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Abstract 

Chemoselectlvlty in the reduction of substituted COIIJU- 
gated enones catal zed 
appears to be i 

by iridium phosphine 
slight y dependent on (, t e charge d1~%~~~~~ 

tion around the carbonyl group of the substrates: elec- 
tron withdrawing grou s enhance the reduction rate of 
the ketonic function. rp nantioselectivity, in the case of 
the catalytic system studied, to be related 
essentially to the steric hindranceePPieua%e substrate. 

Introduction 

Selective reduction bR polyfunctlonal substrates is a key step in the 

synthesis of many products of rnterest, and in the last decade several 

stolchlometrlc and catalytic systems have been developed to this purpose. 

A great number of hydride reducing agents have been used and their 

properties studied with several functional groupsl. The reduction of the 

carbonyl group in the presence of a ConJugated olefinic bond is possible 

wrth a variety of storchlometrlc hydrides, In particular much attention has 

been devoted to the synthesis of optically active allyllc alcohols, which 

are important choral building blocks, by means of chrral stolchlometrlc 

2 reagents . Catalytic selective reductions of conJugated enones are more 

dlffrcult to achieve, nevertheless high yields in allyllc alcohol have been 

obtained in homogeneous phase In the hydrogenation of benzylldeneacetone 

catalyzed by H3IrP3 (P = tertiary phosphlne)3. Asymmetric hydrogenation of 

the same compound by using [Ir(S-prolophos)2]+ [S-prolophos= (S)--(-)-N- 

(dlphenylphosph~no)-2-dlphenylphosphlnooxymethylpyrrol~d~ne] gave the 

allylrc alcohol in high yield and 30% e e 4. 

Selectivity 1s clearly a function of steric and electronic interactions 

between reducing agent and substrate Depending on the system used, the 

former or the latter or a comblnatlon of both can determine the preferen- 

tial course of the reaction. 

Following our previous work mentioned above, we decided to undertake a 

study on the influences of such parameters and in particular of charge 
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dlstrlbutlon in the substrate on selectlvlty in the hydrogenation of var- 

lous enones in the presence of lrldrur/phoaphlne catalysts. 

The present work 1s meant to give some clues about the nature of the 

catalytic species and the interactions which occur around the metal centre, 

so as to enable us to gain a better understandlng of the factors control- 

llng selectlvlty rn these systems. 

Results and discussion 

Table 1 reports results obtained in the hydrogenation of various enones 

catalyzed by [Ir(cod)(OMe)]2 (cod= 1,5-cyclooctadlene) + PBt2Ph with 

P/Ir=lO. This system was chosen because of its good selectlvlty in the 
3 reduction of the C=O bond of benzylldeneacetone . Selectivity In the un- 

saturated alcohol increases with olefinlc bond substitution (runs 1-3, 

Table I), and it 1s higher in the case of alkyl-aryl substrates like benzy- 

lldeneacetone (run 4). but it drops in the reduction of benzylldeneaceto- 

phenone (chalcone, run 5). 

Table 1 
Rydrogenatlon of enones catalyzed by [Ir(cod)(OMe)]2 + PRt2Pha 
--______-__________-------__-----~~----__-----_------_-------------__----__ 

Run Sub time(h) X conv. A B c selectlvltyb 
---__----__-----__----__----~~------------------_-----__----~___---__----~_ 

1. CH2=CH-CO-Etc 120 35 35 0 0 0 

2 Me-CH=CH-CO-Et 66 100 60 0 40 40 

3. Me2-C=CR-CO-Me 72 24 3 0 21 87 

4. Ph-CR=CH-CO-Me 22 92 5 2 85 92 

5. Ph-CU=CH-CO-Ph 24 a5 44 a 33 39 

a. Reaction conditions. solvent toluene (50 ml.), [Ir] = 4~10~~ M, 

[P]/[Ir]= 10; [sub]/[Ir] ; 500, T=lOO°C, pH2'20 atm 

A = saturated ketone, B = saturated alcohol, C = unsaturated alcohol. 

b. Selectlvlty= (% unsaturated alcohol/ % converslon)xlOO. 

