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Abstract

The new metal complexes {[( R)-(S)-Pigiphos|Rh(CH ;CN),}Y, (Y = PR;, (3a); OTf, (3b)) and {[(R)-(S)-Pigiphos]-
Ni(CH ;CN)}BF,), (4) containing the chiral bis-ferrocenyl triphosphine ligand ( R)-(S)-Pigiphos have been synthesized and
used as catalyst precursors for the acetalization of aldehydes and ketones with glycols. The reactions occur in mild
conditions and require the presence of molecular sieves as drying agent. The yields are generally excellent, but no significant
diastereo- or enantioselectivity is observed. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years, severa transition metal-cata-
lyzed acetalization reactions have successfully
been accomplished [1-7]. Although these reac-
tions do not generally provide significant advan-
tages over Lewis- or Bransted-acid catalysis in
terms of efficiency, the application of meta
catalysts to acetalization reactions is ill inten-
sively pursued for stereochemical reasons. Metal
complexes, better than inorganic and organic
acids, can, in fact, finely be tuned to sterically
control the reactions and, possibly, to transfer
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chiral information. Indeed, optically pure acetals
and ketals are viable intermediates for the syn-
thesis of various enantiomerically pure com-
pounds [8—14].

Among the known metal catalysts for the
acetalization of aldehydes and ketones, most
efficient are those described by Venanzi et a.
[15-17]. These contain Group VIII metals in
their high oxidation states and polyphosphine
ligands such as diphos [17] and triphos [15]
together with labile ligands. Intrigued by the
efficiency of Venanzi et al.’s catalysts, we de-
cided to design Group VIII meta complexes
with chiral polyphosphine ligands, and then test
their catalytic activity in the acetalization of
prochiral carbonyl compounds with acohols.
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Pll: S1381-1169(99)00016-3



140 P. Barbaro et al. / Journal of Molecular Catalysis A: Chemical 145 (1999) 139-146

x%
60

Fe PPh2 thP

Fig. 1. A sketch of the ligand (R)-(S)-Pigiphos.

In this paper, we describe the synthesis of
new Ni(ll) and Rh(lI1) complex bearing labile
acetonitrile ligands and stabilized by the chiral
triphosphine ligand (R)-(S)-Pigiphos (Fig. 1)
which has recently been prepared in our labora-
tory [18]. We also report a study in which the
complexes {[( R)-(S)-Pigiphos]Rh(CH ;CN),}Y,
(Y =PF, (3a; OTf, (3b) and {[(R-(9-
Pigiphos|Ni(CH ;CN)}(BF,), (4) have been em-
ployed as catalyst precursors for the acetaliza-
tion of aromatic aldehydes and ketones with
achiral and chiral glycals.

2. Experimental
2.1. Materials and methods

All manipulations were performed under a
pure argon atmosphere unless otherwise stated.
Diethyl ether and THF were distilled over Na-
benzophenone. CH,Cl, and CH ;CN were dried
over CaH,. Toluene, benzene, methanol, n-pen-
tane and n-hexane were distilled over sodium.
(R)-(S)-PPFA [19] and (R)-(S)-Pigiphos (1)
[18] were prepared following reported proce-
dures. [Ni(CH,CN)4I(BF,), - 0.5CH,CN, pre-
pared with a slightly modified procedure [20],
was recrystallized twice from CH;CN /diethyl
ether prior to use. All solid compounds were
collected on sintered glass frits before being
dried in a stream of nitrogen. Aldehydes were
distilled twice under reduced pressure and stored
at 4°C under Ar before being used. 1,2-Epoxy-

2-methylpropane and 2-methyl-1,2-propanediol
were prepared using a reported method [21].
The other products employed were used as re-
ceived by commercial suppliers (> 99% purity)
without further purification.

