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Abstract

Complexes of general formula (η5-L)RuCl(PR3)2 are shown to be active and highly selective catalysts for the olefination of aldehy
the presence of phosphines and diazoacetate at moderate temperatures. With equal catalyst loadings of Cp* RuCl(PR3)2 shows comparable
activity and higher selectivity with regard to the most active catalysts known to date for this reaction. Spectroscopic investigations de
that the reaction mechanism includes the quantitative formation of the corresponding phosphorus ylide from the preformed phosphazine.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The classic approach for constructing carbon–car
double bonds in organic synthesis involves the Wittig re-
action and its numerous variants[1]. Despite being broadly
applicable methods, they still have some significant dr
backs such as the requirement of stepwise synthesis of
precursors under basic conditions[1]. Accordingly, growing
research interest arose in the development of new met
that can directly use easilyaccessible diazo compounds f
in situ generation of the ylides under neutral conditions[2].
Several transition-metal complexes, among them Mo,
Rh, Fe, Co, and Cu, have been shown to catalyze the o
nation of aldehydes with diazo compounds in the prese
of tertiary phosphines[3]. The mechanism of these rea
tions, however, is still under debate and it seems likely
different pathways are involved[3,4]. Usually the catalysts
are employed in ratios between 1 and 5, sometimes
10 mol% (with respect to diazo compound) in order to av
unwanted side reactions such as the formation of azi
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The preferred product of the olefination reaction is theE)
isomer being formed withE/Z ratios between 90:10 an
99:1[3]. Unfortunately, the most active catalysts do not h
the bestE selectivities[3].

2. Experimental

All preparations and manipulations were performed
ing standard Schlenk techniques under an atmosphe
nitrogen. Solvents were dried by standard procedures (T
n-hexane, and Et2O over Na/benzophenone; CH2Cl2 over
CaH2), distilled under nitrogen, and used immediat
(THF) or kept over 4 Å molecular sieves. Compounds1 [5a],
2–4 [6b], 5 [5b], and6 [5c] were synthesized according
literature procedures or adaptations of these procedures

2.1. Catalytic aldehyde olefination

4-Nitrobenzaldehyde, benzaldehyde, orN,N ′-dimethyl-
aminobenzaldehyde (3.31 mmol), PPh3, PPh2Cy, PPh2(o-
tolyl), or P(m-tolyl)3 (3.6 mmol), fluorene (0.4 g, inter
nal standard), 0.1–2.5 mol% of compounds1–6, and EDA
(0.5 mL, 4.6 mmol) were dissolved in 20 mL of dry THF a
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allowed to react at 50◦C. For benzaldehyde, 0.6 mol%
compound5 has been used as catalyst. Samples were t
after the first 5 min of reaction and then every 30 min fo
least 2 h. The conversion of aldehyde (4-nitrobenzaldeh
and benzaldehyde andN,N ′-dimethylaminobenzaldehyd
and the formation of ethyl-4-nitrocinnamate, ethyl-4-N,N ′-
dimetylaminocinnamate and ethylcinnamate were m
tored by GC and calculated from calibration curves (r2 =
0.999, internal standard fluorene) recorded prior to the r
tion course.

2.2. 31P NMR experiments

PPh3 (100 mg, 0.38 mmol) and ethyldiazoacetate (ED
(44 µL, 0.38 mmol) were allowed to react at RT in TH
the complete formation of phosphazine was confirmed
31P NMR spectroscopy. The temperature was then raise
50◦C and the catalyst was added (0.038 mmol, 1 mo
of compound6, Fe(TPP)Cl or ReOCl3(PPh3)2, respectively.
31P NMR spectra were then measured within regular t
intervals. The integration was made taking as unity the p
of a 1 M aqueous (D2O) solution of H3PO4 in a sealed inle
tube.

3. Results and discussion

We set out to develop catalysts with both high activit
and selectivities and comparedthem with the best aldehyd
olefination catalysts reported so far. For our examination
selected organometallic ruthenium compounds of the
eral formula (η5-L)RuCl(PR3)2, since they display rathe
unique possibilities for easy ligand modifications[6]. How-
ever, their catalytic potential has not yet been exploited
to the best of our knowledge only one derivative, nam
CpRuCl(PPh3)2, has been mentioned in the context of c
alytic aldehyde olefination[3e,4b].

