.99(2) 3.09(7) 2.17(7) 155(2)
C(3)-H(3a) - F(2¢) [1] 0.97(3) 3.17(5) 2.34(5) 142(2)

[a] Only distances shorter than 2.70 A were considered (0.2 A over the sum of Van der Waals radii). [b] All
disordered BF, groups were included in the calculation. [c] Symmetry transformation labelled with [1] refers to

x,y,z—1

Figure 4. Space-filling model of p-1b showing the location of the aminic
hydrogen atoms (H(1N) and H(2N)), which are hydrogen-bonded to the
chiral C(2) carbon (H(2)). The relative location of one BF, group is also
included. (Shaded spheres: carbon atoms; open spheres: hydrogen atoms;
black spheres: fluorine atoms of the BF, anions).

As a whole, crystal packing in 1b seems to be fundamen-
tally controlled by a great number of hydrophobic (non-polar)
interactions among most atoms situated on the surface of the
trimer molecules and a reduced number of hydrogen bonds
(polar interactions) between fluorine atoms of the BF, anions
and the aminic hydrogen atoms. The tridentate coordination
of amino acidate ligands, together with the relative low
conformational freedom of the trimers, force the oxygen
atoms of the carboxylate groups—potentially excellent hydro-
gen-bond acceptors—to be on the internal side of the
molecule, which makes their participation in interatomic
intermolecular interactions impossible.

Iridium and rhodium compounds: solution studies®!

In dichloromethane or acetone: The proton NMR spectra of
the iridium trimers in [D,]dichloromethane consisted of only
one set of signals, attributable to the presence of only one
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Figure 5. Selected NOE effects (%)
for the iridium L-prolinate trimer 6b,
in dichloromethane. Only one mono-
mer is shown for the sake of clarity.

6b exists as the o isomer in CH,Cl,. Correlations of metal
configuration among the series of iridium trimers can be
inferred from solution chiroptical properties. The circular
dichroism spectrum of compound 6b in CH,Cl, (Figure 6),
consisted of two main absorption maxima, with a positive
Cotton effect for the higher energy band and negative for the
other. No CD transitions have been observed for the parent a-
amino acid ligands above 230 nm. This suggests that the
measured absorptions are mostly due to metal transitions. The
CD spectra in Figure 6 (bottom) clearly indicate a pseudo-

1o }

1

I o
> wn

6b

(01107 Pem’ dmot
)

'
-~
-

6.0

-1

30

18] 1()'4/“cm2 dmol
=1
—3

-3.0

i
60 Lo .

300 500
A/nm
Figure 6. Circular dichroism spectra of iridium trimers in dichlorome-
thane. Top: [{(7’-CsMes)Ir(L-Pro)};](BF,); (6b). Bottom: [{(7°-CsMe;)-
Ir(Ala):](BF,); (1b), [{(-CsMes)Ir(VaDL](BF,); (3b), [{(7-CsMes)-
Ir(Phe)};](BF,); (5b), and [{(77°-CsMes)Ir(Me-Pro)};](BF,); (8b).
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enantiomorphic relationship between the optically pure
iridium trimers 1b, 3b, Sb, and 8b versus 6b, since similar
morphologies but opposite Cotton effects were observed. This
observation leads to the assignment of p configuration to the
aforementioned iridium trimers in dichloromethane solution.

The proton NMR spectra of the iridium trimers in
[Dg¢]acetone solution consisted of only one set of signals,
except for the prolinate complexes 6b and 7b, which showed
the presence of two diastereomers in a 73/27 molar ratio.?!
NOE difference spectra for the iridium phenyl alaninate
complex Sb, showed enhancement of the signal due to the
phenyl protons (4.3%) and no NOE effect for the proton
bound to the asymmetric carbon atom of the amino acidate,
while the CsMes protons were irradiated. These results
support that the p isomer of complex 5b was present in
acetone solution (Figure 7). The circular dichroism spectrum

N
—~ ﬂ\ \

H, P
/ff---"""""N /Ob !1 i C=0n__
O \ y H H;

/ oc——c\\Ob
p \ [y

Figure 7. Selected NOE effects for the iridium phenyl alaninate trimer Sb,
in acetone. The observed interaction between the CsMes group and the
C*H proton for the o diastereomer are outlined. Only one monomer is
shown for sake of clarity.

of compound 5b in acetone (Figure 8) consisted of one main
absorption maximum, with a positive Cotton effect, centred at
333 nm. The iridium trimers 1b, 3b, 4b, 6b, and 8b showed
CD spectra similar to that described for 5b (Figure 8 bottom).
On the basis of the NOE measurements for Sb and the
similarity of the CD spectra of compounds 1b, 3b, 4b, 6b, and
8b to that of 5b, we propose that the p isomer was either the
only or the major diastereomer observed. Evidently, the two
observed isomers for complex 7b are the two enantiomers of
those observed for 6b, as was easily derived from NMR and
CD spectra.

The configuration of all compounds remained unchanged
for days, in both solvents. In particular, the diastereomer
molar ratio for the L-prolinate complex 6b, in CD,Cl,,
remains at 73/27 for seven days at room temperature, as
assayed by NMR and CD spectroscopies.

Following a similar methodology,?”! we have determined
the absolute configuration for the rhodium compounds,
solubility permitting.”! In general, the behaviour is similar
to that reported for the iridium ones. The only diastereomers
of the thodium trimers [{(7°-CsMes)Rh(Tle)};](BF,); (4a) and
[{(7>-CsMes)Rh(Me-Pro)};](BF,); (8a) detected in dichloro-
methane, and of the [{(°-CsMe;s)Rh(Val)};](BF,); (3a), [{(%’-
CsMes)Rh(Tle)}:](BE,); (4a), [{(77-CsMes)Rh(Phe)}s](BF,);
(5a), and [{(#°>-CsMes)Rh(Me-Pro)};](BF,); (8a) in acetone,
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Figure 8. Circular dichroism spectra of iridium trimers in acetone. Top:
[{(7*-CsMes)Ir(Phe)ls|(BF,); (5b). Bottom: [{(77°-CsMes)Ir(Ala)}s](BE.);
(Ib) [{(7*-CsMes)Ir(VaDL:](BF,); (3b), [{(°-CsMes)Ir(Tle)}s|(BE,); (4b).
[{(7>-CsMes)Ir(L-Pro)};](BE,); (6b), and [{(>-CsMes)Ir(Me-Pro)};](BF,);
(8b).

were the p isomers. The prolinate complex 6a again was an
exception; in dichloromethane only the o diastereomer was
observed and, in acetone, this isomer was the major compo-
nent of an approximately 27/73 mixture of p and o isomers. As
stated for the iridium compounds, their rhodium analogues
are also configurationally stable in both solvents. In particular,
complexes 3a, 5a, 6a, and 8a do not isomerise in (CD;),CO
over a period of seven days at room temperature.

In methanol: All the trimers underwent diastereomerisa-
tion processes in methanol. At room temperature, freshly
prepared solutions contained mixtures of the p and o isomers.
The concentration of the o diastereomer increased slowly with
time and, in general, equilibrium was not reached after three
hours at room temperature.® ] The rate of diastereomerisa-
tion was greater for the rhodium than for the iridium trimers.
In all cases, the equilibrium was reversibly shifted to the o
isomers at higher temperatures (to the p isomers for the
prolinate complexes), as assayed by 'H NMR and CD
spectroscopies. As representative cases, after three hours in
methanol at approximately 28 °C, the p/o ratios for the iridium
alaninate compound 1b and for the phenyl alaninate analogue
5b were 81/19 and 34/66, and the values of this ratio changed
to 73/27 and 20/80, after the solutions were maintained for
three additional hours at approximately 47°C. The ratio
reverted to 79/21 and 27/73 after the temperature was lowered
to 28°C.

For reasons of rate and solubility convenience, the constant
for the equilibrium (a) was determined in the range 270-
318 K, by integration of peaks in the 'H NMR spectra of the

tberules=non€R Rz, RrnScScSc-4a = SpuSriSriScScSc4a (a)
o 5]

0947-6539/99/0505-1550 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 5



Cationic Trimers

1544-1564

equilibrated solutions. The equilibrium obeyed a simple van’t
Hoff dependence with the temperature, with AH°=23.4+
0.5 kJmol~! and AS°=80.6 1.7 JK'mol~" (Figure 9).

In(Keq) 0

1 -

- L] Ll
0.0031 0.0035 0.0037

17T

Figure 9. Van't Hoff plot for the diastereomerisation of [{(7>-CsMes)-
Rh(Tle)};](BF,); (4a) in methanol.

1
0.0033

On the other hand, the rate of the isomerisation of the
iridium compound [{(7>-CsMe;)Ir(Me-Pro)};](BF,); (8b) at

ky
RyRyR;:ScScScSnSnSn-8b = SuiSruSunScScScSnSySy-8b

51°C was adequate to be monitored by "H NMR spectroscopy
. Integration of the CsMes resonances assignable to the p and
o isomers affords the kinetic data. A first-order rate law was
obtained (Figure 10)P° with a rate constant k of 2.4540.01 x
10-3s~!. The value of the equilibrium constant for (b) at 51°C,

In{([o-8b], —[0-8b].) / ([0-8b]; — [0-8b]o)} = kt = (ky + k_y)t

determined by integration of the 'H NMR spectra of
equilibrated solutions, was 0.389.

1.5

nlclatel, ™
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Figure 10. Kinetic plot for the diastereomerisation of [{(7°>-CsMes)Ir(Me-
Pro)};](BF,); (8b) in methanol.

