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Abstract

Complexes of general formulaY-L)RuCI(PR;) are shown to be active and highly selective catalysts for the olefination of aldehydes in
the presence of phosphines and diazoacetate at moderate temperatures. With equal catalyst loadiRysCtP&y), shows comparable
activity and higher selectivity with regard to the most active catalysts known to date for this reaction. Spectroscopic investigations demonstrate
that the reaction mechanism includes the djtiative formation of the corresponding phosph®rylide from the preformed phosphazine.
0 2004 Elsevier Inc. All rights reserved.

1. Introduction The preferred product of the olefination reaction is thg (

isomer being formed withE/Z ratios between 90:10 and
The classic approach for constructing carbon—carbon 99:1[3]. Unfortup:?\t.ely, the most active catalysts do not have

double bonds in organic synthesinvolves the Wittig re-  the bestE selectivitieg3].

action and its numerous variarffy. Despite being broadly

applicable methods, they still have some significant draw- .

backs such as the requirement of stepwise synthesis of ylide?- EXPerimental

precursors under basic conditidd$. Accordingly, growing

research interest arose in the development of new methods AIItprt(ajpacriatSlorr]“S arlldt mﬁn!pulatmnsdwere petrformid us- f
that can directly use easibccessible diazo compounds for 'n? stan §r| Ct en edc. n(;qgjest und erdan a n(]osp e_lr_eng
in situ generation of the ylides under neutral conditif#t]s nitrogen. Solvents were dried by standard procedures ( '

Several transition-metal complexes, among them Mo, Re,n-hexane, and BO over Na/benzophenone; G, over

Rh, Fe, Co, and Cu, have been shown to catalyze the olefi—caHZ)' distilled under nitrogen, .and used immediately
. N . (THF) or kept over 4 A molecular sieves. Compoufidsal],
nation of aldehydes with diazo compounds in the presence

of tertiary phosphine$3]. The mechanism of these reac- 2._4 [6b], 5 [5b], and6 [5c] were'syntheszed according to
. T . ) literature procedures or adaptations of these procedures.
tions, however, is still under debate and it seems likely that

different pathways are involvel@,4]. Usually the catalysts
are employed in ratios between 1 and 5, sometimes even
10 mol% (Wi_th respegt to diazo compound) in qrder to a\{oid 4-Nitrobenzaldehyde, benzaldehyde, N’ -dimethyl-
unwanted side reactions such as the formation of az'nes'aminobenzaldehyde (3.31 mmol), RPIPPKCy, PPh(o-
tolyl), or P(n-tolyl)s (3.6 mmol), fluorene (0.4 g, inter-
* Corresponding authors. nal standard), 0.1-2.5 mol% of compourids$, and EDA
E-mail addressfritz.kuehn@ch.tum.dér.E. Kiihn). (0.5mL, 4.6 mmol) were dissolved in 20 mL of dry THF and

2.1. Catalytic aldehyde olefination
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allowed to react at 50C. For benzaldehyde, 0.6 mol% of @ @ @
Compoungﬁ has peen used.as catalyst. Samples were takenc,/l7u\ Ph c|/|7u\ c./Zu -
after the first 5 min of reaction and then every 30 min for at ph o N preR Ph
least 2 h. The conversion of aldehyde (4-nitrobenzaldehyde Ph Ph Ph Ph

and benzaldehyde and, N’-dimethylaminobenzaldehyde)

and the formation of ethyl-4-nitrocinnamate, ethyN4’-

dimetylaminocinnamate and ethylcinnamate were moni- 1 2 3
tored by GC and calculated from calibration curve$ £

0.999, internal standard fluorene) recorded prior to the reac-

tion course. @ =
cr— 2"\ > e~ P:h o~ Ph
2.2. 3P NMR experiments ® ph-R_ Ph R byPh
Ph Ph PhPh -
PPh (100 mg, 0.38 mmol) and ethyldiazoacetate (EDA) ( >3
(44 uL, 0.38 mmol) were allowed to react at RT in THF; 5 6
the complete formation of phosphazine was confirmed by 4
31p NMR spectroscopy. The temperature was then raised to Chart 1. Compounds-—6.
50°C and the catalyst was added (0.038 mmol, 1 mol%)
of compoundb, Fe(TPP)CI or ReOG(PPH)2, respectively. Table 1.
1P NMR spectra were then measured within regmar time Catalytic results for compounds=5 in the olefination of 4-NBA
intervals. The integration was made taking as unity the peak Catalyst Selecivity GCyield  Tsolated o
of a1 M aqueous (BD) solution of POy in a sealed inlet (E)2) %) yield®P (9) (-1
tbe. 1 7.3:1 42 38 40
2 156:1 46 44 55
3 241 92 88 460
3. Resultsand discussion 4 491 63 58 120
5 491 100 9 310
6 99:1 100 97 600
We set out to develop catalysts with both high activities & 991 100 98 1200
and selectivities and compardtem with the best aldehyde  Fe(TPP)cd 1151 100 97 900
olefination catalysts reported so far. For our examinations we ClsORe(PPg),¢ 491 100 95 890
selected organometallic ruthenium compounds of the gen-5 241 68 65 60
; . e 241 100 9 460
eral formula ¢°-L)RuCI(PRy)2, since they display rather Fe(TPP)CH 1011 100 % 450
unique possibilities for easy ligand modificatid6$. How- 6 191 @ 169 20