p(*H} NMR spectra were recorded on a
Bruker Avance DRX-500 spectrometer operat-
ing at 202.47 MHz. Chemica shifts are relative
to external 85% H PO, with downfield values
reported as positive. *H and “*C{*H} NMR spec-
tra were recorded at 500.132 and 125.76 MHz,
respectively, on a Bruker Avance DRX-500
spectrometer equipped with a variable tempera-
ture control unit accurate to +0.1°C. Chemical
shifts are relative to tetramethylsilane as exter-
nal reference or calibrated against the solvent
resonances. The assignments of the signals re-
sulted from "H homonuclear decoupling experi-
ments and proton detected *H,**C correlations
using degassed nonspinning samples. 2D NMR
spectra were recorded using pulse sequences
suitable for phase-sensitive representations us-
ing TPPI. The 'H,°C correlations [22] were
recorded using the standard HMQC sequence
with no decoupling during acquisition, 1024
increments of size 2K (with 64 scans each) were
collected covering the full range in both dimen-
sions (ca. 5000 Hz in F, and ca. 18000 Hz in
F,) with a relaxation delay of 0.8 s. The 'H
NOESY measurements were recorded with 1024
increments of size 2K (with 16 scans each)
covering the full range in both dimensions and
using a mixing time of 0.6 s [23]. Infrared
spectra were recorded on a Perkin-Elmer 1600
Series FT-IR spectrometer using samples mulled
in Nujol between KBr plates. Merck silica gel
60, 230—400 mesh ASTM was used for column
chromatography. Thin-layer chromatography
was performed with Macherey—Nagel Polygram
SIL G/UV254 precoated plastic sheets. GC
analyses were performed either on a Shimadzu
GC-14A gas chromatograph equipped with a
flame ionisation detector and a 30-m (0.25 mm
i.d., 0.25 uwm FT) SPB-1 Supelco fused silica
capillary column and coupled with a C-R6A
Chromatopac operating in the corrected area
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method or with a Shimadzu GC-17A gas chro-
matograph equipped with a flame ionisation
detector and a 40 m X 0.25 mm i.d. Chiraldex
G-TA capillary column and coupled with a
Shimadzu C-R7A Chromatopac. GC—MS analy-
ses were performed on a Shimadzu QP 2000
apparatus equipped with a column identical to
that used for GC analyses (SPB-1). The organic
compounds were identified by their GC-MS,
'H NMR and "H NOESY spectra

2.2. Yynthesis of the complexes

2.2.1. [(R-(9-Pigiphos| RhCl, (2)

Solid RhCl ;- 3H,0 (0.09 g, 0.33 mmol) was
added to a solution of 1 (0.30 g, 0.33 mmol) in
ethanol (20 ml) and the mixture was refluxed
with stirring for 4 h. After cooling to room
temperature, the orange solid obtained was fil-
tered off and washed with diethyl ether (30 ml).
Yield 78%. "H NMR (CD,Cl,, 294 K): & 5.04
(dt, 1H, CH'CH,, J,y =76, Jp= 155 H2),
3.27 (gnt, 1H, CH"CH,, 34y = Jyp= 7.2 H2),
1.74 (dd, 3H, CH'CHj;, J,=12.3 Hz), 2.05
(dd, 3H, CH"CHj, J,r=10.9 Hz), 4.61 (s
1H, CpH’), 4.59 (s, 1H, CpH”"), 4.37 (s, 1H,
CpH™), 436 (s, 1H, CpH'"Y), 4.34 (t, 1H,
CpHVY) 3.25 (s, 1H, CpHVY"), 4.28 (s, 5H,
C.H.), 3.63 (s, 5H, C.H/). Ana. Calcd for
Cg,HCl Fe,P;RN: C, 58.02; H, 4.96. Found:
C, 58.12; H, 5.01.

2.2.2. {[(R)-(9-Pigiphos] Rh(CH,CN);}Y, (Y =
PR, (3a); OTf, (3b))

Solid TIPF, (0.45 g, 1.28 mmol) was added
to a suspension of 2 (0.12 g, 0.11 mmoal) in
CH,CN (30 ml) and the mixture was refluxed
with stirring for 10 h. During this time, a pur-
ple-red solution and a white precipitate were
obtained. After the solution was cooled to room
temperature, the white precipitate was filtered
off. The red solution was concentrated under
reduced pressure until red—orange microcrystals
began to precipitate out (ca. 1/4 volume). Di-
ethyl ether (15 ml) was then added to complete
the precipitation of the solid compound, which