The received olefin yield with CpRuCl(PPh3)2 (1) as
catalyst applied for 4-nitrobenzaldehyde (4-NBA) w
ethyldiazoacetate and triphenylphosphine (PPh3) with a
catalyst:4-NBA ratio of 1:50 (2 h reaction time) increas
with increasing temperature from ca. 30% at 20◦C to 65% at
70◦C. TheE/Z ratio, however, remains nearly unchang
at ca. 9:1, which is (within the measurement error ran
identical to the product ratio of the noncatalyzed Wittig
reaction. The turnover frequency increases at the same
perature interval from ca. 40 to ca. 130 h−1. Replacing the
coordinated PPh3 ligands with bulkier phosphines PPh2Cy
(Cy = cyclohexyl), PPh2(o-tolyl), and P(m-tolyl)3 leads to
compounds2–4 (Chart 1).

Compounds2–4 show all higher catalytic activity tha
complex1, particularly when the phosphine applied as o
gen acceptor is identical to the phosphine present in the c
plex. With complex3, bearing the most labile (and bulky,
seen from its Tolman angle) coordinating phosphine am
-

-

Chart 1. Compounds1–6.

Table 1
Catalytic results for compounds1–6 in the olefination of 4-NBA

Catalyst Selectivity
(E/Z)

GC yielda

(%)
Isolated
yielda,b (%)

TOFc

(h−1)

1 7.3:1 42 38 40
2 15.6:1 46 44 55
3 24:1 92 88 460
4 49:1 63 58 120
5 49:1 100 96 310
6 99:1 100 97 600
6d 99:1 100 98 1200
Fe(TPP)Cld 11.5:1 100 97 900
Cl3ORe(PPh3)2

d 49:1 100 95 890
5e 24:1 68 65 60
6e 24:1 100 96 460
Fe(TPP)Cle 10.1:1 100 96 450
6f 19:1 20g 16g 40

a Yield determined after 2 h reaction time at 50◦C, 2 mol% catalyst phos
phine ligands and oxygen acceptors are identical.

b The spectroscopic data and elemental analysis values are as ex
for the received olefins.

c TOF determined after 5 min.
d Conditions as under footnote a, but 1 mol% catalyst.
e Benzaldehyde as substrate, 0.6 mol% catalyst; yield determined

2 h, after 24 h the yield is quantitative.
f 4-Dimethylaminobenzaldehyde as substrate, 1% catalyst.
g Yield determined after 24 h.

the examined compounds, the yield at 50◦C after 2 h reac
tion time is 92%, the TOF is 460 h−1, and theE/Z ratio
is 24:1 when the same phosphine is used as ligand an
oxygen acceptor (seeTable 1).

An even more pronounced increase in the catalytic
tivity in comparison to1 is achieved by replacing the C
ligand by Ind or particularly by Cp* , leading to compound
5 and 6. For compound5 a 100% yield is reached withi
1 h with anE/Z ratio of 49:1 and a TOF> 300 h−1 (at
50◦C). Compound6 shows an even higher activity, the rea
tion being completed (100% yield) after 5 min at 50◦C with
an E/Z ratio of 99:1 and a TOF of 600 h−1. A reduction
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Fig. 1. Areas of phosphazine (open symbols) and phosphorus ylide (c
symbols) from31P NMR spectra (in relation to a H3PO4 standard) of
a mixture of Ph3P=N–N=CHCOOCH2CH3 and Fe(TPP)Cl (triangles)
Cl3ORe(PPh3)2 (circles), and6 (squares).

of the catalyst loading to 1% does not lead to a reductio
the olefin yield or to significant azine formation. While t
yield (100%) and theE/Z ratio remain constant, the TO
increases to 1200 h−1 for compound6 at 50◦C. A further
reduction of the catalyst amount to 0.5 mol% increases
activity of 6 only slightly to ca. 1300 h−1. The good per-
formance of compound6 tempted us to compare its activi
and selectivity with the best known aldehyde olefination c
alysts in the literature, namely Cl3(O)Re(PPh3)2 [3c] and
Fe(TPP)Cl[3n] (TPP= tetra(p-tolyl)porphyrin) under de-
fined reaction conditions. In the case of the latter cata
both TOF and TON have previously been determined
single 30-min experiment with a medium active substr
(benzaldehyde) under quite rigorous conditions (resealabl
carefully dried Schlenk tube with a Teflon screw cap)
80◦C [3n]. In contrast to that, for catalyst Cl3(O)Re(PPh3)2