C T=800C 

While for the allphatlc enones the sterlc hindrance on the C=C bond clearly 

affects the selectlvlty In favour of the carbonyl group's reduction, the 

replacement of the methyl group with a phenyl one reqult-es a more careful 

analysis of both sterlc and electronic parameters, which could give contra- 

butlons in the same dlrectlon or be In competltlon with each other. 
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Generally speaking, in hydrogenation reectlona catalyzed by metal phosphlne 

complexes, several variables can influence the reaction rate and selectrvr- 

ty, namely the structure of the substrate and its coordlnatlon ablllty to 

the metal, as well as the charge distribution ID the catalytic species. We 

proposed that in the case of A3IrP3 the steric hindrance on the metal 

largely accounts for the selectrvlty observed3. On the other hand, an 

Influence of the phosphlne basrclty5 has not been found rn this case and 

the effect of changes of the charge dlstrlbutlon in the substrate molecule 

has not been determined so far. Various phosphlnes have been used by some 

authors6*’ in ketone and olefln hydrogenation reactions catalyzed by 

rhodrum and lrldlum complexes, and the results seem to indicate that a 

higher electron density on the metal enhances the reaction rate, which is 

partly related to the easier fornatlon of the dihydrlde intermediate. On 

the other hand, ketone hydrogenation 1s thought to require the presence of 

basic llgands around the metal centre In the transfer hydrogenation 

of LB -unsaturated aldehydes, the system [Ir(cod)C1]3 + P(o-MeOPh)3 

gives a selective catalyst for reduction of the carbonyl group, probably 

because of lnteractlon between the oxygen atom of the anisyl group of the 

phosphlne and the lrrdlum atom, which makes the coordinated hydrogen more 

hydrldlc in character8. Iridium complexes with aminophosphlnes have been 

found to be very active in the hydrogen transfer reduction of benaylide- 

neacetone even in the absence of base, and selective towards C=O reduction, 

such behavlour was attributed to the basic properties of the llgands, which 

would favour hydride transfer to the substrate 9 . Irldlum/phosphlne systems 

were also used in selective hydrogenation of cinnamlc aldehyde, but no 

slgnlflcant correlation between phosphlne baslclty and yield In unsaturated 

alcohol was foundlo 

The charge dlstrlbutlon on the substrate can also give some lnformatlon on 

the catalytic system. With this arm in mind, we synthesized and used benzy- 

lldeneacetone and chalcone derlvatlves substituted on the phenyl ring(s) in 

para-position with groups having different electronic effects, minimizing 

in this way sterlc influences. The reaction studied IS schematized below, 

and results are summarlxed in Tables 2,3 and 4 (see exp section for proce- 

dure and experimental details). 
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The X convereion reported include6 all hydrogenation products, i.e. unsatu- 

rated alcohol, saturated ketone and 80~8 saturated alcohol formed by reduc- 

tion of the latter (the allylic alcohol 1s not reduced under the same 

conditions). The reaction is always very selective towards reduction of the 

carbonyl group with all the beneylideneacetone derivatives (except for the 

dlrethylamino one)(Table 2), but there are some differences in terms of 

reduction rate. In the case of chalcone derzvatlveo, selectlvltiee are much 

lower, but et111 some sort of trend 1.s visible. Selectivity is usually 

slightly lower in the first few hours of reaction, and this 1s apparently 

due to the time required for the complete formation of the selective epe- 

cles from the precursor 3b. The reduction rates of the carbonyl group vary 

In a relatively marked way, whereas those of the C=C bond (k conversion - X 

unsaturated alcohol) seem to be little affected by the nature of the sub- 

atituent. In order to eee the general qualltatlve trend of the reactlons 

with the various substltuents, the three series of data have been collected 

in Fig. 1, where the X In unsaturated alcohol after 24 hours of reaction IS 

plotted against the electron withdrawing ability of the different groups, 

which LB best expressed by their Iiammett Q , and data are fitted with the 

least-squares method. The mechanlsn of carbonyl reduction 1s assumed to be 

the same whichever 1s the subetltuent, and to be Independent of the concom- 

itant reduction of the oleflnlc bond. 