ever, their catalytic potential has not yet beetn e_XplOIted and 75 Yield determined after 2 h reaction time at80, 2 mol% catalyst phos-
to the best of our knowledge only one derivative, namely phine ligands and oxygen acceptors are identical.
CpRuCI(PPBb)2, has been mentioned in the context of cat- b The spectroscopic data and elemental analysis values are as expected
alytic aldehyde olefinatiof8e,4b] for the received olefins. _

The received olefin yield with CpRuCI(PBa (1) as d oo getermined aftef © min

. . . onditions as under footnote a, but 1 mol% catalyst.

Cataly.St applled for 4_'n'tr0benzaldehyde (4'NB_A) with e Benzaldehyde as substrate, 0.6 mol% catalyst; yield determined after
ethyldiazoacetate andighenylphosphine (PRh with a 2 h, after 24 h the yield is quantitative.
catalyst:4-NBA ratio of 1:50 (2 h reaction time) increases f 4-Dimethylaminobenzaldehyde as substrate, 1% catalyst.
with increasing temperature from ca. 30% af@20to 65% at 9 Yield determined after 24 h.
70°C. The E/Z ratio, however, remains nearly unchanged
at ca. 9:1, which is (within the measurement error range) the examined compounds, the yield at’&Dafter 2 h reac-
identical to the product t@ of the noncatalyzed Wittig  tion time is 92%, the TOF is 4601, and theE/Z ratio
reaction. The turnover frequency increases at the same temis 24:1 when the same phosphine is used as ligand and as
perature interval from ca. 40 to ca. 130'h Replacing the  oxygen acceptor (s€kable J).

coordinated PPhligands with bulkier phosphines PFRy An even more pronounced increase in the catalytic ac-
(Cy = cyclohexyl), PPh(o-tolyl), and P{r-tolyl)s leads to tivity in comparison tol is achieved by replacing the Cp
compound2—4 (Chart J). ligand by Ind or particularly by Cp leading to compounds

Compound®2—4 show all higher catalytic activity than 5 and6. For compound a 100% vyield is reached within
complexl, particularly when the phosphine applied as oxy- 1 h with an E/Z ratio of 49:1 and a TOE- 300 h! (at
gen acceptor is identical to the phosphine present in the com-50°C). Compound shows an even higher activity, the reac-
plex. With complex3, bearing the most labile (and bulky, as tion being completed (100% yield) after 5 min at&Dwith
seen from its Tolman angle) coordinating phosphine amongan E/Z ratio of 99:1 and a TOF of 600H. A reduction



F.E. Kuhn et al. / Journal of Catalysis 227 (2004) 253—-256

25

1,5

0,54

20 25 30

time(min)

10 15

Fig. 1. Areas of phosphazine (open symbols) and phosphorus ylide (closed

symbols) from3P NMR spectra (in relation to a 40, standard) of
a mixture of PRP=N-N=CHCOOCHCHz and Fe(TPP)CI (triangles),
Cl3ORe(PPh)> (circles), ands (squares).
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of the catalyst loading to 1% does not lead to a reduction of phosphazine formation (from phosphine and EDA) is always

the olefin yield or to significant azine formation. While the
yield (100%) and theE/Z ratio remain constant, the TOF
increases to 12001 for compounds at 50°C. A further

observed prior to the reaction with the catalyst. The impor-
tance of the phosphazine formation preceding the reaction
with the catalyst for catalytic aldehyde olefinations has been

reduction of the catalyst amount to 0.5 mol% increases the discussed elsewhefgi]. However, while the catalytic activ-

activity of 6 only slightly to ca. 1300 h'. The good per-
formance of compoun@ tempted us to compare its activity
and selectivity with the best known aldehyde olefination cat-
alysts in the literature, namely £§£D)Re(PPBh)2 [3c] and
Fe(TPP)CI[3n] (TPP= tetra(p-tolyl)porphyrin) under de-

