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ABSTRACT

0.1-10 mol %
O M{N(SiMes)olo(THF), )Ol\
2
R”H R 07R
CeDe, 25 °C

R =Aryl, 2% alkylor 3° alkyl M= Ca, SrorBa

Homoleptic heavier alkaline earth amides, M {N(SiMe3),}2(THF), (M = Ca, Sr, and Ba) are reported as precatalysts for the dimerization of
aldehydes to the analogous carboxylic esters (Tischenko reaction).

Recent years have witnessed a dramatic growth in the || AR AN

coordination chemistry of the heavier alkaline earth métals.  scheme 1. Heavier Alkaline Earth Catalyzed Tischenko

Although it has long been speculated that the highly ionic Reaction
and nondirectional bonding in heavier alkaline earth com- O 5410 mol 9 o
. K X .1-10 mol % 1, 2a-c

pounds, coupled with the preclusion of redox behavior, may 2 R)LH R)l\o/\R
afford a catalytic reaction chemistry paralleling that of CeDs, 1t
lanthanide(lll) organometallics, well-defined examples of
such reactivity have only recently begun to emerge. Explora- W _
. L : . N. N M{N(SiMe3)2}(THF)2
tions by Harder of the reactivity of homoleptic heavier AT cg A W= Ca 20
alkaline earth benzyl complexes have shown that they may (MeaSN' “THF =S 2b

. . =Ba, 2¢
act as catalysts for both the polymerization of styrene and Ar = 2,6-diisopropylphenyl

the hydrosilylation of moderately activated alkeAeRur-
thermore, we have found that tifediketiminato-stabilized

calcium amidel (Scheme 1) is an effective catalyst for the The dimerizat?on of aldehydgs to the analogous carboxylic
intramolecular hydroamination and intermolecular hydro- ©Sters, or the Tischenko reaction, has been known for over
phosphination of alkenes and alkyrfes. a century. The_re_actlon r_epresents an atom-efficient _synthesus
of esters and is industrially relevant as the homodimers of
T . simple aldehydes have found numerous applications in the
Imperial College London. . . ..
* GlaxoSmithKline Medicines Research Centre. food and perfume industries. A number of transition metal
(1) (@) Harder, S; Feil, F.; Repo, Them.—Eur. J2002,8, 1992. (b) and main group compounds are reported to catalyze the
Alexander, J. S.; Ruhlandt-Senge, Kur. J. Inorg. Chem2002, 2761. (c) . . . .
Hanusa, T. PCoord. Chem. Rez2000, 210, 329. (d) Hanusa, T. p.  reaction. Although aluminum alkoxides are typically em-
Organometallic2002 21, 2559. (e) Westerhausen, Mngew. Chem., Int. ployed as homogeneous catalysts;[Fe(CO)],> Cp.MH
Ed. 2001,40, 2975. _ 6 7 ; Py
(2) () Harder, SAngew. Chem., Int. ER003,42, 3430, (b) Harder, (M = Zr, Hf),>and B(OH)" also display moderate activities
S.; Feil, F.; Knoll, K.Angew. Chem., Int. ER001,40, 4261. (c) Feil, F.;

Harder, S.Eur. J. Inorg. Chem2003, 3401. (d) Weeber, A.; Harder, S.; (3) (@) Crimmin, M. R.; Casely, I. J.; Hill, M. SJ. Am. Chem. Soc.
Brintzinger, H. H.; Knoll, K.Organometallics2000, 19, 1325. (e) Buch, 2005,127, 2042. (b) Crimmin, M. R.; Barrett, A. G. M.; Hitchcock, P. B.;
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for the dimerization of benzaldehyde to benzyl benzoate. || NG

More recently, homoleptic lanthanide amides, MIN(Si)de Table 1. Dimerization of Benzaldehyde to Benzyl Benzoate