it!iEgEnatlon of X-C6R4-CR=CR-CC-Me catalyzed by [Ir(cod)(OMe)]2 + PRt2Pha 
___--_----___________________-_-------_________-___----___________________- 

X f conversion % yield: A B C selectrvltyb 
---------_________________________-_--____________________________________- 

4-R(CR3)2 64 7 9 46 75 

4-OCH3 66 4 0 64 94 

H 92 5 2 65 92 

4-Cl 77 5 0 72 93 

4-CF3 97 5 2 90 93 

2-OCR3 77 2 2 73 95 
____________________________----------_______-_--__-----___________________ 

a. Reactlon condltlons solvent toluene (50 ml.); [Ir]= 4~10~~ M, 

[P]/[Ir] = 10, [sub]/[Ir] = 75; T= 100°C, pA2= 20 atm 

Reaction time' 24 hours. 

A = saturated ketone, B = saturated alcohol, C = unsaturated alcohol. 

b. Selectlvlty= (X unsaturated alcohol/ X converelon)xlOO. 

The overall picture so obtalned shows that the pattern 1s roughly the same 

In the three cases. The higher selectlvltles observed for unsubstltuted 
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enones could be ascribed to some sort of eteric and/or electronic 

tlon 1.~ the catalyst/substrate adduct, which favours reduction of 

fact that ortho-substituted derivatives are reduced with roughly 

selectivity as the para-substrtuted ones (Tables 2 and 3) seems to 

a simple sterlc hindrance on the oleflnlc bond coordlnatlon as the 

thrs effect 

Table 3 
Hydrogenation of X-C6H4-CH=CH-CO-Ph catalyzed by [Ir(cod)(OMe)]2 + 

interac- 

C=O. The 

the same 

rule out 

cause of 

PEt2Pha 
__--__--___-_______---~_----_-----_---~~--~~~~--~~_~~~~~~~~~_--~_----~--~-- 

X X conversion k yield: A B C selectivity 
~~__-~__--~~_--_--___--__----_----~_~-~~--~~~~~~~~_~-~~__~~~~__~~_---~~---- 

4-N(CH3)2 52 45 7 0 0 

4-OCH3 67 51 4 12 16 

H 65 44 6 33 39 

4-Cl 68 48 15 25 28 

4-CF3 96 61 3 32 33 

2-OCH3 54 41 3 10 18 
__---_--___--______------------------~_-~~~~--~~_-------__---___-____--____ 

a. Same system and reactlon condrtlons as in Table 2. 

Table 4 
Hydrogenation of Ph-CH=CH-CO-C6H4-X catalyzed by [Ir(cod)(OMe)]2 + PBt2Pha 
___________-_____-____~~__--~_-------__-~___--___---___-~~-~~~_~~__--_----- 