In water: The 'TH NMR spectra of the water soluble rhodium
or iridium complexes 1b, 4a, 4b, 6a, 6b, and 8b showed the
presence of only one set of signals. The N-methyl-L-prolinate
rhodium compound 8a showed two sets of signals assignable
to two diastereomers in a 95/5 molar ratio. In contrast to the
dichloromethane or acetone solutions, the CD spectra in

Chem. Eur. J. 1999, 5, No. 5
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water were uninformative, showing no noticeable maxima in
the 200-600 nm region. These experimental facts could be
explained by the assumption that a rapid interconversion, on
the proton NMR time scale, between the p and o diaster-
eomers took place. In order to confirm or discard this
proposal, a drop of D,O was added to a 81/19 p/o diastereo-
meric mixture of the iridium alaninate trimer [{(7°-CsMes)-
Ir(Ala)};](BF,); (1b) in CD;0D, and the resulting solution
was monitored by proton NMR spectroscopy. The addition
produced an instantaneous partial isomerisation from the p to
the o diastereomer and the ¢ isomer was the only species
present when the amount of water added was increased to
approximately 15% of the total volume of the solution.B!
Analogously, it was shown that only the o diastereomer of the
complexes 4a and 4b was present in water. However, the
unique or major diastereomer for the prolinate complexes 6a,
6b, 8a, and 8b was the p isomer. Complexes 8a and 8b
underwent a slow diastereomerisation process from the p to
the o isomer (8a: from 95/5 to 79/21, six days, 22°C; 8b: from
100/0 to 87/13, 13 hours, 90°C).?2 These results excluded the
existence of a rapid isomerisation process and indicated that
the species were rigid under these experimental conditions.
With respect to the measured CD spectra, strong solvent
effects on the circular dichroism transitions have been
previously reported and it has been pointed out that they
could arise from conformational changes and solvent inter-
actions with the electric transition dipole moments.*]

It is worthy of mention that from different solvents and
solution compositions, the crystallised products were always
the pure p diastereomers for both iridium and rhodium
trimers (the o isomers for the prolinate compounds). Thus,
when an aqueous solution containing pure alaninate iridium
trimer o-1b was evaporated to dryness and the resulting
yellow microcrystals were completely redissolved in dichloro-
methane, the 'H NMR and CD spectra showed the presence
of only the p-1b diastereomer. Similarly, the residue obtained
when an aqueous solution of the tertleucinate rhodium
complex o-4a is dried, consisted of pure p-4a as shown by
its 'TH NMR and CD spectra in acetone.

Ruthenium compounds: solution studies®!

In dichloromethane: The X-ray single-crystal study carried out
on the L-prolinate ruthenium trimer 6¢ proved that the p
isomer only was present in the crystal (see above). A sample
of these single crystals was dissolved in CD,Cl,, and the
'H NMR spectrum showed that only one diastereomer was
present in solution. The corresponding CD spectrum con-
sisted of one main absorption peak, with positive Cotton
effect, centred at about 405 nm, with a shoulder shifted to
higher energies. NOE difference spectra showed enhance-
ment of the signal due to the CH,N protons and no NOE
effect for the proton bound to the asymmetric carbon atom of
the amino acidate, while the aromatic protons of the p-
MeC¢H,iPr ligand were irradiated. These results indicated
that, as in the solid, the isomer of complex 6¢ observed in
dichloromethane was the p diastereomer. In this solvent,
complex p-6¢ isomerised slowly to 0-6¢. The evolution, at
room temperature, of the CD spectra is depicted in Figure 11.
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Figure 11. CD spectra of the ruthenium trimer [{(7°-p-MeC,H,iPr)Ru(L-
Pro)};] (BF,);-H,0 (6¢) in dichloromethane: a) immediately after disso-
lution, b) three and, c) seven days later.

Furthermore, the 'H NMR spectra measured three and seven
days later revealed p/o ratios of 40/60 and 23/77, respective-
1y.2l Because this composition remained unchanged seven
days later, we assume that the room temperature p-6 ¢ == 0-6¢
equilibrium constant is 77/23 and the o L-prolinate ruthenium
trimer is the thermodynamically favoured isomer in this
solvent. The tertleucinate and phenyl alaninate ruthenium
compounds 4c¢ and Sc¢ were the only remaining ruthenium
trimers soluble enough in dichloromethane to enable solution
measurements.?! In both cases, the '"H NMR spectra showed
the presence of only one diastereomer and, on the basis of the
similarity of their CD spectra to that of the p-6¢ isomer
(Figure 12), we assigned it p configuration. In contrast to the
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Figure 12. CD spectra of the ruthenium trimers [{(3°-p-MeC¢H,iPr)-
Ru(Tle)L:](BF,);-H,O (4¢) and [{(3*-p-MeCH,iPr)Ru(Phe)};](BF,); -
H,O (5¢) in dichloromethane.

solution behaviour of complex 6¢, complexes 4¢ and Sc did
not diastereomerise in dichloromethane; the spectra re-
mained unchanged after four and seven days, respectively, at
room temperature.

In acetone or methanol: In these solvents, 'H NMR spectra
revealed the presence of only one diastereomer for the
valinate (3¢) and tertleucinate (4¢) ruthenium compounds
and mixtures of the o and p isomers, enriched (>80 % ) in one
of the two components, for 1¢, Sc—7¢, and 9¢. At room
temperature, the composition of complexes 3¢ and 4¢ did not
change with time while the others isomerised slowly to the
more abundant diastereomer which then became the only
species detectable by "H NMR spectroscopy after four to ten
days. As a representative example, Figure 13 shows the CD
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Figure 13. CD spectra of the ruthenium trimer [{(7°-p-MeC H,iPr)Ru(L-
Pro)};](BF,);- H,O (6¢) in acetone: a) immediately after dissolution, b) six
and, c) twenty days later.
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spectra of the L-prolinate complex of ruthenium 6¢ in
acetone, immediately after dissolution, six, and twenty days
later. The evolution of the spectra clearly shows the pro-
gressive increment in the optical purity of the sample. The
absolute configuration of the isomers was confirmed by NOE
difference spectra for an optically pure sample of the L-
prolinate complex 6c¢ in acetone. As in dichloromethane,
NOE difference spectra showed enhancement of the signal
due to the CH,N protons and no NOE effect for the proton
bound to the asymmetric carbon atom of the amino acidate
when the aromatic protons of the p-MeC¢H,iPr ligand were
irradiated. This result indicated that the p isomer of complex
6¢ was the final product of isomerisation. Figure 14 clearly
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Figure 14. CD spectra of the ruthenium trimers [{(5°-p-MeC¢H,iPr)-
Ru(Ala)};](BE,); H,0  (L¢), [{(1-p-MeCoH,iPr)Ru(Val)};](BE,);- H,O
(3¢), [{(-p-MeCHLiPr)Ru(Tle)}5](BE,); - HLO (4¢), [{(*-p-MeC H.iPr)-
Ru(Phe)};](BF,);-H,0 (5¢), and [{(y*-p-MeCeHiPr)Ru(Hyp)}s](BF,); -
H,O (9c¢) in acetone.

shows the similarity between the CD spectra of the final
isomerisation products 1¢, 3¢—5¢, and 9 ¢ with respect to that
of pure p-6¢.54 In all cases, the main feature was a maximum,
with positive Cotton effect, centred at about 410 nm, with a
shoulder shifted to higher energies. Consequently, we assign
to all of them the p configuration.

In water: A crystalline sample of the L-prolinate 6¢ was
dissolved in D,O and the '"H NMR spectrum showed that only
one diastereomer was present in solution. The corresponding
CD spectrum consisted of one main absorption peak, with
positive Cotton effect, centred at about 400 nm, with a
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shoulder shifted to higher energies. The p configuration was
assigned to the isomer of 6¢ in aqueous solution on the basis
of the X-ray crystallographic results for p-6¢ and the
similarity of the CD spectra in the four measured solvents.
Complex p-6¢ isomerised slowly to 0-6¢, the p/o ratio being
70/30 after seven days.”! This ratio remained unchanged
twelve days later and we assumed that the room temperature
p-6¢c=0-6¢ equilibrium constant is 30/70. The 'H NMR
spectra of the ruthenium trimers 1e, 3¢, S¢, and 9¢ consisted
of two sets of resonances with 58/42, 75/25, 65/35, and 80/20
intensity ratios.??! Their CD spectra (Figure 15) showed
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Figure 15. CD spectra of the ruthenium trimers [{(7%-p-MeCsH,iPr)-
Ru(Val)l;](BF,);- H,O0 (3¢), [{(1#°-p-MeC¢H,iPr)Ru(Phe)};](BF,);- H,O
(5¢), [{(7°-p-MeC¢H,iPr)Ru(L-Pro)};](BF,);-H,O (6¢), and [{(7°-p-Me-

C¢H,Pr)Ru(Hyp)};](BF,);- H,O (9¢) in water.

similar features to those of p-6c¢ and, consequently, we
assigned to the more abundant isomer the p configuration.
Whereas compounds 1¢, 3¢, and 5S¢ did not isomerise, the p/c
ratio for the 4-OH-prolinate compound 9 ¢ reached a constant
value of 60/40 after seven days in solution.

On the other hand, a solution of pure prolinate ruthenium
trimer p-6¢ in dichloromethane was left to isomerise to
achieve a 60/40 p/o ratio. During this process, a small number
of yellow needles were formed. The mixture was evaporated
to dryness and the residue was redissolved in CD,Cl,. The
'"H NMR spectrum exhibited a 68/32 p/o ratio. In another
related experiment, an aqueous solution of a 65/35 p/o ratio
mixture of the phenylalaninate ruthenium trimer Sc¢ was
evaporated to dryness. The composition of the residue in
CD,(Cl, was the same as in the aqueous solution, within
experimental error. Thus, in contrast to the rhodium and
iridium trimers behaviour, the solid-state composition of the
ruthenium trimers depends on the composition of the
solutions from which they originated. Table 5 summarises
the equilibrium compositions for complexes 1-9 in the four
solvents investigated.