(M = Sc, Y, La),. have been rgported allslhighly a_ctive Catalyzed by 1 mol % of §IN(SiMes),} o(THF), in CeDs at
catalysts for the Tischenko reaction, mediating the dimer- Room Temperature
ization of aromatic and aliphatic aldehydes to the carboxylic

esters with turnover frequencies (TOF) ranging from 2 to ) )Oj\ 1 mol % 2a-c j’\

1500 h.8 In this instance, the reaction mechanism has been Ph™ H CoDe 1 Ph” 0" Ph

investigated and proposed to occur via the formation of an

intermediate lanthanide(l1l) alkoxide. catalyst TOF/h-! NMR yield/%
We now present a preliminary report that the heteroleptic 2a . 97

calcium amidel and the readily synthesized homoleptic ob 41 78

alkaline earth amide®a—c are competent precatalysts for 2¢ 16 86

the dimerization of aldehydes to carboxylic esters (Scheme
1).

An initial reaction between benzaldehyde and 10 mol %  Recent reports have shown that pretreated alkaline earth
of 1 was conducted on an NMR scale ipQ. After 1 h at oxides, MO (M= Ca, Sr, Ba), may act as heterogeneous
room temperature, the production of benzyl benzoate wascatalysts for the Tischenko reaction with activities increasing
observed as evidenced by the appearance of a characteristigith the increasing basicity of the MO bond (Sr> Ca>
methylene singlet of the product at 5.21 ppm, with a Ba)? To ascertain that the observed catalytic activity was
concomitant decrease in intensity of the aldehyde proton of due to a homogeneous intermediate, and not hydrolysis
benzaldehyde. The reaction was complete within 2 h, and products, the reaction of benzaldehyde v@thwas carried
benzyl benzoate was identified as the major volatile product out following exposure of the catalyst to an aerobic
by NMR and GC-MS analysis. The reaction could be atmosphere. In these instances, no benzyl benzoate produc-
repeated with 1 mol % of with no loss of activity. In both tion was observed.
cases, the dimerization of benzaldehyde was accompanied The scope of the reaction was investigated, and a series
by the production of the protonated ligand ArNHC(Me)CHC-  of aromatic, heteroaromatic, and aliphatic aldehydes were
(Me)NAT (Ar = 2,6-diisopropylphenyl), observed in thel  allowed to react with +5 mol % of C4 N(SiMes)z} (THF)

NMR. This result suggested the catalytically active species 2a. The reactions were performed on both an NMR and a
was not supported by the spectator ligand. On the basis ofpreparative scale (Table 2). In all cases, the preparative scale
this observation, a series of simple homoleptic alkaline earth yjelds paralleled those observed by NMR and the products

amides, MN(SiMe3)2}2(THF), (M = Ca, Sr, and Ba,
2a—c), were synthesized by metathesis of Mith 2 equiv
of KN(SiMes), in THF, and their catalytic reaction with

were isolated and fully characterized (see Supporting Infor-
mation). This study showed thaawas an effective catalyst
for both theinter- andintramolecular Tischenko reaction,

benzaldehyde was investigated on an NMR scale. The resultswith the rate of the latter exceeding that of the former. A
of these experiments are presented in Table 1. Compoundsyumber of aromatic aldehydes and both enolizable and

2a—cwere found to be active catalysts for the dimerization

nonenolizable aliphatic aldehydes are reactive substrates

of benzaldehyde to benzyl benzoate. In all cases, the lattergiving the analogous dimeric esters in high vyield. The

was observed as the major product of the reaction. The

reactivity of enolizable aliphatic aldehydes wisla under

turnover frequency of the reaction decreases with increasingthese conditions is of particular note as the stoichiometric

ionic radius of the alkaline earth metal. This result is in stark
contrast to that observed in the lanthanide series, M{N-
(SiMe3)2}s (M = Sc, Y, La), for the same reaction where
turnover frequencies increase with increasing ionic radlius.
Indeed, although the reaction could be catalyzed by Ba-
{N(SiMe3);} o(THF),, 2c, turnover was markedly slow and
the reaction took several days to near completion.