X X conversion t yield. A B C selectivity 
~~~_-~_-__-__-_--__~__~~~~__~~~_--~_--~_~-~~~_-~~__~~~__~~--~_~~-~~~_~~~__- 

4'-0CH3 83 55 10 18 22 

H 85 44 8 33 39 

4'-F 89 50 13 26 29 

4'-Cl 86 45 14 27 31 

4'-CF3 94 38 27 29 31 
-~~~_~~~~-------~---------~~~-~_---------_--------__---------------___--___ 

a. Same system and reaction conditions as In Table 2 

A general increase In selectlvlty towards reduction of the carbonyl group 

can be seen with electron wrthdrawlng groups, although dlfferences are not 

very marked especially for chalcone derlvatlves 

Similar results were found by other authors with different reduction sys- 

tems Electron wlthdrawing groups in para-substituted scetophenone derlva- 

tlves give higher yields in the alcohols with a ruthenrum complex rn the 

presence of Xt3N+ H2PO2-.n H20 as hydrogen source" A slallar effect was 

found by Beaupere et al. In the hydrogen transfer reduction of benzyllde- 

neacetone derlvatlves catalyzed by HRh(PPh3)4, whereby hydrldlc properties 
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were assigned to this rhodium complex 12. Sasson and Blun studied a similar 

system which gave different results, probably owing to differences in the 

rate determining stepll. 

Fig. 1 
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v CaH5-CH=CH-CO-C,H,-R 

The key feature of all these reduction systems seems to be the nucleophlllc 

character of the coordinated hydrogen, which in turn 1s enhanced whenever 

the metal centre 1s enriched In electron density 

Back to our system, the complex H3IrP3. to act as a catalyst, must either 
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dissociate one phosphlne llgand or eliminate hydrogen in order to rake 

sites available for coordrnatlon of the substrate. The latter possrbllity 

seems more plausible, since the lrldlum species with two phosphines would 
3 catalyze C=C reduction ; also, the system la still active and selective 

even at high P/Ir ratios. It follows that the catalytic species present In 

solutron should be an lrldlum complex with three phosphlnes coordinated, 

which render the metal centre fairly electron rich. This ln turn rakes the 

coordinated hydrogen more nucleophllic, hence more available to be trans- 

ferred onto a positive centre like the carbon atom of the carbonyl group. 

Our results are In agreement with the suggestion that the catalytic species 

should be rather "hydrldlc" In character, since reduction of C=O 1s faster 

when the carbon atom's electrophlllclty 1s higher. In summary, as far a8 

thrs system 1s concerned, the sterlc hindrance on the catalytic species 1s 

necessary to achieve chemoselectlvlty in the reduction of ConJugated 

enones, while electronic parameters enhance or depress the C=O reduction, 

hence affecting selectlvlty in the case of chalcone derivatives. 

These results lead us to consider the possrbrllty to undertake a study on 

more subtle correlations, that 1s to say on the effect of charge dlstrlbu- 

tion In the substrate on the stereoselectlvrty in the asymmetric reduction 

of enones to allyllc alcohols. The nature of these influences 1s not well 

understood, and there 1s little work in the literature on this SubJect. 

Capillon and Guette reported that in the asymmetric reduction of phenylal- 

kylketones wrth a choral aromatic Grignard reagent, the absolute conflgura- 

tion of the products and the enantlomerlc excess (e-e.) depend on electron- 

LC effects of the substltuents, and explained this result in terms of 

donor-acceptor interactions between the phenyl rings of reagent and sub- 

strate14. A different lnterpretatlon of the same result was given by Nlshlo 

and Hlrota, by invoking CH/JlY lnteractlons In the transltlon state15. 

Werz et al. have very recently found a correlation between the electronic 

properties of a rhodrum-dlop catalyst and the optlcal yreld In the asym- 

metric reduction of acylamlnoacrylate and acylamlnoclnnamate derivatives, 

by lntroduclng various substltuents on the llgand's phenyl rings In para- 

posltlon16. Although this study 1s llmlted to electron donating groups, the 

authors did frnd a linear dependence of the e e. on the Hanrett 0 of the 

substltuents. This effect 1s ascribed to electronic and solvatlon factors. 

In this work, we used a particular choral catalyst and various substituted 