Exchange processes: An equimolar mixture of the tertleuci-
nate thodium and iridium complexes [{(7>-CsMes)M(Tle)};]-
(BF,); (M=Rh (4a), Ir (4b)) was dissolved in CD;0D at
—77°C and monitored by 'H NMR spectroscopy. An initial
'"H NMR spectrum was immediately recorded at —84°C and it
revealed that only the two starting compounds were present in
the solution but, five minutes later at the same temperature,
new signals emerged in the CsMes region. At room temper-
ature, the spectrum showed nine new resonances in this region
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Table 5. Equilibrium diastereomer ratio (p/0)i? for complexes 1-9 in
different solvents

Metal Rh Ir Ru
dichloromethane
amino acidate > 98/2 > 98/2 >98/2
L-Pro <2/98 <2/98 23/77
acetone
amino acidatel®! > 98/2 > 98/2 >98/2
L-Pro 27173 73/27 > 98/2
methanol:
amino acidatel®! d] ld > 98/2
water:
Tle <2/98 <2/98 le]
Ala - <2/98 le]
L-Pro >98/2 > 98/2 70/30
Me-Pro [f] [l _
Hyp - - 60/40

[a] The ratio values >98/2 or <2/98 are quoted when only one of the two
isomers was detected, at equilibrium, by 'H NMR spectroscopy. [b] All the
measured amino acidates except the L-prolinate. [c] All the measured
amino acidates. [d] Variable p/o ratio values. The proportion of the o
isomer increases with temperature. [e] Variable p/o ratio values (see text).
[f] The equilibrium was not achieved.

and a FAB" mass spectrum of the solution revealed peaks at
m/z values of 828, 1196, and 1285, assignable to [ (17°-CsMes),-
RhIx(Tle),]", [(7"-C;Meg),Rh,x(Tle),]", and [(7-CsMey)s-
Rhlr,(Tle);]* fragments, respectively.

Transfer hydrogenation of aldehydes: Most of the experi-
ments were carried out with citral (a 64/36 mixture of geranial/
neral) and frans-cinnamaldehyde as substrates and with [{(#’-
CsMes)Rh(L-Pro)};](BF,); (6a) and [{(7°-p-MeC:H,iPr)Ru(L-
Pro)};](BF,); (6¢) as catalysts. HCOONa and 2-propanol
acted as hydrogen donors, but dioxane was completely
unreactive.

Catalysis by [{(n*-p-MeC;H iPr)Ru(L-Pro)};](BF,); (6¢): So-
dium formate served as a good H-donor in water/toluene
biphasic systems for the reduction of citral. In one hour at
100°C, 25.6 % geraniol and 10.5 % nerol were produced (total
turnover 65). However, further heating did not result in a
noteworthy change of the composition of the reaction mixture
and it was shown that the reaction had stopped. It was not
possible to reduce the aldehydes with 2-propanol as the sole
reducing agent. Thus, a solution of citral in 2-propanol when
refluxed at 83°C in the presence of the Ru complex did not
yield any saturated product in two hours and the geranial/
neral ratio also remained unchanged. Addition of solid
sodium formate (2-30 times excess over Ru) to the above
solution in 2-propanol triggered a fast reaction of citral.
Typically, in one hour, 70— 146 turnovers could be achieved in
refluxing 2-propanol with formate:Ru ratio as low as 2:1.
Consequently, this is a formate-assisted hydrogen transfer
from 2-propanol to citral. Similar results are obtained with
cinnamaldehyde. In all cases, the reaction is selective for the
formation of unsaturated alcohols and in most reactions the
products of C=C hydrogenation hardly amount to 1% of the
substrate. Moreover, the cis:trans composition (64:36 in citral)
remained unchanged in the product even at high conversions
(Scheme 2).
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the selectivity in favour of C=C
double bond reduction usually
observed for Rh-phosphane
catalysts.*]

Enantioselective transfer hy-
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Scheme 2. Transfer hydrogenation of frans-cinnamaldehyde and citral with [{(7°-CsMe;s)Rh(L-Pro)};](BF,); (6a)

and [{(17°-p-MeC¢H,iPr)Ru(L-Pro)};](BE,); (6¢) as catalysts.

An intriguing unwanted feature of these catalytic reactions
is that in most cases they stop at low total turnovers.
Therefore, we checked several possibilities of inhibition and
catalyst deactivation. In separate experiments it was estab-
lished that:

i) there is no inhibition by the alcohol products,
ii) there is no inhibition by acetone,
iii) water is neither inhibitory nor advantageous for the
reaction (up till 2% v/v),
iv) neat 2-propanol is much more efficient than a propanol/
toluene = 1/9 mixture.

Special attention was paid to the possible effects of
HCOONa. Typically, ratios of formate/ruthenium of 2, 10,
and 20 were used. No striking difference could be seen in the
turnovers of the various reactions due to the change in the
formate concentration. Pretreatment of the Ru complex with
2 equiv of HCOONa in boiling 2-propanol prior to the
addition of substrate, resulted in a solution of somewhat
diminished catalytic activity (total turnover in one hour was
110 compared to the usual 146).

The reaction proved sensitive to temperature. At 58°C,
1.46 mmol citral was reduced with 81.6 % conversion in nine
hours as opposed to the one hour or less reaction time at
83°C. The reaction was preceded by an induction period of
about one hour. Following the induction period, the reaction
proceeded at a uniform rate until the consumption of most of
the substrate.

In reduction of cinnamaldehyde, exclusive selectivity
towards the formation of cinnamyl alcohol was observed
both with [{(#%p-MeCsH,iPr)Ru(L-Pro)};](BF,); (6¢) and
with [{(75-p-MeC¢H,iPr)Ru(Phe)};](BF,); (5¢). The latter
complex proved more active (such as in acetophenone
reductions, see below); conversions in one hour under stand-
ard conditions were 30.3 and 40.9 %, respectively.

Catalysis by [{(n>-CsMes)Rh(L-Pro)};](BF,); (6a). Reaction
with a five times excess of HCOONa in refluxing 2-propanol
gave a clear light brown solution which reduced citral to
geraniol and nerol with total turnovers of 30-60 in 30—
60 min. Heating the catalyst dissolved in the formate-con-
taining 2-propanol solution for 10 min prior to the addition of
the substrate led to almost complete deactivation and only
seven turnovers were observed in 30 min. An interesting
feature of these reactions is in that no hydrogenation of the
C=C bonds in the substrate took place. This is in contrast to
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Ru(L-Pro)Cl], [(n5-p-MeCsH,-
iPr)Ru(Phe)Cl], [(17°-CsMes)-
Rh(D®-Pro)Cl], [(17>-CsMes)Ir(L-
Pro)Cl], and [(7>-CsMes)Ir(Me-Pro)Cl] were studied as
catalysts for this reaction (Scheme 3). With the exception of
the N-methyl-prolinate complex of iridium, all the above
complexes actively catalyse hydrogen transfer from 2-prop-
anol to acetophenone (see Tables 6 and 8). The reaction

(6] (I)H

CH
o

Scheme 3. Enantioselective transfer hydrogenation of acetophenone.

CHy cat / HCOONa

2-propanol, 83 °C

Table 6. Catalytic transfer hydrogenation® of acetophenone with 2-prop-
anol.

Entry  Catalyst Conv.l[%]  eeld[%]
1 [{(n°-p-MeC¢H,iPr)Ru(L-Pro)};](BF,); 69.9 71
2 [{(7°-p-MeCsH,iPr)Ru(-Pro)ls](BF,);  69.3 700l
3 [{(n>-p-MeC¢H,iPr)Ru(L-Pro)};](BF ), 67.0 71
4 [{(n°-p-MeCH,iPr)Ru(Phe)};](BF,); 86.3 2
5 [(7>-p-MeC4H,iPr)Ru(Phe)Cl] 87.5 23
6 [ (37°-p-MeC¢H,iPr)Ru(L-Pro)Cl] 433 70
7 [{0r-C:Me)Rh(L-Pro)LJ(BF,), 87 60
8 [{(7°-CsMes)Rh(L-Pro)};](BF,);! 8.0 61
9 [{0-CMen)Ir-Pro)](BF,); 156 59
10 [{07-CMe)Ir(L-Pro) ,](BF,) 206 64
11 [ (17°-CsMes)Ir(L-Pro)Cl] 17.0 58
12 [ (1°-CsMes)Ir(Me-Pro)Cl] 1.8 2

[a] Standard conditions, see Experimental Section. [b] 1 equiv HCOONa.
[c] Conversion of acetophenone in 1 hour. [d] Enantiomeric excess of (R)-
(+)-1-phenylethanol. [e] Enantiomeric excess of (S)-(—)-1-phenylethanol.

requires the addition of a base of suitable basicity. Under the
standard conditions (see Experimental Section) 8 to 80%
conversion of the starting material can be achieved in one
hour (corresponding to 17—-170 turnovers of the catalyst) to
yield 1-phenylethanol with up to 75% enantiomeric excess.
With L-amino acids, the major product is (R)-(+)-1-phenyl-
ethanol.