was filtered off, washed with diethyl ether (30
ml) and recrystallized twice from acetonitrile—
diethyl ether to give pure 3a in 68% yield. "H
NMR (CD,COCD,, 294 K): & 527 (dt, 1H,
CH’'CH,;, J4, =81, J4p= 17.3Hz), 3.75(qgnt,
1H, CH"CH,, J,4 = Jp = 6.8 Hz), 2.15 (dd,
3H, CH'CH,, J,,»=18.1 Hz), 2.46 (dd, 3H,
CH"CH,, J,,p=13.0 H2), 5.34 (s, 1H, CpH’),
5.24 (s, 1H, CpH"), 4.98 (m, 1H, CpH""), 4.92
(t, 1H, CpH'"), 4.91 (t, 1H, CpHY) 3.79 (s,
1H, CpHY"), 4.73 (s, 5H, C;H}), 3.92 (s, 5H,
C,H/Y), 246 (s, 3H, CH,CN’), 2.23 (s, 3H,
CH,CN"), 1.69 (s, 3H, CH,CN"). **C NMR
(CD,;COCD,, 294 K): &6 4.43 (s, CH,CN/,
YJon = 138.8 Hz), 1.66 (s, CH,CN", ', =
132.4 Hz), 4.57 (s, CH,CN", *J.,, = 136.6 H2).
Anal. Cacd for CgHgN;FgFe,P,Rh: C,
45.91; H, 4.11; N, 2.68. Found: C, 45.79; H,
4.08; N, 2.73. IR: 2322, 2294 v(C-N) cm™ 1,

The trifluoromethanesulfonate salt {[( R)-(S)-
Pigiphos]Rh(CH ;,CN),}(OTf), (3b) was ob-
tained as follows. Solid AgOTf (0.35 g, 1.37
mmol) was added to a suspension of 2 (0.17 g,
0.15 mmol) in CH;CN (15 ml) and the mixture
was stirred at 75°C for 4 h. During this time, a
purple-red solution and an AgCl precipitate
were obtained. After the solution was cooled to
room temperature, AgCl was filtered off. The
solution was concentrated under reduced pres-
sure until red microcrystals began to precipitate
out (ca. 1/2 volume). Diethyl ether (15 ml) was
then added and the solid compound obtained
was separated by filtration, washed with diethyl
ether (30 ml) and recrystallized twice from
acetonitrile—diethyl ether to give pure 3b in
77% vyield. Anal. Calcd for CgHguN;-
FyFe,O,P;RNS;: C, 47.83; H, 4.08; N, 2.66.
Found: C, 47.77; H, 4.09; N, 2.70.

2.2.3. {[(R)-(9-Pigiphos] Ni(CH,CN)}(BF, ), (4)

Solid 1 (0.25 g, 0.26 mmol) was added to a
solution of [Ni(CH;CN)4I(BF,), - 0.5CH ;CN
(0.12 g, 0.25 mmol) in CH,CN (8 ml). The
suspension was stirred at room temperature for
1 h. The violet solution obtained was concen-
trated in vacuo to half volume and diethyl ether



142 P. Barbaro et al. / Journal of Molecular Catalysis A: Chemical 145 (1999) 139-146

Table 1
#p(*H} NMR data for the Rh complexes®

Complex (Cy)P

(PR, (Ph)Pg

[(R)-(S)-PigiphoslRhCl ; (2) 70.28 (ddd)

Jppa = 15.4, Jppg = 31.3, Jpg, = 109.6

{[(R)-(S)-PigiphoslRh(CH ;CN),)3* (33*)  80.93 (ddd)

Jppa = 12.7, Jopg = 275, Jpgy = 105.6

19.22 (ddd)
Jpaps = 540.2, Jpppp = 85.8
21.79 (ddd)
Jpaps = 424.4, Joppy = 74.6

9.28 (ddd)
Jpgrh = 86.6
17.95 (ddd)
Jpgrh = 75.5

&Chemical shiftsin ppm, coupling constants in Hz. 202.47 MHz, 294 K. Abbreviations: d, doublet. 2 Solution in CD,Cl,, 3%+ solution in

CD4COCD,.