chalcone derlvatlves as substrates. Following our previous results in the 

asymmetric hydrogenation of benzylldeneacetone catalyzed by Ir/phosphlne 
4 systems , the complex [Ir(S,S-dlop)3]+ [(S,S)-dlop= (+)-2,3-O-leopropyll- 

dene-2,3-dlhydroxy-l,4-bls(dlphenylphosphlno)butane] was chosen as the 

catalyst for these reartlons, because of Its good chemoselectlvlty. 
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Asymnetrlc hydrogenations were carried out under the experimental condl- 

tlons reported in table 5, in the presence of 1 equivalent drop to depress 

llgand dlssoclatlon. The optlcal yields were determined by 31P NMR of the 

dlastereolsomers of the allylzc alcohol derlvatlves obtalned by reaction 

with optically active phospholane (Anderson-Shapiro reagent; see exp. sec- 

tion), after the validity of this method was confirmed by comparing results 

obtained on benzylrdeneacetone with optical rotation measurements. A series 

of substituted chalconea was considered for these experiments, since for 

these substrates no interference occurs between NMR signals of the allylic 

alcohol derivatives and those of the saturated ones. The 31P NMR spectrum 

run in the case of chalcone (run 1, Table 5) IS reported as an example In 

Fig. 2, where the two maJor peaks are due to the drastereolsomers of the 

allylic alcohol derivatives. Some selected results are collected in Table 

5. A larger number of experiments was run on different substrates, and 

results show that chemoselectlvlty in this case appears to be practically 

lnsensrtlve to substltuents on the phenyl rings. As far as enantloselectl- 

vlty IS concerned, we can say that the presence of a substltuent group in 

pare-posltlon on either phenyl ring leads to an increase of the optrcal 

yield in the allyllc alcohols, and that electronic properties of such group 

have little or no influence at all on the e.e within the experlmental 

errors (compare runs 2.3 and 4 in Table 5) The e.e’s obtained for the 

saturated alcohols seem to parallel those reported for the allyllc ones. 

Fig. 2 

12.75 12.5 
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Table 5 
Asyametrlc hydrogenation of 4-X-C6H4-CH=CH-CO-C6H4-4'-Y catalyzed by 

IIr(diop)21+ in the presence of 1 equrvalent dlopa 
-_-------~~~-----~~--------_------~~~---_-_---------_-------~~~--_--~~~~~~ 

Run X Y t(h) X conv. k uns.alc. X sel. k e.e.b 
_--______---______-_______--_______--_______________-_______-----____----- 

1 H H 14 96 73 75 13 

2 CH3 A 38 90 74 60 25 

3 CF3 H 47 99 62 63 24 

4 H CH3 22 94 74 79 25 

5 H CF3 47 67 47 70 * 
-___-_---~____----~_--____----_____--______-________--_______-____________ 

a. Condltlons a5 in Table 2. [Sub]/[Ir]=lOO. 

b. Enantlomerlc excess (5 2-3%). Absolute configuration unknown. 

* No peak separation at 31P NMR (see exp. section). 

Enantloface dlscrlmlnatlon 15 clearly determined by the chlral arrangement 

in the catalyst-substrate adduct in the transltlon state, and electronic 

interactions can contribute by favourlng or dlsfavourlng one or the other 

face and hence the e e. Noyorl et al. brought a significant example of 

these effects In the asymmetric hydrogenation of arylalkylketones with 

BINAL-H17. In this case. n/3ttype electronic repulsions In the transition 

state apparently prevail over eteric effects in determlnlng the absolute 

conflguratlon of the products 

In our system, we can conclude that steric parameters essentzally control 

both chemo- and enantloselectlvlty In the case of [Ir(dlop)2]+, and this 

result 1s connected to the considerable bulkyness of the dlhydrlde which is 

thought to be the catalytic species In this reaction4. In this case the 

coordination ability of the substrate through the oleflnic or the ketonlc 

function 1s apparently crucial for selectrvlty. Also, the apparent lack of 

a trend with charge dlstrlbutlon 1s an lndlcation that the hydrogen trans- 

fer to the carbon atom of the C=O bond 15 not a slow step in the catalytic 

cycle. The reaction rate here could be determined by the oxldatlve addition 

of hydrogen to the Ir(1) precursor. 

On the other hand, a dependence of the optical yield on electronic parame- 

ters cannot be excluded for different catalytic systems and substrates. In 