The fast reaction of acetophenone is preceded by an
induction period. At 83°C, with [(%p-MeCsH,iPr)Ru(L-
Pro)Cl], this lasts about 10 min but can be as long as 60 min
at 61°C (Figure 16). During the induction period, complexes
of all three metals undergo characteristic changes in colour.
The originally yellow solutions of the Ru complexes become
red towards the end of the induction period and a tobacco
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Figure 16. Conversion of the substrate and enantiomeric excess of the
product (R)-(+)-1-phenylethanol as a function of time in transfer hydro-
genation of acetophenone catalysed by [ (17°-p-MeC¢H,iPr)Ru(L-Pro)Cl] at
61°C, 0.01 mmol Ru, 2.14 mmol acetophenone, 5 mL 2-propanol, 100 uL
0.2M aqueous HCOONa.

brown colour develops at high conversion. Pale yellow Ir
solutions become strong yellow and the light yellow solutions
of Rh-complexes gain an orange tint during the hydrogen
transfer reactions. Both the yields and enantioselectivities
depend strongly on the catalyst and base used and, therefore,
a systematic study of the effect of reaction variables was
undertaken.

Comparison of the catalysts: The comparison of the catalysts
are given in Tables 6 and 8. In general, the catalytic activity in
a series with the same aminoacidate ligand varies in the order
Ru > Ir > Rh. With the same metal, the use of less bulky and
more flexible aminoacidate ligands generally results in
increased rates with a concomitant loss in enantioselectivity.
There is no substantial difference in the catalytic activity of
the trimeric complexes (introduced as tetrafluoroborate salts)
and the monomeric chloride compounds. Furthermore, com-
plexes with L and D isomers of the same amino acid show the
same activity and degree of enantioselectivity; with p-amino
acid ligands, the expected (S)-(—)-1-phenylethanol is pro-
duced (Table 6, entries 1, 2).

Effect of base, chloride, or amino acid addition: 1t is clearly
seen from the data of Table 7 that the reaction requires a mild
base instead of KOH or NaOH, which are widely utilised to
promote hydrogen transfer from 2-propanol with various
catalysts. Actually, following the experimental protocol
(strongly alkaline conditions, 0.01 mmol catalysts, 10 mmol
acetophenone) successfully used with [RuClL,(PPh,),],7! only
1.3 % conversion was achieved in one hour which corresponds
to thirteen turnovers of the [{(7°-p-MeCsH,iPr)Ru(L-Pro)};]-
(BF,); (6¢) catalyst.

The most suitable base additives are Na,CO; and HCOONa
which both promoted the reaction with equal efficiency for all

Chem. Eur. J. 1999, 5, No. 5
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Table 7. Effect of bases on the transfer hydrogenation of acetophenone.?]

Base Rul! Rhl Irldl
conv.ll[%] eell[%] conv.Fl[%] eell[%] conv.l[%] eel[%]
none 0.0 - 1.8 n.d. 5.5 55
Na,CO, 678 71 10.6 52 16.6 60
(NH,),CO; 13 37 157 8 45 n.d.
NaOH 30.8 71 8.8 40 10.3 20
HCOONa 69.9 71 8.7 60 15.6 59

[a] Standard conditions, see Experimental Section. [b] Ru= [{(#°-p-Me-
CH,PRUG-Pro)},|(BF,);.  [c] Rh— [{(-C;Me;)Rh(i-Pro)}|(BF.);.
[d] Ir = [{(3°-CsMes)Ir(L-Pro) )5 (BE,);. [e] Conversion of acetophenone in
1 hour. [f] Enantiomeric excess of (R)-(+)-1-phenylethanol.

the complexes investigated. These two bases also led to the
highest enantioselectivities. Conversely, (NH,),CO; was ef-
fective only in the case of [{(#>-CsMes)Rh(L-Pro)};](BF,);
(6a); however, the increased activity was accompanied by a
substantial decrease in enantioselectivity. NaOH gave lower
but still acceptable rates with complexes of all three metals
but the enantioselectivity remained high only in combination
with [{(75-p-MeC¢H,iPr)Ru(L-Pro)};](BF,);.

Taking into account its effect on the rates and selectivities in
combination with all the complexes investigated, sodium
formate was found to be the most suitable base and was
applied in most cases. Both the rates and enantioselectivities
are insensitive to small changes in the concentration of water
or HCOONa (2-4% v/v, 1 or 2 equiv of formate/metal; see,
for example, Table 6, entries 3, 8, 10).

Addition of L-proline strongly inhibits catalysis by [{(#°p-
MeC¢H,iPr)Ru(L-Pro)};](BF,);; 1.6 equiv per ruthenium al-
most completely stop the reaction (4.2% conversion in one
hour). It is important to note, however, that the enantiose-
lectivity (74% ee) remains unaffected (see Table 2SP in
Supporting Information available from the authors). Chloride
has a pronounced inhibitory effect on the reaction rate
(Table 6) both with [ (°-p-MeC4H,iPr)Ru(L-pro)Cl] and with
[{(7°-p-MeC4H,iPr)Ru(L-Pro)};](BF,);. With the former cata-
lyst, at a ClI7/Ru ratio of 15.5, hardly any reaction was
observed (2.9% conversion in one hour) and the reaction
mixture remained yellow throughout; the usual colour
transition to red was not apparent.

Enantioselectivity as a function of reaction time: Although the
reactions of medium duration (1-3h) showed high and
reproducible enantioselection, it was observed that when
larger amounts of acetophenone were subjected to reduction
by hydrogen transfer over long reaction times the enantio-
meric composition of the final mixture was adversely effected
(see Table 1SP in Supporting Information available from the
authors). However, no direct inverse relationship could be
found between catalyst turnover and enantioselectivity and
this phenomenon may be due to secondary processes which
gain significance over time. It is also noteworthy that the
enantioselectivity could not be increased by accelerating the
reaction with more catalyst.

The change of enantioselectivity as a function of reaction
time was investigated with [ (5°-p-MeC¢H,Pr)Ru(L-pro)Cl] at
83, 71 and 61°C (Figure 16; see Figures 1SP and 2SP in the
Supporting Information available from the authors). A
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striking feature of the reaction at all temperatures is a sharp
rise of the enantiomeric excess during the induction period.
At 61°C, the enantiomeric excess increases from 46 %
(20 min, 0.9 % conversion) to 69 % (60 min, 6.4 % conversion)
and this change is accompanied by the characteristic colour
change of the catalyst from yellow to red. In the later phase of
the reaction, the enantiomeric excess reaches a saturation
value (75 % at 150 min) but starts slowly decreasing at longer
reaction times. This decrease is more strongly expressed at
83°C where the ee falls back from its highest value, 72 % at
20 min to 66 % in two hours.

Pretreatment of the catalysts: Since it was known that, in most
cases, the catalyst complexes change their configuration
around the metal ion as a function of solvent, temperature
and time (see solution studies), experiments were carried out
in which the catalysts were pretreated for 30 min in aqueous
2-propanol (16.7% v/v H,0) at 83°C in the absence of both
acetophenone and base.

In the majority of cases, this pretreatment moderately
decreased the activity of the catalyst accompanied by no or

Table 8. Effect of the pretreatment of the catalyst/*® on the rate and the enantioselectivity of catalytic hydrogen

transfer from 2-propanol to acetophenone.

corporated into sol gel glasses®! prepared by hydrolysis of
tetramethoxysilane and condensation of the resulting silanols
in the presence of the said compounds. The finely ground
glasses were used as solid catalysts under otherwise identical
conditions as described in the Experimental Section for the
soluble complexes. In general, they showed lower activities as
expected and the optical yields were also markedly lower in
comparison to the homogeneous systems. As an example,
glass-encapsulated [{(7%-p-MeC H,iPr)Ru(D-Pro)};] (BF,);
yielded (S)-(—)-1-phenylethanol with 17.7% conversion
(2 h) and 38% ee compared to 69.3% conversion (1 h) and
70 % ee in a homogeneous system.

Other observations: Dioxane proved completely unsuitable as
hydrogen donor for acetophenone reduction with these
catalysts. As an example, [{(7°-p-MeCH,Pr)Ru(L-Pro)};]-
(BF,); did not undergo a colour change and did not catalyse
the reaction, either in presence or absence of HCOONa.
Other ketone substrates such as pulegone and carvone were
subjected to the same reaction conditions as acetophenone.
No reaction was detected in any of these experiments. [ (1°-p-
MeC¢H,iPr)Ru(L-pro)Cl] and
[{(7"-p-MeCH.iPr)Ru(Ala)}s]-
(BF,); (the latter showed the

highest activity in hydrogen

Entry Catalyst No pretreatment Pretreated

conv.[%] eel %] conv.[%] eel[%]  transfer) were tested as cata-
13 [ (7*-p-MeC,H,iPr)Ru(Ala) ;(BE,), 86.6 7 25.4 14 lysts of acetophenone hydroge-
14 [ (7°-p-MeCGH,iPr)Ru(L-Pro) |;(BF,); 67.0 71 229 70 nation with molecular H,. De-
15 [(7°-CsMes)Ir(L-Pro) Jy(BF,); 20.6 64 167 60 pending on the solvent, temper-
13 %E":'85ﬁ65;irglf))]f(é%); 222 ‘g ;g; ‘1% ature and reaction time, 1.4 % —

n°-CsMes)1r a) |3 4)3 . . o, .

18 [(-CsMes)Rh(L-Pro) J,(BF,), 8.0 61 15.5 66 28% conversions - were .‘?b‘
19 [(7°-CsMes)Rh(Tle) [,(BE,), 35.1 16 28.0 29 served with enantioselectivities

[a] Standard conditions, with 1 equiv HCOONa, see Experimental. [b] Pretreatment as described in the text.
[c] Conversion of acetophenone in 1 hour. [d] Enantiomeric excess of (R)-(+)-1-phenylethanol.

only a slight change (mostly increase) in enantioselectivity
(Table 8). However, the activities of both [{(7°-p-MeCsH,iPr)-
Ru(L-Pro)}:](BF,); and [{(1°-p-MeC¢H,iPr)Ru(Ala)}:](BF,);
were strongly affected (conversion of 22.9% instead of 67.0,
and 25.4 % instead of 86.6 %), while the enantiomeric excess
changed only moderately (71 % instead of 70%, and 14 %
instead of 7% ). Similar to solutions with added chloride, the
pretreated Ru catalysts did not show the characteristic yellow
to red colour change during the hydrogen transfer reactions.