the performance had been reported to be optimized for eas
application conditions (i.e., not predried, commercial gr
solvents, cheap oxygen acceptor)[7]. At a catalyst:4-NBA
ratio of 1:100 (50◦C, 2 h reaction time), all three catalys
quickly reach quantitative olefin yields withE/Z ratios of
11.5:1 (Fe(TPP)Cl), 49:1 (Cl3(O)Re(PPh3)2), and 99:1 (6),
the TOFs (after 5 min) being all in the same order of m
nitude, namely 900, 890, and 1200 h−1, respectively. With
a cat.:4-NBA ratio of 1:1000 (ca. 0.1 mol%) all three co
plexes do not reach quantitative yield within 2 h at 50◦C.
TheE/Z ratios are (approximately) the same as with a 1:
ratio; the TOFs (after 5 min) are 3680, 1230, and 1600 h−1,
respectively. While Cl3ORe(PPh3)2 gets inactive first (af-
ter little more than 5 min), Fe(TPP)Cl shows a significan
higher initial activity than both other compounds. Howev
Fe(TPP)Cl gets inactive within ca. 30 min. Compound6 sur-
vives about 90 min under the conditions applied. The rea
for the more pronounced differences in the (initial) activ
ity at low catalyst concentrations lay in the (likely) reacti
mechanisms of the three catalysts. All of them form ylide
intermediates (shown by31P NMR experiments performe
in the absence of aldehydes, seeFig. 1 and Section2), and
Scheme 1.

phosphazine formation (from phosphine and EDA) is alw
observed prior to the reaction with the catalyst. The imp
tance of the phosphazine formation preceding the reac
with the catalyst for catalytic aldehyde olefinations has b
discussed elsewhere[3i] . However, while the catalytic activ
ity of 6 (and probably also Cl3ORe(PPh3)2 is hampered by
the presence of a huge excess of phosphine, due to sh
the initial equilibrium toward the 18-electron species (
Scheme 1), Fe(TPP)Cl does not suffer from that disadva
tage, having no phosphine ligands coordinated to the me

For complexes1–6 a 16-electron species (η5-L)RuCl-
(PR3) [6a,6b] is formed from the 18-electron starting m
terials in an equilibrium reaction. When a large excess
PPh3 is present, the equilibriumis strongly shifted to the
side of the 18-electron species. The comparison of the
alytic activity of complexes1–4 and of PPh3 with PPh2(m-
tolyl) indicates that bulky substituentsR on the phosphine
increase the reaction rate by shifting the initial equilibriu
toward the 16-electron species. The increase in the act
cannot be ascribed to the formation of more reactive ph
phorus ylides. It is known for uncatalyzed Wittig reactio
that, e.g., the ylide formed with PPh2(m-tolyl) leads to lower
activities than the one derivedfrom triphenylphosphine, al
though being associated with higherE/Z selectivities[8].
Cp* being both a considerably better electron donor than
and also being more bulky shifts the initial equilibrium qu
efficiently on the side of the 16-electron species[9]. Accord-
ingly, compound6 is the best catalyst among the examin
Ru catalysts, but nevertheless sensitive to high phosphin
cess. Quite interesting, however, is its highE selectivity in
comparison to both Fe(TPP)Cl and Cl3ORe(PPh3)2.

It is important to note that all three catalysts (as well
compounds1–5) do not catalyze the aldehyde olefinati
when diazomalonate is applied instead of diazoacetate.31P
NMR experiments show that the reaction is forming the
spective ylide catalytically, but is unable to proceed furth
This observation is due to the fact that Ph3P=C(C(O)Et)2
and the other corresponding ylides (from the phosphine
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compounds2–4) are not reactive toward 4-NBA (and oth
aldehydes) and proves that all examined complexes cat
the formation of ylides from diazo compounds. The fact t
all examined catalysts lead to different olefinE/Z ratios
indicates that there should be a certain influence of the
alyst on the second reaction step, as assumed previous
Fe(TPP)Cl[3h].

4. Conclusion

In summary it has been shown that complexes of
type (η5-L)RuCl(PR3)2 can be turned from moderate[3e]
to good catalysts, with proper modifications on their l
ands. Under the usually applied concentrations (1:50–1
cat.:substrate) and under comparatively mild reaction c
ditions (50◦C) Cp* RuCl(PPh3)2 rivals the most active alde
hyde catalysts in activity, displaying a superior selectiv
towardE olefins. Furthermore, the organometallic Ru s
tems allow an easy ligand modification, which may lead
further improvements of their catalytic performance.

Superior selectivity combined with a high activity a
easily possible synthetic modifications are the advantag
the ruthenium catalysts described here in comparison to
viously described aldehyde olefination catalysts.
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