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Abstract

[RuCI(SiMe;)(CO)(PPR),] (1) was found to catalyze dimerization of aldehydes RC(O)H yielding esters ROOW:R (3) in a Tishchenko
type reaction. Aldehydes witl-hydrogen atoms (R = Me, B®r,iBu) reacted quantitatively within 2 days (5 mol% catalyst; @on C;Dg)
whereas those without-hydrogen atoms (R #Bu, Ph) did not react at all. In the case of benzaldehyde (R = Ph), well shaped crystals
of [RuCI(O,CPh)(CO)(PP¥).] (4) precipitated from the reaction mixture. Molecular structures of catdlgstd benzoato complekwere
established by single-crystal X-ray diffraction analyses exhibiting square pyrarjdaiq octahedral complex, respectively. Using 1:1
mixture of acetaldehyde and propanal a crossed esterification reaction took place forming estersIREHE (3, R/R = Me/Me, Et/Et;
5, R/IR = Me/Et, Et/Me). In the case aBuC(O)H a crossed esterification reaction with RC(O)H (R = Me, Et) took place yielding only two
products, namely the symmetrical esters RG{OLH;R (3, R = Me, Et) and the crossed products of the type RE@JH,tBu (6, R = Me,
Et). As shown with propanal, ester formation is completely suppressed by water. Because rutheniumloateymtepared by reaction of
[RuCI(H)(CO)(PPh)3] (2) with H,C—=CHSiMe;, complex2 was also used as catalyst in the reaction with aldehydes. It proved to be non-active,
but in the presence of }—=CHSiMe; (H,C=CHSiMe;:RC(O)H = 1:1) catalytic formation of cyclotrimers of aldehydes (RCK(@) and
aldol condensation products REER—C(O)H (8, R=Et,iBu; R = R— CH,) was observed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction lates (Cannizarro reaction). Disproportionation of aldehydes

— bearinga-hydrogen or not — into alcohols and carboxylic
In 1906, Tishchenkgi,2] found that aluminum alkoxides  acids can be catalyzed by platinum group metal complexes

catalyze dimerization of aldehydes yielding esters that oc- under essentially neutral conditions in wal8}. Catalysis

curs by disproportionation of the aldehyd&clieme 1 In of Tishchenko reaction by other platinum group metal com-

general, more strongly basic catalysts catalyze aldol reactionplexes, namely by rutheniuifd—8], iridium [9,10], and os-

of aliphatic aldehydes bearing arhydrogen atom. Non-  mium complexeg11] have also been reported. Overviews

enolizable aldehydes (aromatic aldehydes and aliphatic oneshoth on homogeneous and heterogeneous catalytic systems

without a-hydrogen) undergo with stoichiometric amounts were given recently12,13]

of OH™ disproportionation yielding alcohols and carboxy- Here we report catalysis of Tishchenko reaction using
[RuUCI(SiMe3)(CO)(PPh)2] (1) as precatalyst. It has been

* Corresponding author. Tel.: +49 345 55 25620; fax: +49 345 55 27028, found a pronounced selectivity such that only aldehydes
E-mail addresssteinborn@chemie.uni-halle.de (D. Steinborn). bearing a-hydrogen atoms undergo Tishchenko reaction
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2 RC(O)H AORD: | R-c(0)-0CH,R
Scheme 1.
forming esters. Furthermore, [RuCI(H)(CO)(RPh

(2)/H,C=CHSiMe3 was found to catalyze cyclotrimeriza-
tion and aldol condensation of aldehydes yielding (RC4O)
(7) and RCH=CR—-C(O)H (8, R=R — CH), respectively.