Enantiomerically pure (R)-(+)-1-phenylethanol under hy-
drogen transfer conditions with [{(7°%-p-MeCsH,iPr)Ru(L-
Pro)};](BF,); catalyst did not show dehydrogenation or
racemisation. Similarly, addition of 1-5 equiv of (R)-(+)-1-
phenylethanol (per ruthenium) did not modify the enantio-
selectivity of acetophenone reduction.

Heterogenisation of the catalysts: Since it was conceivable that
less coordination flexibility or decreased rotational freedom
of the ligands attached to the metal ion may lead to an
increase in enantioselectivity of the catalysts, [{(#-p-Me-
CsH,iPr)Ru(L-Pro)};](BF,);, [{(#°p-MeC¢H,iPr)Ru(D-Pro)};]-
(BF)s, [{(n*-p-MeCsH,iPr)Ru(Ala) 5] (BF,)s, [{(177-CsMes)-
Rh(Tle)};](BFE,);, and [{(1°-CsMes)Ir(Tle)};](BF,); were in-
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in the 52% -66%
1 bar total pressure.

range at

Discussion

Synthesis, characterisation, and solution studies: A general
reaction for a-amino acidate rhodium, iridium or ruthenium
chloride complexes of the formula [(3-ring)M(Aa)Cl] is the
trimerisation of the derived cationic fragment by abstraction
of the chloride by a halogen scavenger such as silver
tetrafluoroborate. Following this synthetic method, a series
of trimers with a family of a-amino acidate as chiral auxiliary
ligand of general formula [{(-ring)M(Aa)};](BF,); was
prepared for the three metals. Interestingly, only the two
diastereomers with the same absolute configuration for the
three metals were detected: the RyR R, p diastereomer, or
the S, SySy, 0 diastereomer. Thus, the cyclisation process to
form these trinuclear complexes occurs with chiral self-
recognition among the mononuclear metal fragments. In
general, in solvents of low polarity, such as dichloromethane
or acetone, the p isomer is the thermodynamically preferred
product. For the ruthenium compounds, this isomer is also
preferred in more polar solvents such as methanol or water.
Thus, in methanol, it was the only isomer observed by
"H NMR spectroscopy and, in water, the equilibrium diaster-
eomer ratio p/o was always greater than one. For the rhodium
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and iridium trimers in methanol, depending on the amino
acidate, the p or the o diastereomer was the thermodynami-
cally preferred product; the o isomer was favoured at higher
temperatures. In water, the o isomer was the only isomer
detected by 'H NMR spectroscopy at equilibrium. The
prolinate derivatives behaved differently. Thus, for example,
in dichloromethane, the o isomer is more stable than the p
isomer for all three metals, and only the p isomers of the
rhodium and iridium prolinate trimers were detected in water.
At a fixed temperature, the rates of diastereomerisation were
strongly metal-dependent, increasing in the sequence Ru <
Ir<Rh.

The structural analysis carried out at a supramolecular level
for 1b gave us a reasonable justification for the different
stability of p and o diastereomers in solution. Thus, the low
number and the relatively restrained localisation of the polar
groups (aminic hydrogen atoms) on the molecular surface of p
diastereomers (Figure 4) could sterically constrain the acces-
sibility of solvent molecules to this area reducing, conse-
quently, the number of polar trimer solvent intermolecular
interactions formed. On the other hand, for the o diaster-
eomer, the change of metal configuration is also associated
with a change in the localisation of aminic hydrogen atoms on
the surface of the molecule. Figure 17 shows a molecular

Figure 17. Molecular model of the R, R, R,R-R-R( diastereomer (enan-
tiomer of 0-1b). Hydrogen atoms of the aminic nitrogen atoms are labelled
as H(IN) and H(2N). (Shaded spheres: carbon atoms; open spheres:
hydrogen atoms).

model of a R,R;,R,RcR:R trinuclear complex built up from
the molecular structure of 1b after changing the configuration
at the chiral C(2) atom. This model is an enantiomeric form of
the S, S,S1:ScScSc trimer and could be considered to establish
geometric arguments for o-1b. The most important feature, in
the context of diastereomer stability, concerns the position of
polar aminic hydrogen atoms; thus in o-1b diastereomer, the
aminic hydrogen atoms are spread out on the molecular
surface which allows interaction with solvent molecules when
dissolved, with no apparent steric constrain.

This major accessibility of the polar groups in the o-
diastereomer compared to that of the p isomer seems to be
responsible of the greater stability of the o diastereomer in
solution with increasing solvent polarity (see Table 5).
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The results of the exchange reaction, along with the
thermodynamic and kinetic data reported above, strongly
supported a dissociative mechanism for the diastereomerisa-
tion of the p into the o isomers or vice versa. The cleavage of
the bridging M—O bonds of the trimers afforded mononuclear
intermediates of formula [ (#-ring)M(Aa)|*. These intermedi-
ates could retain or invert their configuration but, in any case,
they trimerise with chiral self-recognition leading only to
homochiral-at-metal complexes; trimeric species with the
same configuration at the three metal atoms.

In a polar solvent, such as water, the diastereomerisations
occur at higher rates, most probably due to the good solvating
properties of water which stabilises the proposed monomeric
intermediate.

It is also interesting to note that the "H NMR and CD
spectra for all rhodium and iridium compounds revealed the
same solid composition and optical purity, regardless of
crystallisation solvent or composition of the solution from
which the solids were isolated. All these compounds have
been prepared in methanol and, in this solvent, showed
variable compositions but always included both diastereom-
ers. However, the isolated solids, in CH,Cl,, showed only the
presence of the p isomer (the o isomer in the case of the L-
prolinate ligand). Consequently, crystallisation of these trim-
ers implies an asymmetric transformation of the second
kind,* scarcely documented for organometallic com-
pounds.’”l Nevertheless, the composition of the ruthenium
compounds depends on the pretreatment of the solution. It is
possible to prepare solid ruthenium trimers of different
diastereomeric composition and, eventually, separate one
diastereomer, by adequate choice of the composition of the
solution and/or crystallisation solvent.

The actual nature of compounds 1-9, in the solid state and
in solution, deserves some further comments. From the X-ray
diffraction and IR measurements, as well as the conductivity
and FAB™ mass spectrometry data, it seems clear that all the
compounds crystallise as trimers. Furthermore, the trimeric
nature persists in all cases in low polarity solvents such as
dichloromethane or acetone. The reported results for the
rhodium or iridium species in methanol or water also support
a trimeric formulation in these two, more polar, solvents.
However, the reversibility of chloride dissociation from the
mononuclear ruthenium compounds [ (7%-p-MeC¢H,iPr)-
Ru(Aa)Cl] in the presence of LiCl in water, along with the
values of the B coefficient in the Onsager equation, point to
the presence of solvated monomers of the formula [(%°p-
MeC¢H,iPr)Ru(Aa)S]*. We suggest that for the ruthenium
complexes in water and probably in methanol, an equilibrium,
rapid on the NMR time scale, between the monomers and
trimers, with equal configurated metals, could operate

([Eq. (2) and (3)]).

3 (Rru Sc)[ (7*-p-MeCgH,iPr)Ru(Aa)S]* = po-[{(7*-p-MeCH,iPr)Ru(Aa) L]
@

3 (Sru So)[ (1°-p-MeC4H,iPr)Ru(Aa)S]* = o-[{(°*-p-MeCsH,iPr)Ru(Aa) s+
©))

However, interconversion between Ry, and Sg, solvated
mononuclear species should be slow on the NMR time scale in
order to account for the NMR observations. Support for this
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proposal stems from the relatively slow rates of epimerisation
observed for the ruthenium compounds, as well as from the
isolation of trimers with different p/o ratio from solutions of
different composition.

Catalytic properties

Hydrogenation of unsaturated arLdehydes: Hydrogenation of
an unsaturated aldehyde or ketone exclusively at the oxo
group is an important reaction, but in most catalytic systems
the reverse selectivity is observed. It has been described!
that [RuCl,(PPh;);] in combination with ethylendiamine and
KOH serves as a generally applicable, highly active and
chemoselective catalyst for carbonyl reduction in the presence
of olefinic or acetylenic moieties. The water-soluble analogues
of this ruthenium complex, [RuCl,(tppms),] (tppms = (3-sulfo-
phenyl) diphenylphosphane sodium salt) and [RuCl,(pta),]
(pta=1,3,5-triaza-7-phosphaadanantane), were shown previ-
ously to reduce a,B-unsaturated aldehydes to the correspond-
ing alcohols with high activity and complete selectivity, either
with aqueous sodium formatel®! or with H,* as reductant.
Importantly, [RhCl(tppms);] also showed high activity but
preferential reduction of the olefinic double bond was
observed.[ 4]

In our case, with a toluene/aqueous sodium formate
biphasic system, [{(5°-p-MeC¢H,iPr)Ru(L-Pro)};](BF,); ac-
tively catalysed the reduction of citral, while [{(%’-
CsMes)Rh(L-Pro)};](BF,); decomposed under such condi-
tions. A genuine formate-assisted hydrogen transfer from
2-propanol could be initiated by addition of HCOONa to
solutions of both complexes in this solvent at reflux temper-
ature. The reaction can also be triggered by the addition of
small amounts of K,CO; and NaOH, which demonstrates that
in the HCOONa/2-propanol system, formate serves as a base
rather than a reductant. Since, in general, hydrogen transfer
from 2-propanol requires substantial amounts of strong base
(usually KOH)" this modification allows transfer hydro-
genation in nearly neutral media. Indeed, no side reactions of
citral were observed in HCOONa/2-propanol in contrast to
the fast non-metal-catalysed condensation reactions in KOH/
2-propanol. It is again emphasised that the isomeric ratio of
cis- and trans-olefins remained the same in the product
alcohol as in the substrate aldehyde mixture.