fined reaction conditions. In the case of the latter catalyst

ity of 6 (and probably also GORe(PPBh), is hampered by

the presence of a huge excess of phosphine, due to shifting

the initial equilibrium toward the 18-electron species (see

Scheme }, Fe(TPP)CI does not suffer from that disadvan-

tage, having no phosphine ligands coordinated to the metal.
For complexesl-6 a 16-electron species;Y-L)RuCl-

both TOF and TON have previously been determined in a (PR;) [6a,6b]is formed from the 18-electron starting ma-

single 30-min experiment with a medium active substrate
(benzaldehyde) under quite rigius conditions (resealable,
carefully dried Schlenk tube with a Teflon screw cap) at
80°C [3n]. In contrast to that, for catalyst §&{0)Re(PPBh)2

the performance had been regat to be optimized for easy
application conditions (i.e., not predried, commercial grade
solvents, cheap oxygen acceptff). At a catalyst:4-NBA
ratio of 1:100 (50C, 2 h reaction time), all three catalysts
quickly reach quantitative olefin yields with/Z ratios of
11.5:1 (Fe(TPP)CI), 49:1 (6lO)Re(PPB)2), and 99:1 §),

the TOFs (after 5 min) being all in the same order of mag-
nitude, namely 900, 890, and 1200 respectively. With

a cat.:4-NBA ratio of 1:1000 (ca. 0.1 mol%) all three com-
plexes do not reach quantitative yield within 2 h at°80
TheE/Z ratios are (approximately) the same as with a 1:100
ratio; the TOFs (after 5 min) are 3680, 1230, and 1608 h
respectively. While GORe(PPB)2 gets inactive first (af-
ter little more than 5 min), Fe(TPP)CI shows a significantly
higher initial activity than both other compounds. However,
Fe(TPP)CI gets inactive within ca. 30 min. Compo@rsir-

terials in an equilibrium reaction. When a large excess of
PPh is present, the equilibriuns strongly shifted to the
side of the 18-electron species. The comparison of the cat-
alytic activity of complexed—4 and of PPl with PPhy(m-
tolyl) indicates that bulky substituen#® on the phosphine
increase the reaction rate by shifting the initial equilibrium
toward the 16-electron species. The increase in the activity
cannot be ascribed to the formation of more reactive phos-
phorus ylides. It is known for uncatalyzed Wittig reactions
that, e.g., the ylide formed with PR(m-tolyl) leads to lower
activities than the one derivdtbm triphenylphosphine, al-
though being associated with highEyZ selectivities[8].
Cp being both a considerably better electron donor than Cp
and also being more bulky shifts the initial equilibrium quite
efficiently on the side of the 16-electron spedis Accord-
ingly, compound is the best catalyst among the examined
Ru catalysts, but nevertheless sensitive to high phosphine ex-
cess. Quite interesting, however, is its highselectivity in
comparison to both Fe(TPP)Cl andsORe(PPB)2.

It is important to note that all three catalysts (as well as

vives about 90 min under the conditions applied. The reasonscompoundsl-5) do not catalyze the aldehyde olefination

for the more pronounced diffences in the (initial) activ-
ity at low catalyst concentrations lay in the (likely) reaction
mechanisms of the three catsts. All of them form ylide
intermediates (shown b3*P NMR experiments performed
in the absence of aldehydes, $€g. 1 and Sectior?), and

when diazomalonate is algd instead of diazoacetaté'P
NMR experiments show that the reaction is forming the re-
spective ylide catalytically, but is unable to proceed further.
This observation is due to the fact thatsPa-C(C(O)Et)

and the other corresponding ylides (from the phosphines of
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compound®-4) are not reactive toward 4-NBA (and other
aldehydes) and proves that all examined complexes catalyze

the formation of ylides from diazo compounds. The fact that [ () T- Ye, M.A. McKervey,

all examined catalysts lead to different olefity Z ratios
indicates that there should be a certain influence of the cat-
alyst on the second reaction step, as assumed previously for
Fe(TPP)CI3h].

4, Conclusion

In summary it has been shown that complexes of the
type (7°-L)RuCI(PRs)> can be turned from moderafge]
to good catalysts, with proper modifications on their lig-
ands. Under the usually applied concentrations (1:50-1:200
cat.:substrate) and under comparatively mild reaction con-
ditions (50°C) Cp RuCI(PPh); rivals the most active alde-
hyde catalysts in activity, displaying a superior selectivity
toward E olefins. Furthermore, the organometallic Ru sys-
tems allow an easy ligand modification, which may lead to
further improvements of their catalytic performance.

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