2. Results and discussion

[RuCI(SiMe3)(CO)(PPh)2] (1) was prepared accord-
ing to a method described by Wakatsuki from [RuCI(H)
(CO)(PPR)3] (2) and HhC=CHSiMe3 [14,15] Crystalliza-
tion from benzene resulted in formation of well shaped
single-crystals suitable for X-ray diffraction analysis. The
molecular structure is shown Fig. 1 The Cl and CO lig-

ands are disordered over two positions with occupancies

0.51/0.49. Coordination geometry at Ru atom is close to a
tetragonal pyramid with the strongbybound trimethyilsilyl
ligand in the apical position. Angles between apical and basal
ligands (L) Si-Ru-Lp are between 86(1)and 102.6(2).
Without reporting details, [RuCI(SiEl{CO)(PPh),] and
[RUCK Si(OEts}(CO)(PPh),] were stated to have analo-
gous structurefl6].

[RuCI(SiMe3)(CO)(PPh)2] (1) was found to catalyze
dimerization of aldehydes that occurs by disproportionation
of the aldehyde in a Tishchenko type reacti@clfeme P

Fig. 1. Molecular structure of [RuCI(SiMECO)(PPR)2] (1) in the crystal.
Atoms with site occupancies 0.51 are marked by exponents “a”, the corre-

sponding atoms with site occupancies 0.49 are drawn as colorless spheres.

H atoms were omitted for clarity. Selected bond Iengths&oimnd angles
(in °): Ru—C1 1.71(2)/1.77(2), RuCl 2.473(5)/2.464(6), ReP1 2.378(2),
Ru—P2 2.391(2), RuSi 2.381(3), C+01 1.20(3)/1.13(3); P#Ru—P2
158.88(9), CHRuU—C1 171(1)/173.2(9), SiRu—P1 102.01(7), StRu—P2
99.02(8), S-Ru—Cl 102.6(2)/99.5(2), StRu—C1 86(1)/87.3(9).

1 (5 mol-%)

2 RC(O)H R-C(O)-OCH,R (3a-f)
CgDg, 70 °C, 2d
a b c d e f
R Me Et Pr MBu Bu Ph
yield®) 99 99 97 99 <1 <1

a) Degree of conversion in mol-% (determined by NMR spectroscopy).

Scheme 2.
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Fig. 2. Molecular structure of [RuCI(&ZPh)(CO)(PP$)2] (4) in the crys-

tal. One set of the atoms with site occupancies 0.5 are marked by ex-
ponents “a”, the other equivalent set is drawn as colorless spheres. H
atoms were omitted for clarity. Selected bond Iengthsﬁ()rand angles

(in °): Ru—C12 1.772(7), Re-O2 2.160(1), Rt-P 2.4102(8), Ru-CI?
2.372(2), C#-0121.179(7); P-Ru—P’ 179.22(2), O2-Ru—02 61.07(7),
C12—Ru—CI? 94.2(2), C#—Ru—02 166.0(2), CI—Ru—02 160.79(6),
02—C2—-02 118.3(2).

Using 5 mol% ruthenium cataly4t propanal was converted
into propyl propylate 3b) in benzene at 70C to 95% after 1
day and to 99% after 2 days. Acetaldehyde, 2-methylpropanal
(isobutyric aldehyde), and 3-methylbutanal (isovaleric alde-
hyde) behaved similarly yielding the corresponding esters. In
contrast to it, 2,2-dimethylpropanal and benzaldehyde were
not found to react yielding esters. If any, only traces of esters
were formed after a reaction time of 8 days (@). Note-
worthy, no other catalytic reactions of these two aldehydes
were observed.

From reaction solutions using benzaldehyde as reactant
well shaped yellowish orange crystals precipitated. By
means of single-crystal X-ray diffraction measurement their
identity was revealed to be [RuCI¢GPh)(CO)(PP%)2]

(4). The molecular structure is shown Kig. 2 The car-
bonyl and chloro ligands are disordered over two equally
occupied positions. Overall the (disordered) molecule
exhibits crystallographically impose@; symmetry with
symmetry axis defined by Ru, C2, C3, and C6 atoms. This
disorder seems also to be the reason for the difficulties
were encountered with the structure determination4of
obtained from [RuG(PPh)3] and PhC(O)H at 110C
[17]. Ruthenium atom adopts an octahedral coordination
with triphenylphosphine ligands in a mutughns position.
The benzoato ligand is symmetrically bidentate coordinated
(0,CPh«20,0'). Formation of the coordinatively saturated
complex4 may be responsible for the deactivation of the
catalyst. By means of NMR spectroscopy no formation of
benzoic acid was detected indicating that complewas
formed in a non-catalytic reaction.