Another noteworthy feature is that in the hydrogen transfer
from 2-propanol to citral, catalysed by [{(7°-CsMes)Rh-
(L-Pro)}s](BF,); exclusive formation of unsaturated alcohols
resulted. This is a rather unusual selectivity among the
reactions catalysed by rhodium complexes.>% 6239 40]

The possible mechanism of aldehyde reductions both with
2-propanol and with aqueous HCOONa can be incorporated
into the general reaction mechanism (see below). In the case
of aqueous HCOONa as hydrogen donor, the apparent
hydride intermediate is generated by coordination and
decomposition of HCOO~ (not shown on the scheme) as
demonstrated earlier.*® Exclusive carbonyl reduction both
with the Ru- and the Rh-based catalyst can be rationalised by
the preferential coordination of carbonyl oxygen to the rather
hard Ru' and Rh™ metal ions. Indeed, weak olefin coordi-
nation is indicated by the results of isomerisation reactions:
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allylic alcohols did not undergo redox isomerisation and
allylbenzene was isomerised only very slowly with the same
catalytic  system  ([{(5%-p-MeCsH,iPr)Ru(L-Pro)};](BF,),
2-propanol, 2 equiv of HCOONa; 17 turnovers in 4.5 h) that
gave good rates for reduction of citral. This is also in
accordance with the unmodified cis/trans isomer ratio ob-
served in the reduction of citral. The role of HCOONa in the
formate-assisted hydrogen transfer is discussed in connection
with transfer hydrogenation of acetophenone.

Transfer hydrogenation of acetophenone: Hydrogenation of
ketones and aldehydes by hydrogen transfer from 2-propanol
is one of the most widely studied reactions.> > #!l Furthermore,
enantioselective reduction of prochiral ketones and imines is
of fundamental importance in synthetic organic chemis-
try.> -4 There are several active systems for such trans-
formations, including the recently disclosed systems which use
ruthenium() complexes with P,N,O-terdentate ligands (no
enantioselectivity)*! and the Ru"-phosphane/chiral dia-
mine/KOH catalyst system*! which gave 99 % enantioselec-
tivity in the reduction of most aromatic ketones investigated.
To date only a few neutral catalytic systems of high activity
and selectivity are known.[™*] However, in general, the
highest optical yields of acetophenone reduction with 2-prop-
anol, catalysed by Rh—, Ru- and Ir—phosphane or chelating
diamine catalysts are in the range of 70—80%.[*!]

The results presented above show that a highly enantiose-
lective reduction of acetophenone can be achieved via
hydrogen transfer from 2-propanol catalysed by [(#-ring)-
M(aminoacidate)Cl] and [{(n-ring)M(aminoacidate)};](BF,);
complexes (M = Ru, Rh, and Ir). These are the first hydrogen
transfer reactions catalysed by this type of chiral metal
compound and, in fact, the rates and enantioselectivities
compare favourably with those reported with metal phos-
phane or amine complexes.[ 1]

There are several features which should be taken into
consideration when devising a possible scheme for the
reaction mechanism:

i) The reaction requires a mild base but is adversely affected
by strong ones.

ii) There is no substantial difference in the catalytic proper-
ties of the monomeric and trimeric complexes.

iii) The reaction is strongly inhibited by excess amino acid
and chloride.

iv) Both the rate and the extent of enantioselectivity depend
largely on the amino acidate ligand, for all three metal ions;
the bigger the steric bulk of the aminoacidate ligand the
slower the reaction and the higher the enantioselectivity.

v) The reaction is preceded by an induction period during
which the enantiomeric excess increases sharply.

vi) At long reaction times (with the corresponding larger
conversions) the enantiomeric excess slightly decreases
despite the further increase in conversion.

A tentative suggestion for a reaction mechanism which
would lead to the above experimental findings is as follows:
(Schemes 4 and 5). Chloride dissociation from the monomers
(I) or solvolysis of the trimers (II) leads to formation of
monomeric cationic complexes (III) with one easily accessible
coordination site. This process was independently studied and
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Scheme 4. Formation of chiral metal hydrides.

is strongly evidenced in the solution studies section. Base-
assisted coordination of a 2-propoxy ligand gives a neutral
metal compound (IV) with release of a proton. The latter is
picked up by the base. In principle, the carboxylate ligand
could serve as an internal proton acceptor. However, it does
not seem basic enough to assist the deprotonation/coordina-
tion of 2-propanol, albeit there is some slow reaction with Rh
and Ir complexes but not with the Ru-containing complexes in
the absence of any base. Strong bases such as NaOH or KOH
may lead to the formation of stable hydroxo-complexes of the
[{(57-ring)M},(u-OH),]* type,**! which would supposedly be
less or not active in catalysis because of the lack of available
coordination sites.

At first glance, -H abstraction from the 2-propoxy ligand
could proceed through two distinct pathways. The required
coordination site for the hydride ligand can freed either by
opening the chelate ring through transient protonation of the
carboxylate donor group or, perhaps more likely, by expan-
sion of the coordination sphere. The latter implies an unusual
twenty electron species that has been previously proposed for
related pentamethylcyclopentadienyl rthodium derivatives.[*]
By dissociation of acetone (and concomitant recoordination
of the carboxylate in the case of the opening chelate ring
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mechanism) the coordinatively saturated monohydrides, Va

and Vb can be formed.

Independent of the actual sequence of the molecular steps,
the final solution may contain both the (R) and (S) epimers
(with relation to metal configuration) of the supposed mono-
hydrido-metal complex since epimerisation can take place in
all the complexes II-V. The steric bulk of the aminoacidate
ligand may restrict such stereochemical reorganisation. Un-
fortunately, only the epimerisation of the starting metal
complexes could be studied independently (see solution
studies) and those data are not applicable to the case of the
supposed hydride complexes under different conditions.
Assuming no change in the configuration of the N and C
stereocentres of the amino acidate ligand, the high enantio-
selectivity seems to indicate that, under our experimental
conditions, formation of Va or Vb is highly diastereoselective.

Thus, hydrides V would be the real catalysts (Scheme 5).
Hydrogen transfer from isopropyl alcohol to acetophenone by
hydrido complexes usually implies the initial formation of a
1-phenylethoxy intermediate (VIIa) followed by exchange of
alkoxy groups (VIIa —IV).[>7 41 The formation of VIIa from
Vla, a critical step to account for the observed enantioselec-
tivity, deserves some comment. Either #!- or 5?-coordination
of acetophenone requires a free coordination site on the metal
ion, which again can be made available by expansion of the
coordination sphere or by the opening of the amino acidate
chelate ring. Assuming 7' coordination, the intermediate
should be VIa, which could explain the formation of (R)-(+)-
1-phenylethanol as the major product of the acetophenone
reduction. In this context, steric repulsion between the phenyl
ring of acetophenone and the large CsMes (17°-p-MeC H,iPr)
and/or the amino acidate ligand leads to the highly selective
production of (R)-(+)-1-phenylethanol in subsequent steps of
the catalytic cycle (e.g. VIa—VIIa —IV).

Another attractive possibility is that the hydrogen transfer
occurs through a six-membered cyclic structure, as shown in
VIa', recently proposed by Noyori et al.[® 7l Consistent with
this view, in which the NH linkage can stabilise the transition
state by the formation of a hydrogen bond, practically no
reaction was observed with the N-methylprolinatoiridium
complex (entry 12, Table 6). The possible participation of
intermediates VIa or VIa’ could be modulated by the nature
of the hydrido ligand and is strongly influenced by the type of
metal. Further work in this subject is needed.

It is remarkable that, in spite of these diverse possibilities of
coordination, a high degree of enantioselectivity is observed
in the transfer hydrogenation of acetophenone. The suggested
catalytic cycle is in accord with most of the findings mentioned
earlier:

i) A base is required to assist the heterolytic activation of
2-propanol but in order to avoid formation of stable
hydroxo complexes, a mild base is preferred; moreover, if
decoordination/recoordination of the carboxylate ligand
is important, the system cannot be strongly basic.

ii) Monomeric and trimeric complexes give the same sol-
volysed species (III) and therefore show the same
catalytic properties.

iii) Added chloride shifts the I=III equilibrium in favour of
I for the most active ruthenium species and excess amino
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Scheme 5. Proposed catalytic cycles.

acid may be strongly coordinated, most probably also in
II1.

iv) The steric bulk of the amino acidate ligand is important in
that it restricts the coordination of acetophenone to one (a
few) of the possible geometries, leading to lower catalytic
activity but higher enantioselectivity.

v) Replacement of L-amino acidate ligands with the respec-
tive D-enantiomers results in the formation of enantio-
meric metal complexes with the same reactivity; these
catalyse the formation of (§)-(—)-1-phenylethanol with
the same activity and enantioselectivity.

An intriguing feature of the reaction is the sharp rise of
enantioselectivity in the first period of the reaction. The
pretreatment experiments (Table 8) were undertaken with the
aim of establishing any stereochemical equilibria in advance
which would be established anyway during this time. Based on
the results of the solution studies, it was anticipated that a
pretreatment and running the reaction in 16,67 % aqueous
2-propanol could strongly influence the stereochemical out-
come of the catalytic reaction compared to the selectivity
obtained under standard reaction conditions (1.87 % water,
v/v). However, the enantiomeric excesses did not change
significantly with one exception where the rate was consid-
erably decreased. These results show that the catalytically
active complex can be formed less readily under such
conditions; indeed the solutions of Ru complexes, which
show a characteristic yellow to red transition in catalytically
active systems, remained yellow in case of catalysis with
pretreated complexes. Unfortunately, these data do not allow
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deeper elaboration of the molecular events during the
induction period of the reaction.