the asymmetric hydrogenation of para-substituted acetophenones catalyzed by 

the -In situW system [Ir(cod)(OMe)J2 + dlop, the enantlomerlc exce55 does 

seem to be dependent on the nature of the substltuent the par-a-chloro 

derivative, for example, is reduced with 18% e.e. as compared with the 31% 

e.e. obtained from the unsubstltuted ketone. Further investigations, 

however, are needed to confirm these results The catlonlc complex 
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[Ir(dlop>21+ turned out to be much less active III this reactlon. Interac- 

tlons of the type CW/;TG, as well as donor-acceptor lnteractlons between the 

substrate molecule and the phenyl rings of the ligands could take place for 

this kind of compounds, and be responsible for differences in the optical 

yields. Although we showed that In the case of bensylldeneacetone 4 the 

cationlc precursor and the "in situ" one give the same e.e., electronic 

parameters night exert a different influence in the two systems. 

In conclusion, both sterlc and electronic parameters can play an important 

role In hydrogenation reactrons. The predominance of one or the other In 

determlnlng selectlvlty 1s apparently determlned by the nature of the cata- 

lytlc species, the charge dlstrlbutlon In the adduct catalyst-substrate and 

the mechanism of reactlon, so that a generallzatlon 1s often hazardous In 

our case, sterlc hindrance In the catalytrc IntermedIate seems to be cru- 

cial for selectlvlty In allyllc alcohol, whereas the electronic density 

around the reduction centre has an Influence In the case of H3IrP3. The 

effect of charge dlstrlbutlon In the substrate on the optical yield in 

asymmetric reductions 1s not yet understood, and more information 1s needed 

on this particular subJect 

Experimental section 

Chemicals 

Toluene was distilled before use 

Phosphlnes were purchased from Strem Chemrcals and used as received 

[Ir(cod)(OCH3) 12 was prepared according to the literature 19. 

[Ir(dlop) 21 BPh4 was syntheslsed by slight modlflcatlon of standard proce- 

dure". 

(4R,SR)-(+)-2--chloro-4,5-dlmethyl-1,3,2-d~oxaphospholane-2-ox~de was sup- 

plied by Aldrich Chemicals and stored under nitrogen In a refrigerator 

Substrates -_____ 

1-penten-3-one, 4-hexen-3-one and 2-methyl-2-penten-3-one (mesltyloxlde) 

(Aldrich) were dlstllled In vacua before use 

Benzylldeneacetone and chalcone (Fluka) were rerrystalllzed three times 

from propan-Z-01 

BenAylldeneacetone and chalcone derlvatlves were synthesized by condensa- 

tion of the approprrate aldehyde with acetone or acetophenone in the 

presence of base2' After recrystalllzatlon from ethanol 95X, the overall 

yields were In the range SO-70% The products were ldentlfled by m p. and 
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1H NMR by comparison with literature data. Their purities were determined 

by GLC (>98X). 

Hydrogenation reactions 

All reactions were carried out in a stainless steel autoclave according to 

the procedure described previously4. The reproducibility of results report- 

ed in tables l-5 1s wlthrn Z-3%. 

The composition of the mixture of products (5 1%) was determined by GLC 

using a Perkln Elmer Sigma 38 chromatograph equipped with an KWD detector, 

using helium as carrier gas and two different wide-bore capillary columns 

(CP Sll-BB and Supelcowax 10). 

In the case of asymmetric hydrogenations, at the end of reaction the solu- 

tion was concentrated and passed through silica to separate the catalyst. 

The solvent was then evaporated and the residue dried in vacua for several 

hours. Optlcal yields were determined by 31P NMR on a Bruker WP 80 spec- 

trometer after reacting the product mixture with 1 equivalent of (4R,5R)- 

(+)-2-chloro-4,5-dlmethyl-l,3,2-dloxaphospholane-2-oxide, according to the 

Anderson-Shapiro methoda'. The reactions were performed in a dry box using 

dry reagents Nevertheless, in some cases the optical yield determlnatlon 

was not possible or it was unreliable because of formation of byproducts 

and/or hydrolysis products The spectra obtained were compared with those 

run on racemic mixtures. The peak separations for the allylic alcohols were 

of 0.5-O 7 Hz The chemical shifts in fig. 2 are referred to H3P04 85% 

(downfield positive). 
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