(10 ml) was slowly added causing the precipita-
tion of a violet solid. This was filtered off and
recrystallized twice from acetonitrile—diethyl
ether to give pure 4 in 78% yield. Anal. Calcd
for CesHegNB,FsFe,NiP;: C, 56.91; H, 4.95;
N, 1.19. Found: C, 56.85; H, 4.88; N, 1.20. IR:
2290 »(C-N) cm~ . The **P(*H} NMR and *H
NMR data for the cation {[( R)-(S)-Pigiphos]-
Ni(CH,CN)}* in 4 are identical with those
reported for the perchlorate salt {[(S)-(R)-
Pigiphos|Ni(CH ;CN)}(CIO,), [18].

2.3. General procedure for the catalytic acetal-
ization reactions

All operations were performed under an ar-
gon atmosphere. Three-angstrom molecular
sieves (beads) were activated at 120°C for 48 h
prior to use. The general procedure for the
acetalization reactions is illustrated for the reac-

tion of benzaldehyde with (S)-(+)-1,2-propan-
diol in the presence of {[(R)-(S)-Pigiphos]-
Rh(CH ;CN),}(OTf), (3b). A three-necked flask
was equipped with a condenser, a rubber sep-
tum and a magnetic bar. The molecular sieves
(3 g) were placed in a cotton bag suspended
above the liquid. The flask was charged with a
solution of benzaldehyde (200 wl, 1.97 mmol)
and (S)-(+)-1,2-propandiol (160 wl, 2.17
mmol) in CH,Cl, (10 ml) to which solid 3b
(1.6 mg, 0.98 wmol) was added under argon.
The solution was quickly dipped in a thermosta-
tized oil bath and refluxed with stirring for
1.5 h. The product formation was periodically
monitored by GC. At the end of the reaction,
the solution was quickly cooled to 0°C and
filtered through an aumina column which was
washed with diethyl ether (30 ml). The filtered
solution and the ether washings were collected
and the solvent was evaporated under reduced
pressure. The organic products in the residue

R, =aryl, alkyl; R, = alkyl, H; R3, R4 = CH3, H

R;
R4
3or 4 / \
CH,Cly, reflux R, R,

Scheme 1. Substrates and products of acetalization reactions using 3a—b or 4.



P. Barbaro et al. / Journal of Molecular Catalysis A: Chemical 145 (1999) 139-146 143

were identified by GC-MS analysis, *H NMR
and "H NOESY spectroscopy.

3. Results and discussion

3.1. Synthesis and characterization of the Rh(111)
complexes

The reaction of RhCl; - 3H,0 with Pigiphos
in refluxing ethanol gives the Rh(lI1) complex
[(R)-(S)-Pigiphos|RhCl ; (2). By treatment of 2
with an excess of a chloride scavenger (TIPF; or
AgOTf) in acetonitrile solution, the tris-aceto-

Table 2

nitrile  Rh(111) complex {[( R)-(S)-Pigiphos]-
Rh(CH,CN)}3* (3%*") can be isolated in the
solid state as either PR (3a) or OTf~ (3b) salt.
A similar synthetic route has previously been
employed by Venanzi et a. to synthesize the
complexes [RhCI (CH ;CN),_ (triphos)]-
(OTf),_, [15,16,24]. AgOTf proved to be more
efficient than TIPF; to remove the chloride lig-
ands from 2, but extreme care is required for the
manipulation of the silver sat as the reactions
must be performed in strictly anhydrous condi-
tions. Unlike the parent trichloride complex 2,
which is quite stable in common organic sol-
vents, the tricationic complexes 3a—b are fully

Acetalization reactions using {{[( R)-(S)-Pigiphos|Ni(CH ;CN)}(BF,), (4)?

Entry Carbonyl Alcohol Solvent Time Product Yield cis/trans ee
compound h (%)° raio®® (%)
X
1 CH,CI, 2 85.0 13
Ph H HO OH O><O
Ph H
CH;0 o /—(
2 CH,CL, 1.5 CHQ d_ b 89.4 1.4
' no OH H
o =
3 /U\ CH,CI, 4 82.7 3.2
Ph H HO OH O><O
Ph H
O
4 P 7\ CH,CI, 20 / < 3.0 i3
Ph”™ "CH;  HO OH O><0
ph” CH;
5 i CH,CL, 4 Iy 62.7 13

- CHy >~\\
[ T HO OH
\_\v

“General reaction conditions: carbonyl compound/catalyst mole ratio = 2000; alcohol /carbonyl compound mole ratio = 1.1; drying
method: 3 A molecular sieves placed in a cotton bag suspended above the liquid (10 ml); reflux temperature.