(4) (a) Child, W. C.; Adkins, HJ. Am. Chem. S0d.923,47, 789. (b)
Villani, F. J.; Nord, FJ. Am. Chem. S0d947,69, 2605. (c) Lin, L.; Day,
A. R.J. Am. Chem. S0d.952,74, 5133. (d) Sargusa, T.; Ueshima,JI.
Org. Chem.1968,33, 3310. (e) Ooi, T.; Miura, T.; Takaya, K.; Maruoka,
K. Tetrahedron Lett.1999, 40, 7695. (f) Simpura, |.; Nevalainen, V.
Tetrahedron2001,57, 9867. (g) Ooi, T.; Miura, T.; ltagaki, Y.; Ichikawa,
H.; Maruoka, K.Synthesi002, 279. (h) Ooi, T.; Ohmatsu, K.; Sasaki,
K.; Miura, T.; Maruoka, K.Tetrahedron Lett2003,44, 3191.

(5) Yamashita, M.; Ohishi, TAppl. Organomet. Cheni993,7, 357.

(6) Morita, K.-I.; Nishiyama, Y.; Ishii, Y.Organometallics1993,12,
3748.

(7) Stapp, P. RJ. Org. Chem1973,38, 1433.

(8) (a) Berberich, H.; Roesky, P. WAngew. Chem., Int. EA.998,37,
1569. (b) Burgstein, M. R.; Berberich, H.; Roesky, P. @hem.—Eur. J.
2001,7, 3078. (c) Onozawa, S.-Y.; Sakakura, T.; Tanaka, N.; Shino, M.
Tetrahedron1996,52, 4291.

332

reaction of Ca{N(SiMg}(THF), with acetophenone is
reported to give a high yield of the corresponding calcium
enolate, which has been isolated and characterized in the
solid state®

The dimerization of more electron-rich aromatic aldehydes
with the calcium amid@a proved unsuccessful. Indeed, the
attempted dimerization dd-methylindole-2-carboxaldehyde,
2-furfuraldehyde, ang-N,N-dimethylbenzaldehyde ¥a
were all ineffective, even at higher reaction temperatures and
catalyst loadings. Although it is feasible that heteroatom-
substituted substrates may inhibit catalytic turnover by
coordination to the electrophilic calcium center, treatment
of 2awith mranisaldehyde gave an almost quantitative yield
of 3-methoxybenzyl 3-methoxybenzoate. In contrast, under

(9) (a) Seki, T.; Hattori, HCatal. Sury. Asia2003,7, 145. (b) Tsuji,
H.; Hattori, H.Chem. Phys. Chen2004,5, 733. (c) Seki, T.; Kabashima,
H.; Akutsu, K.; Tachikawa, H.; Hattori, Hl. Catal.2001,204, 393.

(10) (a) He, X.; Allan, J. F.; Noll, B. C.; Kennedy, A. R.; Henderson,
K. W. J. Am. Chem. So2005,127, 6920. (b) Wendell, L. T.; Bender, J.;
He, X.; Noll, B. C.; Henderson, K. WOrganometallics2006, 25, 4953.
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s and the reaction of 1 mol % df or 2a with terephthaldi-

Table 2. Dimerization of Aldehydes to the Analogous carboxaldehyde (1,4-(CH@)sH4) in benzene gave the