Analogous reaction as describedScheme 2ut using
two kinds of aldehydes, namely acetaldehyde and propanal
in ratio 1:1 gave evidence for a crossed esterification reac-
tion (Scheme B After 3 days (5mol%il, 70°C in CgDg)
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Me-C(0)-OCH,Me  (3a, 35 mol-%)
1 (5 mol-%) Me-C(O)-OCH,Et  (5a, 25 mol-%)
MeC(O)H + EtC(O)H
CeDs, 70 °C Et-C(O)-OCH.Et  (3b, 20 mol-%)
(a:1 Et-C(0)-OCH,Me  (5b, 20 mol-%)
Scheme 3.
1 (5 mol-%) R-C(0)-OCH,R  (3a/b)
RC(OH + BuCOH  — 0C R-C(0)-OCHfBu (6alb)
(1:1) a b
R Me  Et
ratio 3/6 1.6/1.0 1.9/1.0
Scheme 4.

degree of conversion was about 70%. All four possible esters

—the two symmetrical3aand3b) and the two crossed prod-
ucts 6a and5b) — were formed. The slight excess (60:40)
of acetic over propionic ester84/5a versus3b/5b) indi-

cates that acetaldehyde was more readily oxidized in this

reaction.
Although 2,2-dimethylpropanal was found not to dimer-

ize yielding an ester (vide supra), a crossed esterification
reaction with acetaldehyde and propanal took place. But
only two products were formed, namely one symmetrica

ester3a/b and one crossed estéa/b (Scheme % Thus,

2,2-dimethylpropanal was reduced but not oxidized in the

Tishchenko reaction catalyzed by ruthenium comglekhe
observation that after two days (5 mol% 70°C in CsDg)

MeC(O)H and EtC(O)H, respectively, were completely con-

verted into esters but neBuC(O)H indicates the relatively
low reactivity of 2,2-dimethylpropanal.

As shown with propanal as example, the reaction is sen-

107
RYOYR R’
2 (5 mol-%)/H,C=CHSiMe; (1/100) & & R A0
RC(OH b +
C4Ds, 20 °C R (R'=R - CHy)
7ab 8a/b
a b
R Et Bu
tind 13 11

yield® 80 27
ratio 7/8 78/22 86/14
a) Degree of conversion in mol-% (determined by NMR spectroscopy).

Scheme 5.

Because ruthenium cataly$twas prepared by reaction
of [RuCI(H)(CO)(PPh)3] (2) with HoC=CHSiMe; [14,15],
complex2 was also used as catalyst in the reaction with alde-
hydes. But at 20C and even at 7€C it proved to be non-
active. On the other hand, in the presence sgEHCHSIMe;
(H,C=CHSiMe3;:RC(O)H =1:1) formation of cyclotrimers
of aldehydesq) and aldol condensation produc®) (vas
catalyzed cheme h As shown with propanal as example
the ratio cyclotrimer/aldol condensation product is dependent
on reaction temperature such that the higher the temperature

| the lower the overall activityTable ). Most likely due to

the reversibility of cyclotrimerization reactions of aldehydes,
the ratio7a/8ais shifted in favor of8a with longer reaction
times. Thus, methylrhenium trioxide was found to catalyze
cyclotrimerization of aldehydes selectively and also the re-
verse reactiofil9].