PReaction mixture, GC.

“Products identified by 'H NOESY spectroscopy on the isolated product.

9 solated product, GC.
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stable only in CH,CN solutions. In acetone,
they are enough stable to ensure a reliable spec-
troscopic characterisation, however. The solid-
state IR spectra of 3a—b shows characteristic
absorptions of coordinated CH;CN molecules
(2322, 2294 v(C-N) cm™?') [25-28]. The
*'P(*H} NMR data for the Rh(Ill) complexes

Table 3

are listed in Table 1, while selected *H NMR
data are reported in Section 2.

The spectral parameters are consistent with
the presence of two diastereotopic 1,3-diphenyl-
phosphino ferrocenyl units. The Jp, , coupling
constants (540.2 and 424.4 Hz for 2 and 3%+,
respectively) are indicative of a trans disposi-

Catalytic acetalization reactions using {[( R)-(S)-Pigiphos|Rh(CH ;CN) (PR, (3a) or {[( R)-(S)-Pigiphos|Rh(CH ;CN)}OTf), (3b)?

Entry Carbonyl Alcohol Complex  Solvent Time Product Yield cis/trans ee
compound h (%)° ratio®®  (%)¢
0
1 )J\ 3a THF 35 — 0.9 e
Ph H HO OH 0><0
Ph” "H
0
2 )k 3a CH,CL, 5 234 2.9
Ph H HO OH 0><0
ph” “H
23 422 1.7
o><o
ph” H
0 {
3 /U\ —\ 3k THF 12 [ 1.8
Ph H HO OH 0><0
rh” CH
1.9 /ant 85.9 12
O
b H
0 /
4 Ji —n 3h CB,CL 1.2 [ ”'< 97.1 1.2
°hT TH HO NES 0~.><<>
Ph” H
O
5 P8 ‘>_ 3b CH,CL, 3 / k 77.8 0.0
P H g 0><0

Ph" "H

4General reaction conditions: carbonyl compound/catalyst mole ratio = 2000; alcohol /carbonyl compound mole ratio = 1.1; drying
method: 3 A molecular sieves placed in a cotton bag suspended above the liquid (10 ml); reflux temperature.

PReaction mixture, GC.

®Products identified by "H NOESY spectroscopy on the isolated product.

9| solated product, GC.
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tion of the two Ph,P atoms, thus indicating a
mer arrangement of the tridentate ligand in both
complexes [29,30]. The "J.,» coupling constant
values are in line with the trans-influence of the
coligands which decreases in the order R;P >
CH,CN > CI [30-33]. Accordingly, in 2 and
33" the "Ju coupling constants of the two
trans Ph,P phosphorus atoms are smaller than
the *Jgp constant of the central CyP atom
which, in turn, increases in going from 3%*
(105.6 Hz) to 2 (109.6 Hz). Consistent with the
+3 oxidation state of the rhodium center, the
YJ.p values are smaller than the corresponding
constants in related Rh(l) complexes such as
[(S)-(R)-Pigiphos]RhCI and {[(S)-(R)-
Pigiphos]Rh(CH ,CN)} * [31,34,35]. The *H and
C NMR resonances of the coordinated aceto-
nitrile molecule in 33" can unambiguously be
assigned by *H,"*C correlations recorded in ace-
tone-d, solution. The observed *H chemical
shifts for the CH;CN protons are in the range
1.69—2.46 ppm, while the **C chemical shifts
are in the range 1.66—4.57 ppm for the CH ;CN
methyl group. On the basis of a previous report
[27], the *C resonance at 1.66 ppm can be
assigned to the acetonitrile molecule trans to
the CyP group in 33*; consequently, the reso-
nances at 4.53 and 4.47 ppm are attributed to
the acetonitrile ligands trans to each other.