Carboxylic Esters Catalyzed by-5 mol % of 2a at Room corresponding polyester in high yield. Characterization of
Temperature in Benzehe the polymer by'H NMR spectroscopy revealed that there
0 . o were numerous aldehyde endgroups present, and consistent
, mol % 2a e with the expected step-growth polymerization mechanism,
R™ H benzene,t R 0 R GPC analysis showed a polydisperse high molecular weight
entry oroduct ol NMR - solated | material along with low molecular weight oligomers (see
5 > > > Supporting Information).
! Q/\*“@ ! o7 74 The dimerization of 2 equiv of benzaldehyde to benzyl
P S benzoate formally involves the oxidation of 1 equiv of
2 CT 3 99 87 aldehyde and the reduction of another. Given the redox
. inability of the group 2 complexes, it is clear that this process
3 @*“@( 3 % 7 must occur by a net hydride transfer from one aldehyde to
the other. In an attempt to understand the reaction further,
4 @iDAO 5 2 106 the dimerization of benzaldehyde to .ben-zyl benzoate cata-
wo N N o lyzed by 10 mol % of2a was studied in more detail.
5 (@*«@ 25 97 74 Quenching the reaction after 5 min at room temperature and
i o ™ analyzing by GC-MS andH NMR spectroscopy revealed
6 )@A“@L 5 93 70 that both benzyl alcohol and,N-bis(trimethylsilyl)benza-
o * mide were initial byproducts of the reaction. Given this
7 /@*é@ 5 48 40° observation, it is likely that the reaction occurs via a calcium
F o T alkoxide intermediate which may originate from a Meer-
8 @[lfo ! 93 81 wein—Ponndorf—Verley-type reduction of benzaldehyde.
i Subsequent addition to a second equivalent of aldehyde
’ @@ > = 82 followed by a hydride transfer would result in the formation
10 ﬁi" ~K 5 o8 % of benzyl b_enzoate with regen_erat?on of the_ calcium alkoxide.
Further evidence for an alkoxide intermediate was provided
a . . o . by a crossover experiment. Thus, the reaction of a 1:1
Reactions conducted ingDs. TOF: intermolecular aromatic,-260 .
h=L; intramolecular aromatic; 500 tr?; intermolecular aliphatic 100 2. mixture of benzaldehyde and 4-bromobenzyl 4-bromoben-
blsolated after stirring witl2a for 24 h at room temperature ingBs. °96 zoate with 5 mol % oRagave, in addition to benzaldehyde,

h reaction time. benzyl benzoate, and 4-bromobenzyl 4-bromobenzoate, the

crossover product benzyl 4-bromobenzoate as identified by
the same conditiong-anisaldehyde gave 4-methoxybenzyl GC-MS. This latter result may be attributed to the ester
4-methoxybenzoate in a low yield (Table 2, entries 3 and product undergoing transesterification with an intermediate
4). This observation suggests that the electronic charactercalcium alkoxide.

of the aldehyde determines its ease of dimerization &éh In summary, the heteroleptic calcium amitiand homo-

and that more electron-rich aldehydes react more slowly. |eptic heavier alkaline earth amidezga—c are effective
Similarly, it has been reported that La{N(Sif}igs dem-  catalysts for the dimerization of electron-deficient aromatic
onstrates low catalytic activity for the dimerization of anq aliphatic aldehydes to the analogous carboxylic esters.
heteroaromatic and electron-rich aromatic aldehydes. We are continuing to study the mechanism and scope of this

To investigate the limits of the catalysis, a further reaction (gaction.
was conducted between benzaldehyde and 0.1 mol 2& of
using a 0.5 mol quantity of the aldehyde. The reaction was

conducted without solvent, and after 88 h at ambient gonorq,5 endowment (to A.G.M.B.), the Royal Society for
temperature, benzyl benzoate could be isolated in 63% yleId.a University Research Fellowship (M.S.H.) and Royal

This Iower_turngver frequency, longer reaction time, apd Society Wolfson Research Merit Award (A.G.M.B.), and the
lower reaction yield as compared to the NMR scale reaction Engineering and Physical Sciences Research Council and

are most likely a reflection of the lower catal_yst Iogdlng, S 5|axoSmithKline for generous support of our studies.
the catalyst may be destroyed by reaction with trace

impurities or water present in the benzaldehyde. Repeating

the reaction using 0.2 mol % @& allowed an optimization

of the yield to 74% after only 48 h at room temperature.
The homoleptic or heteroleptic calcium amide catalysts

could also be applied to the polymerization of dialdehydes, 0L0627247
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