To get coordinatively non-saturated catalyst complexes,
AgBF; and TIPF was added to [RuCI(H)(CO)(PBR]
(2) in benzene resulting in precipitation of AgCl and
TICI, respectively. Using the supernatant as catalyst, with

sitive to the presence of water. Addition of 2—10 equivalents o )
of water with respect ta suppressed nearly completely ester Propanal/HC=CHSiMe; as example, at room temperature

formation. After 8 days, degree of conversion of the aldehyde ONIY cyclotrimerization took place yielding (EtCH®J7a,

was only 6 mol%, yielding cyclic trimer (EtCH@)7a) and
propyl propylate 8b) in about 5:1 ratio.

By reaction of [RuCI(SiMg)(CO)(PPR),] (1) with
equimolar amounts of AgBfor TIPFs in benzene the chloro
ligand was substituted by an only weakly coordinating BF

and Pk~ ligand, respectively. But, these catalysts did not
catalyze ester formation as shown with propanal as example.

Instead of that, cyclotrimerization forming (EtCH{7a)
took place in the case dffAgBF4 (5mol%, 60°C, degree
of conversion: ca. 20%) whereas witi'IPFg only traces of
the cyclotrimer7awere formed.

Trimethylvinylsilane is described to undergo with
a metathesis via insertion into the Rsi bond [18].
Here we found that addition of trimethylvinylsilane
(H2C=CHSIiMe3:RC(O)H =1:1; R =Me, EtiBu) did not ac-
tivate catalyst but resulted in lowering of reaction rate. Af-
ter 3 days degree of conversion yielding estergas about
70% 3a), 95% @Bb) and 40% 8d). In the latter case also
cyclotrimerization formingiBuCHO) (7b, about 5%) was

observed. Absence of ethylene in reaction mixtures indicated 13 d

that also metathesis of the vinylsilane was suppressed.

yield, 2/9 d: 33/56%, AgBFE; 50/71%, TIPE). Traces of al-
dol condensation produ8awere only found with TIPE as
cocatalyst. Overall, as expectfg2D,21] catalytic formation
of trioxanesr and aldol condensation produ@&s markedly
dependent on Lewis acidity of the catalyst complex but the
role of the vinylsilane is as yet unknown.

It is premature to discuss the reaction mechanism
for ester formation reactions catalyzed by ruthenium
complex 1. Other transition metal catalyzed Tishchenko

Table 1

Temperature dependence of degree of conversion (in mol%) of the reac-
tion of EtC(O)H yielding (EtCHO)J (7a) and Et~-CH=C(Me)—C(O)H (8a)
catalyzed by [RuCI(H)(CO)(PRMs] (2) (5 mol% in GsDs)

T(°C)
t 20-2% 40 707
1/2h 29 (100/0) ca. 1 (100/0) 5 (100/0)
5h 62 (100/0) 33 (80/20) 11 (100/0)
1d 75 (90/10) 44 (80/20)

80 (78/22) 50 (50/50) 23 (99/1)

@ In parentheses the ratita/8a is given.
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RC(OJH
(M] + RCOH ——= M _+RCOH,_ < OCHR

C(O)R “C(OR [M] + R-C(O)-OCH,R

Scheme 6.

type reactions are discussed mainly in terms of oxida- 3.2. Reaction of ruthenium catalysts with AgBHPFg

tive C-H addition of the first aldehyde, insertion of

the second one into the MH bond followed by reduc- To a vigorously stirred suspension of AgBbr TIPK

tive elimination with G-O bond formation $cheme B (6 x 10°mol) in CsDg (0.7ml), a solution ofl or 2

Ruthenium precatalysts like [RukPPh)4] [4,5] and (6 x 10~°mol) in CsDg (0.7 ml) was added. The mixture was

[{Ru(COY}2(—H)(p—C4PhyCOHOCPhy)[/HCOOH [7] stirred at room temperature for 1 day in the dark forming a

exhibited a higher activity than compléxbut in contrast td, precipitate of AgCl and TICI, respectively. After filtration,

all these catalysts — so far investigated — catalyze both dimer-0.7 ml of the clear solution were transferred into the NMR

ization of aldehydes with and without-hydrogen atoms.  tube for catalytic runs.