3.2. Catalytic acetalization reactions

The acetonitrile complexes 4 and 3ab have
been tested as catalyst precursors for the acetal-
ization of simple carbonyl compounds with gly-
cols under aprotic conditions (Scheme 1). Se-
lected results are reported in Tables 2 and 3 for
the Ni(Il) and the Rh(Ill) complexes, respec-
tively, together with the experimental conditions
(carbonyl compound:catalyst mole ratio =
2000:1, acohol:carbonyl compound mole ratio
=1.1:1). Among the several methods used to
remove H,O produced during the reactions, the
use of ‘suspended’ 3 A molecular sieves (see
Section 2) proved to be the most efficient proce-

dure. * The organic products were identified by
their GC-MS and *H NMR spectra, while the
stereochemistry was assigned on the basis of *H
NOESY spectroscopy. 2 The enantiomeric ex-
cesses (ee) were determined by GC analysis.

The reactions proceed efficiently in refluxing
THF for the Rh complexes or in refluxing
CH,CI,, for both Ni and Rh complexes. Indeed,
the choice of the solvent was seriously limited
by the chemical and physical characteristics of
the catalyst precursors which are practically in-
solublein apolar solvents (hydrocarbons, CoHy),
and easily decompose in THF (Ni) or CH;NO,
(Ni and Rh). Moreover, a solvent as weakly
coordinating as possible is needed to avoid
competition with the substrate (i.e., the reac-
tions rates are very low in acetonitrile solutions),
while alcohols or ketones cannot be used due to
competitive acetalization reactions. The use of
C,H,Cl, instead of CH,CI, did not apprecia-
bly affect either the reaction rates or the product
composition.

The participation of residual protic acid in
the acetalization reactions assisted by 3b (due to
the excess of the silver salts used for its synthe-
sis) can be ruled out as the metal complexes
were repeatedly re-crystallized to give acid-free
compounds. 3

The conversions and the rate of the reactions
were usually satisfactory using aldehydes,
whereas they were lower for tertiary acohols
than for secondary alcohols (entries 1 and 3,
Table 2; entries 4 and 5, Table 3) or using

! Although the reactions proceed also in the presence of acti-
vated Drierite or by introducing the molecular sieves directly into
the reaction mixture, they are considerably slower in comparable
experimental conditions. Azeotropic removal of water using CgH¢
as solvent was unsuccessful due to the low solubility of the metal
complexes. Use of trimethyl or tri(isopropyl) orthoformate was
precluded by competitive reactions with methyl or isopropyl
alcohol produced during the reaction.

2 The cis and trans labels refer to the relative position of the
hydrogen atoms or methyl groups with respect to the five-mem-
bered acetal ring.

% The presence of residual protic acid, even in trace amount,
strongly increases the rate of the reaction also in CgHg solutions.
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ketones (Table 2, entries 1 and 4). This reactiv-
ity trend is quite common for proton-catalyzed
acetalization reactions [36,37]. The cis/trans
ratio of the acetal products does not seem to be
significantly affected by the presence of the
methoxy substituent in ortho position (Table 2,
entry 2), and invariably decreases for increasing
conversions (Table 3, entries 2 and 3). Unfortu-
nately, in all the cases investigated, the acetal-
ization reactions proceeded with no significant
diastereo- or enantioselectivity (entry 3 Table 2,
entry 5 Table 3).

Finaly, it is worth mentioning that: (i) the
presence of labile ligands in the catalyst precur-
sors is of mandatory importance to promote the
acetaization reaction (i.e., the reaction yields
are much lower with the chloride complexes
[(Pigiphos)NiCI]PF;, or (Pigiphos)RhCl, in
comparable experimental conditions); (ii) con-
sistent with the general mechanism of acetaliza
tion reactions [17], the reaction rates increase
with the charge of the catalyst precursor (i.e.,
the reaction is much slower with the monoca-
tionic complex {[(S)-(R)-Pigiphos|Rh(CH ;-
CN)}OTTf [35] than with the tricationic complex
3b); (iii) for the Rh(I11) complexes, the catalyst
efficiency is higher for the triflate salt than for
the hexafluorophosphate salt (Table 3, entries 1
and 3; Table 3 entries 2 and 4). This counter-an-
ion effect may be due to poisoning of the
catalyst by fluoride ions released by PF;™ during
the reactions. Moreover, the present acetaliza
tion reactions show chemical characteristics that
do not significantly differ from those described
by Venanzi et a. [15-17].
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