In order to increase the coordination rigidity around the
metal ion, some of the complexes were encapsulated inside
the cavities of sol — gel glasses in the hope of a further increase
in enantioselectivity. However, in addition to the anticipated
lower reaction rates due to diffusion barriers, the enantiose-
lectivities decreased as well. This is most probably a conse-
quence of a specific pretreatment of the catalyst in a highly
aqueous medium during the preparation of the glasses.

In summary, all the discussed features suggest that, during
the induction period, a single active catalyst is formed which is
capable of discriminating between the two enantiotopic faces
of the substrate. This catalytic species still has some coordi-
nation flexibility and is very much influenced by the nature of
the aminoacidate ligand. However, on prolonged reaction, it
is gradually replaced by either a non-selective metal complex
or by a mixture of complexes, the components of which may
independently catalyse the selective formation of both
enantiomeric alcohols.

Although the mechanism of aldehyde reduction with
hydrogen transfer from 2-propanol was not examined in
detail, coordination through the carbonyl function would lead
to formation of intermediates of the same type as with
acetophenone, that is VI and VII. Weak coordination of the
C=C unsaturated bond in «,f-unsaturated aldehydes explains
the selectivity towards the formation of the unsaturated
alcohol and is in accordance with the lack of isomerisation,
both in case of the unsaturated aldehydes and of simple
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olefins, such as allylbenzene. Other steps of the mechanism
can also be assumed to be the same as in the case of
acetophenone reduction.

Conclusions

A family of trinuclear amino acidate cations [{(#-ring)-
M(Aa)};]** can be readily prepared from the corresponding
mononuclear chlorides [(7-ring)M(Aa)Cl]. The stereochem-
ical properties of the new compounds can be studied by
judicious combination of X-ray, NMR, and CD measure-
ments. Trimerisation takes place with chiral self-recognition to
afford exclusively trimers with the same configuration at the
three metal atoms. In general, the trimers isomerise in highly
polar solvents, the rates of diastereomerisation being strongly
metal dependent. These rates increase in the sequence Ru <«
Ir<Rh. The different diastereomer stability observed in
solution can be qualitatively explained by consideration of the
localisation of the polar groups on the molecular surface.

These compounds are highly enantioselective catalysts for
the reduction of acetophenone by means of hydrogen transfer
from 2-propanol (up to 75% ee) and for the selective
reduction of a.f-unsaturated aldehydes to a,(5-unsaturated
alcohols. The reaction requires the presence of a mild base
and therefore is also applicable for base-sensitive substrates.
The water solubility of the complexes allows their use as
catalysts in aqueous/organic biphasic systems.

Experimental Section

General comments: Infrared spectra were recorded on Perkin-Elmer 783
and 1330 spectrophotometers (range 4000-200 cm~') with Nujol mulls
between polyethylene sheets or dichloromethane solutions between NaCl
plates. Carbon, hydrogen, and nitrogen analyses were performed with a
Perkin-Elmer 240B microanalyser. NMR data were recorded on a Varian
UNITY 300 spectrometer operating at 299.95 (‘H) and 75.4 (C) MHz.
Chemical shifts are expressed in ppm upfield from SiMe,. Coupling
constants J are given in Hertz. Mass spectra were measured on a VG
Autospec double-focusing mass spectrometer operating in the FAB* mode.
Tons were produced with the standard Cs™ gun at about 30 KV and
3-nitrobenzyl alcohol (NBA) was used as matrix. CD spectra were
determined in a 0.1 or 1 cm path length cell with a Jasco-710 apparatus,
at concentrations of approximately 5 x 10-3M. Conductivities were meas-
ured with a Philips 9501/01 conductimeter at concentrations from 10~* to
10-3M. Acetophenone and citral were purchased from Aldrich, cinnamal-
dehyde from Schuchardt and were used as received. Reagent grade
2-propanol was purified with standard methods.

Preparation of the complexes [{(7-ring)M(Aa)};](BF,); (1-9): An equi-
molar amount of AgBF, was added to a 0.05M solution of the
corresponding [(7-ring)M(Aa)Cl] compound in methanol. The mixture
was stirred for 1 h in the absence of light, and the precipitated AgCl was
filtered off. The resulting solution was concentrated at reduced pressure to
about 2 mL. Addition of Et,0 completed the precipitation of an orange
(Rh compounds) or yellow (Ir and Ru compounds) solid which was filtered
off, washed with Et,O, and vacuum-dried. All the ruthenium trimers
crystallise with one molecule of water.