Provided that sterical requirements do not markedly affect re-

action, pronounced chemoselectivity of complaxay give 3.3. Crystallographic studies

rise to speculate on vinylalcohol or ketene like intermediate

complexes. Single-crystals which were suitable for X-ray diffraction
measurements were obtained from benzdheufd directly
from catalytic runs using benzaldehyde as substéter¢-

3. Experimental spectively. Intensity data were collected on a STOE-IPDS
diffractometer with Mo-kx radiation (0.710733\, graphite

All reactions and manipulations were carried out un- monochromator,T=220(2)K). A summary of crystallo-

der purified argon using standard Schlenk techniques. Sol-graphic data, data collection parameters, and refinement pa-

vents were dried and distilled under argon according to rameters is given iffable 2 Absorption correction fo#

standard methods.¢Dg was distilled from Na/K alloy*H was applied numericallyT{nin/ Tmax 0.800/0.878). The struc-

and*3C NMR spectra were recorded on Varian Unity 500, tures were solved by direct methods with SHELXS-97 and

VXR 400, and Gemini 200 spectrometers. Protio impuri- refined using full-matrix least-squares routines agaffst

ties and3C resonances of the solvents were used as in- with SHELXL-97 [23]. Non-hydrogen atoms were refined

ternal standards. GC/MS analyses were carried out usingwith anisotropic and hydrogen atoms with isotropic dis-

Hewlett Packard gas chromatograph (GC 5890 Series Il) andplacement parameters. H atoms were added to the model

mass spectrometer (MS 5972 Series) equipped with massn their calculated positions. 1t and in4 Cl, C1 and O

selective detector (70eV). [RUCI(SiECO)(PPh)2] (1)

[14,15] and [RuCI(H)(CO)(PP$)3] (2) [22] were obtained

by published methods. The other chemicals were commer-Table 2

cially available. Prior to use aldehydes were distilled from Crystal data and structure refinement fand4

NaCOs. Trimethylvinylsilane contained traces of tetrahy- 1 4
drofuran, which were removed by stirring over Z§Gol- Empirical formula GoH20CIOPRUSI  Gy4H35CI03PRuU
lowed by vaporization. fw 502.91 810.18
Crxst. syst, space group MonoclinR2:/c  Monoclinic, C2/c
a(A) 11.635(4) 17.180(3)
3.1. Catalytic reactions b(é‘) 18.824(3) 11.506(3)
c(A) 16.983(3) 19.761(3)
A NMR tube was charged under argon with 0.4ml of 8() 95.85(3) 103.070(19)
a 5mol% solution of the catalyst ingDe. After adding V(A% 3700.3(15) 3805.2(12)
appropria?e amounts of aldehyde. and — if necessary ~ eate (g/cn®) 3_903 41_ 414
trimethylvinylsilane by means of syringes, NMR tubes were ,,vo-ka) (mm1) 0.619 0.606
closed by melting. Reactions were performed in a shaking F000) 1012 1656
machine with automatic heat regulation. In appropriate time Scan range? 2.48-25.84 2.15-25.90
intervalsH NMR spectra were recorded to monitor reac- No.of refins. collected 3535 14328
tions using the intensity ratios of RC(B) RC(O)OCH,R’ Eg g: g‘:r?;nfﬂr';i'ne d iilGG%m—O.OBQO) 321196'@‘”‘_0'0388)
and (RGH0);z signals. Upon completion of reaction, identi-  ggodness-of-fit o2 0.883 1.074
ties of products were confirmed by comparison of thelr R1,wR2 (I > 25(1)) 0.0340, 0.0514 0.0256, 0.0691
and’®C NMR spectra with that of authentic samples as well R1,wRe (all data) 0.0745, 0.0587 0.0297, 0.0708
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atoms are disordered over two positions with site occu- [8] I. Yamaguchi, T. Kimishima, K. Osakada, T. Yamamoto, J. Polym.

pancies 0.51(2)/0.49(2)LY and 0.50/0.504), respectively.

Crystallographic data (excluding structure factors) have been
deposited at the Cambridge Crystallographic Data Center

as supplementary publication nos. CCDC-2522084nd
CCDC-2522094). Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cam-
bridge, CB2, 1EZ, UK. [Fax: (internat.) +44(0)1223/336-
033; e-mail:deposit@ccdc.cam.acuk

References

[1] W. Tischtschenko, Zh. Russ. Fiz.-Khim. O-va. 38 (1906) 355-418
(Chem. Zentralbl. 77 (1906) 1309-1311).

[2] W. Tischtschenko, Zh. Russ. Fiz.-Khim. O-va. 38 (1906) 482-539
(Chem. Zentralbl. 77 (1906) 1552-1555).

[3] J. Cook, J.E. Hamlin, A. Nutton, P.M. Maitlis, J. Chem. Soc., Chem.
Commun. (1980) 144-145.

[4] T. Ito, A. Yamamoto, Ventron Alembic 16 (1979) 2—-4 (Chem. Abstr.
91:192782).

[5] H. Horino, T. Ito, A. Yamamoto, Chem. Lett. (1978) 17-20.

[6] T. Ito, H. Horino, Y. Koshiro, A. Yamamoto, Bull. Chem. Soc. Jpn.
55 (1982) 504-512.

[7] N. Menashe, Y. Shvo, Organometallics 10 (1991) 3885-3891.

Sci. A 35 (1997) 1265-1273.
[9] K.A. Bernard, J.D. Atwood, Organometallics 7 (1988) 235-236.
[10] K.A. Bernard, J.D. Atwood, Organometallics 8 (1989) 795-800.
[11] P. Barrio, M.A. Esteruelas, E. flate, Organometallics 23 (2004)
1340-1348.

[12] O.P. Tormakangas, A.M.P. Koskinen, Rec. Res. Dev. Org. Chem. 5
(2001) 225-255.

[13] T. Seki, H. Hattori, Catal. Surv. Asia 7 (2003) 145-156.

[14] Y. Wakatsuki, H. Yamazaki, M. Nakano, Y. Yamamoto, J. Chem.
Soc., Chem. Commun. (1991) 703-704.

[15] B. Marciniec, C. Pietraszuk, Organometallics 16 (1997) 4320-4326.

[16] G.R. Clark, C.E.F. Rickard, W.R. Roper, D.M. Salter, L.J. Wright,
Pure Appl. Chem. 62 (1990) 1039-1042.

[17] M.F. McGuiggan, L.H. Pignolet, Cryst. Struct. Comm. 7 (1978)
583-588.

[18] B. Marciniec, C. Pietraszuk, J. Chem. Soc., Chem. Commun. (1995)
2003-2004.

[19] Z. Zhu, J.H. Espenson, Synthesis (1998) 417-422.

[20] I. Paterson, in: B.M. Trost, |. Fleming (Eds.), Comprehensive Or-
ganic Synthesis, vol. 2, Pergamon Press, Oxford, 1991, pp. 301-319.

[21] J. Auge, R. Gil, Tetrahedron Lett. 43 (2002) 7919-7920 (and lit.
cited therein).

[22] N. Ahmad, J.J. Levison, S.D. Robinson, M.F. Uttley, Inorg. Synth.
15 (1974) 45-64.

[23] G.M. Sheldrick, SHELXS-97, SHELXL-97, Programs for Structure
Determination, University of Gttingen, @ttingen, Germany, 1990,
1997.


mailto:deposit@ccdc.cam.ac.uk

	Dimerization and cyclotrimerization of aldehydes: ruthenium catalyzed formation of esters, 1,3,5-trioxanes, and aldol condensation products from aldehydes
	Introduction
	Results and discussion
	Experimental
	Catalytic reactions
	Reaction of ruthenium catalysts with AgBF4/TlPF6
	Crystallographic studies

	References