1a: Yield: 80%. IR (Nujol): »(CO) 1545 (vs); »(NH) 3325 (s), 3280
(s) cm™!; elemental analysis: caled for C3HgN;B;F,O4Rh; (%): C 37.8, H
5.1, N 3.4; found: C 374, H 52, N 3.4; FAB MS: m/z (%): 1152
([{[Rh](Ala)};(BF,),]*, 20), 651 ([{[Rh](Ala)},]", 67). 1b: Yield: 91%. IR
(Nujol): »(CO) 1575 (vs); v(NH) 3320 (s), 3265 (s) cm™!; elemental
analysis: calcd for C3HgN3;B3F,O4lr; (%): C 31.1, H 4.2, N 2.8; found: C
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30.7, H 4.4, N 2.6; FAB MS (%): m/z (%): 1420 ([{[Ir](Ala)};(BF,),]", 5),
829 ([{[Ir](Ala)},]*, 60), 416 ([[Ir](Ala)]*, 100); conductivity:1*! (acetone)
B =16475. 1¢: Yield: 78%. IR (Nujol): »(CO) 1575 (vs); v(NH) 3320 (m)
3280 (m); v(OH) 3620 (m)cm™'; elemental analysis calcd for
C3HgN;3B3F,07Ru; (%): C 36.5, H 5.2, N 3.3; found: C 364, H 5.3, N
3.4; conductivity: (acetone) B =841.5; (methanol) B=3816.2. 2a: Yield:
93%. IR (Nujol): »(CO) 1530 (vs); »(NH) 3330 (s), 3279 (s)cm™;
elemental analysis caled for C,,HgN;B3F;,O¢Rh; (%): C 394, H 54, N
33; found: C 388, H 54, N 33; FAB MS: m/z (%): 1195
([{[Rh](Abu)}3(BE,),]*, 10), 679 ([{[Rh](Abu)},]*, 62). 3a: Yield: 80%.
IR (Nujol): »(CO) 1560 (vs); »(NH) 3280 (s), 3160 (s) cm~!; elemental
analysis calcd for CysH7N3B3F,O¢Rh; (%): C 40.8, H 5.7, N 3.2; found: C
40.3, H5.7 N 3.4; FAB MS: m/z (%): 1236 ([{[Rh](Val)}s(BF,),]*, 20), 707
([{[Rh](Val)},]*, 98), 354 ([[Rh](Val)]*, 100). 3b: Yield: 74 %. IR (Nujol):
v(CO) 1575 (vs); v(NH) 3340 (s), 3300 (s) cm~!; elemental analysis calcd for
CysH7N3B3F,O4lr; (%): C 34.0, H 4.8, N 2.6; found: C 33.6, H4.9, N 2.5;
conductivity: (acetone) B=1632.3. 3¢: Yield: 72%. IR (Nujol): »(CO)
1570 (vs); »(NH) 3320 (m), 3280 (m); »(OH) 3625 (m) cm™!; elemental
analysis calcd for C,sH,(N;B;F,O;Ru; (%): C 40.6, H 5.6, N 3.1; found: C
40.6, H 5.5, N 3.1. FAB MS: m/z (%): 1229 ([{[Ru](Val)}s(BFE,),]*, 7), 702
([{[Ru](Val)},]*, 30), 530 [[Ru](Val)(BE,),]*, 15). Conductivity: (acetone)
B =1566.4; (methanol) B=1134.5. 4a: Yield: 98%. IR (Nujol): »(CO)
1565 (vs); »(NH) 3310 (s), 3260 (s) cm™'; elemental analysis calcd for
C,sHg N3B;sF,O¢Rh; (%): C42.2, H 6.0, N 3.1; found: C 41.4, H 5.9, N 3.0;
FAB MS: m/z (%): 1279 ([{[Rh](Tle)}s(BF,),]*, 5), 736 ([{[Rh](Tle)},]*,
47), 368 ([[Rh](Tle)]+, 100). 4b: Yield: 91 %. IR (Nujol): »(CO) 1565 (vs);
v(NH) 3350 (s), 3260 (s)cm™'; elemental analysis caled for
C,sHg N3BsF,O¢lr; (%): C 353, H 5.0, N 2.6; found: C 358, H 4.6, N
2.5; FAB MS: m/z (%): 1546 ([{[Ir](Tle)}s(BF,),]*, 2), 915 ([{[Ir](Tle)},]*,
12), 458 ([[Ir](Tle)]*, 100). 4¢: Yield: 78 %. IR (Nujol): »(CO) 1570 (vs);
v(NH) 3290 (m); »(OH) 3590 (m)cm™'; elemental analysis calcd for
C,sHgN3B;sF,0/Ru; (%): C41.9, H 5.9, N 3.0; found: C 41.7, H 5.8; N 3.0;
conductivity: (acetone) B =773.2; (methanol) B =610.0. 5a: Yield: 79 %.
IR (Nujol): »(CO) 1575 (vs); v(NH) 3320 (s), 3270 (s) cm™!; elemental
analysis calcd for Cs;H;sN3B3F,O4Rh;(%): C 46.7, H 5.2, N 2.9; found: C
46.0,H 5.0, N 2.8; FAB MS: m/z (%): 1380 ([{[Rh](Phe)};(BF,),]*, 12), 803
([{[Rh](Phe)},]*, 57). 5b: Yield: 80 %. IR (Nujol): v(CO) 1575 (vs); »(NH)
3310 (s), 3270 (s) cm™'; elemental analysis calcd for Cs;H;sN;B3F,Oqlr;
(%): C39.5,H 4.4, N 2.4; found: C 39.0, H 4.4, N 2.3; FAB MS: m/z (%):
1648 ([{[Ir](Phe)};(BF,),]*, 3), 981 ([{[Ir](Phe)l,]*, 44), 492 ([[Ir](Phe)]*,
100). 5¢: Yield: 72%. IR (Nujol): »(CO) 1590 (vs); »(NH) 3340 (m), 3290
(m); »(OH) 3625 (m)cm™'; elemental analysis caled for
C5;H,N;B;F,0;Ru; (%): C 46.4, H 5.0, N 2.9; found: C 46.5, H 4.9, N
29; FAB MS: m/z (%): 1373 ([{[Ru](Phe)};(BF,),]*, 5), 799
([{[Ru](Phe)},]*, 38), 400 [[Ru](Phe)]*, 44); conductivity: (acetone) B =
695.1; (methanol) B=412.3. 6a: Yield: 82 %. IR (Nujol): »(CO) 1580 (vs);
v(NH) 3270 (s) cm™!; elemental analysis calcd for C,sHgoN;B3F;,ORh; (%):
C41.0, H5.3,N 3.2; found: C 40.5, H 5.4, N 3.4; FAB MS: m/z (%): 1230
([{[Rh](Pro)}5(BF,),]*, 18), 703 ([{[Rh](Pro)},]*, 100), 352 ([[Rh](Pro)]*,
78). 6b: Yield: 65%. IR (Nujol): »(CO) 1575 (vs); »(NH) 3260 (s) cm™!;
elemental analysis calcd for C,;sHgN;3B3F,04lr; (%): C 34.1, H 4.4, N 2.7;
found: C33.8, H4.5,N 2.4; FAB MS: m/z (%): 1498 ([{[Ir](Pro)};(BF,),]",
2), 881 ([{[Ir](Pro)},]*, 56), 442 ([[Ir](Pro)]*, 100); conductivity: (acetone)
B =1729.0; 6¢: Yield: 71 %. IR (Nujol): »(CO) 1580 (vs); v(NH) 3285 (m);
v(OH) 3620 (m) cm™!; elemental analysis caled for C,;sHggN3B3F,0;Ru;
(%): C40.8, H5.2, N 3.2; found: C 41.0, H 5.1, N 3.2; FAB MS: m/z (%):
1222 ([{[Ru](Pro)}3(BF,),]*, 10), 698 ([{[Ru](Pro)},]*, 36), 350
[[Ru](Pro)]*, 40); conductivity: (acetone) B =1036.1; (methanol) B=
1012.9. 7a: Yield: 88%. IR (Nujol): »(CO) 1580 (vs); »(NH) 3270
(s) cm™'; elemental analysis caled for C,;sHgN;BsF;,O¢Rh; (%): C 41.0, H
5.3, N 3.2; found: C 40.7, H 5.2, N 3.3. 7b: Yield: 80%. IR (Nujol): »(CO)
1575 (vs); w»(NH) 3260 (s)cm™'; elemental analysis caled for
C4sHgoN;3B3F,O4lr; (%): C 34.1, H 4.4, N 2.7; found: C 33.7, H 4.7, N 2.5;
FAB MS: m/z (%): 1498 ([{[Ir](Pro)}s(BF,),]*, 4), 881 ([{[Ir](Pro)},]*, 30),
442 ([[Ir](Pro)]*, 100). 7¢: Yield: 71%. IR (Nujol): »(CO) 1580 (vs);
v»(NH) 3285 (m); v(OH) 3620 (m)cm~'. Elemental analysis calcd for
C,sHesN3B3F,07Ru; (%): C40.8, H5.2, N 3.2; found: C40.5, H, 5.1, N 3.4;
conductivity: (acetone) B =1199.0; (methanol) B=2886.7. 8a: Yield: 87 %.
IR (Nujol): »(CO) 1565 (vs)cm™'; elemental analysis caled for
C,sH7sN3BsF,O¢Rh; (%): C 42.4, H 5.6, N 3.1; found: C 422, H 54, N
3.0, FAB MS: m/z (%): 1272 ([{[Rh](Me-Pro)};(BE,),|*, 8), 732
([{[Rh](Me-Pro)},]*, 38), 366 ([[Rh](Me-pro)]*, 89). 8b: Yield: 82%. IR
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(Nujol):  »(CO) 1560 (vs)cm™'; elemenetal analysis caled for
CysHsN3B3F,Olrs (%): C 35.4, H 4.7, N 2.6; found: C 35.1, H 4.3, N 2.4;
FAB MS: miz (%): 1540 ([{[Ir](Me-Pro)};(BF,),]*, 2), 912 ([{[Ir](Me-
Pro)},]*, 7), 456 ([[Ir](Me-Pro)]*, 100); conductivity: (acetone) B =1555.4.
9a: Yield: 90%. IR (Nuyjol): »(CO) 1565 (vs); »(NH) 3300 (m)cm™;
elemental analysis calcd for C;sHgN;3B3F,09Rh; (%): C 39.6, H 5.1, N 3.1;
found: C 40.1, H 5.2, N 3.3; FAB MS: m/z (%): 1278 ([{{Rh](Hyp)}s-
(BF,),]*, 12), 735 ([{[Rh](Hyp)}L]*. 100), 368 ([[Rh](Hyp)]*, 80). 9b:
Yield: 86 %. IR (Nujol): »(CO) 1575 (vs); »(NH) 3250 (m) cm™'; elemental
analysis calcd for C,;sHgN;B3F,0,1r3(%): C 33.1, H 4.3, N 2.6; found: C
32.7,H4.3,N2.5.9¢: Yield: 73%. IR (Nujol): »(CO) 1557 (vs); v(NH) 3280
(m); »(OH) 3615 (m)cm™!; elemental analysis caled for
CysHN:B3F1,O4RU; (%): C 46.4, H 5.0, N 2.9; found: C 46.5, H 4.9, N
29; FAB MS: miz (%): 1270 ([{{[Ru](Hyp)}s(BF,),]", 24), 731
([{[Ru](Hyp)}.]*, 90), 366 [[Ru](Hyp)]*, 90); conductivity: (acetone)
B =1142.6; (methanol) B =722.5.

X-ray structure analysis of 1b and 6 ¢ -3 CH;OH: Crystals were obtained by
slow diffusion of diethyl ether into methanolic solutions of the complexes.
The orientation matrix and unit cell dimensions were determined by least-
squares fit from a set of high-angle, carefully centred, reflections (40 for 1b,
and 25 for 6¢) on a Siemens-Stoe AED-2 four-circle diffractometer with
graphite-monochromated Moy, radiation (A =0.71073 A). Data collection
for both crystals was carried out with the w/20 scan technique to a
maximum of 45 (1b) or 47° (6 ¢). Three standard reflections were measured
every hour as a check on crystal and instrument stability. A linear
correction based on these standards was applied to account for the intensity
decay. All data were corrected for absorption, Lorentz and polarisation
effects. In the case of 1b, a semi-empirical method was applied for the
absorption correction;*” for 6¢ the best results were obtained with an
empirical approach®! (see Table 9). Both structures were solved by
standard Patterson and difference Fourier methods.’!! The positions and
anisotropic thermal parameters of all non-hydrogen atoms were refined
satisfactorily by full-matrix least-squares calculations (SHELXL-93 pro-
grami®) except those of the disordered tetrafluoroborate anion in 1b. In
this crystal, the BF, anions occupied two different zones of the asymmetric
unit with, in both cases, a spherical distribution of the electron density. In
both spatial regions, the anions were observed to be statically disordered
and were modelled on the basis of two groups of atoms in each case,
including complementary occupancy factors (0.52(3) for B(1), F(1a), F(2a);
0.22(3) for B(2), F(1b), F(2b); 0.37(3)
for B(3), F(lc)-F(4c); 0.38(3) for
B(4), F(1d)-F(4d)) and restrained

nos. CCDC-10218 (1b) and CCDC-102219 (6¢). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@

ccde.cam.ac.uk).

Transfer hydrogenation experiments, standard reaction conditions: Cata-
lyst (0.01 mmol metal), base (0.02 mmol; as 100 pL 0.2 M aqueous solution),
acetophenone (0.25 mL, 2.14 mmol) or citral (1.46 mmol), 2-propanol
(5 mL), reflux (83°C), argon atmosphere. In experiments with cinnamal-
dehyde (0.25 mL, 2.0 mmol) solid HCOONa (3.4 mg, 0.05 mmol) was used
instead of the aqueous solution. All the components of the reaction were
mixed under argon at room temperature in a Schlenk tube which was then
equipped with a reflux condenser and immersed to an oil bath of 83 °C after
complete dissolution of the solid complex. The mixture was stirred
magnetically and a slow argon flow (5-8 bubbles per min) was maintained
through the tube during the reaction. The reactions were monitored by gas-
liquid chromatography (HP-Innowax column, 30M, i.d. 0.53 mm, film
thickness 1.0 pm, 140 °C, isotherm, FID, carrier: He) and the products were
identified by their retention times compared to those of authentic samples.
Enantiomeric composition of the product 1-phenylethanol was determined
using a Cyclodextrin column (CP-Cyclodex-B 236-M, 50 m x 0.25 mm X

0.25 pum film, 110°C)

Immobilisation by the sol-gel method followed the procedure given in

ref [35].
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