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1. lNmowcnoN 

Lanthanidcs arc elements which were discovered bttwctn 1850(a) and 1945(Pm). The preparation 
of pure derivatives was not an easy task because in the ores the lanthanidcs arc mixed together 
along with yttrium and thorium. The name “rare earths” applies to the lanthanidcs, yttrium and 
scandium. 

Modem technology allows a clean separation of the lanthanides from each other. The yearly 
world production of lanthanides (mainly as oxides) can be estimated as 40,000 tons. Molycorp is 
the largest producer of lanthanidcs (as mixtures), while Rhone-Poulenc is the world leader in 
separated rare earths. Ore deposits are located in several countries ; tbc inost important reserves 
arc in China. The main uses of lanthanidcs arc in cemmics and @asses (additives and dyes), 
metallurgy, electronics (magnetic or ltm&scenoe materials) and petrochemicals (catalytic cracking 
or oxidation catalyzed by lanthanide oxides). Apart from ceric oxidations the use of lanthanide 
derivatives in organic synthesis has developed only recently. Organolanthanide chemistry and 
structural investigations of molecular spa&s (vt also in rapid evolution’ allowing for a better 
understanding of the organic reactions induced by lanthanidca. The I5 elcmcntJ from lanthanum 
to lutetium constihrtc a unique family of closely related dcmcnta (the difTercncc lying in the nnmbcr 
of 4f electrons) from which can be expected rcrgents or catalysts with “tunable” ch&ical propcrtfcs. 

In this review we present the uses of laathanides in organic synthesis by coasidcring successively 
the lanthanidcs in an increasing state of oxidation: metals, Ln(II). Ln(lIr), Ln(TV). The main 
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oxidation state is + 3. hence, Ln(IV) compounds are powerful oxidants.’ while divaknt lanthanides 
are one-electron donors.’ The chemistry of lanthanides is also characterized by the hardness of the 
metal centre. Lanthanidc ionr areusuaily considaed as hard a&is in the HSAB classi6catioa of 
Pearson, being located between Sr(lI) and Ti(IV). However, some La(W) and Lo(H) complexes 
are able to coordinate strongly to phosphines.’ Ln(IV). Ln(III) and Lo(H) derivatives undoubtedly 
are Lewis acids, as deduced from their chemical behaviour, but their properties are closely related 
to the nature of the hpdr around the metal centre. Another characteristic feature of lanthanides 
is their strong affinity for oxygen. The oxophilicity of 4f-elements is difficult to quantify (for an 
indirect measure derived from the gas-phase dissociation of the diatomic species Ln(O), (see Ref. 5 
and references quoted therein). Oxophilicity is a property which can he helpful for tbe activation of 
oxygenated organic functions. 

For about a decade there has been an increasing interest of organic chemists in the lanthanides. 
Organic chemistry First benefited from the wide use of nmr shift reagents, but catalysts and reagents 
based on lanthanide derivatives are being investigated more and more, allowing interesting discovcr- 
ies. Only a few reviews are available on the chemistry induced by lanthanides. Catalytic properties 
of lanthanide salts were reviewed as early as 1959.6 The industrial applications of lanthanidc oxides 
as catalysts are described in Ref. 7. The only review on ceric oxidations can be found in Ref. 2. In 
198>84 a review appeared on preparations of divalcnt lanthanides and their use in organic chem- 
istry,’ and one on applications of lanthanides (except Ln(IV)) in organic chemistry.’ In 1985 a 
brief survey on use of lanthanides in organic synthesis appeared.* The same year a review on 4f- 
elements in organic synthesis’ was published. 

Most of the lanthanide metals are commercially available as ingots or powder. The cheapest 
metals are lanthanum (S823/kg), cerium (8637/kg), samarium (f1595/kg). neodymium (Sl295/Lg), 
praseodymium (S1954/kg). These prices apply to ingots of 99.9% purity (Aldrich catalog, 198s 
86). Only a few attempts have been made to check the properties of these met& towards organic 
compounds. 

2. I. Alloys 
Lanthanide metals give intermetallic compounds with various metals (Ni, Co, Mg, etc.) which 

behave in presence of molecular hydrogen as a “hydrogen sponge.” One of these hydride alloys was 
recently used as a magent for the reduction of alktnes, alkynes and aldehydes.” L.aNi,H6 exhibits 
a reactivity pattern (Table 1) different from standard hydrogenation catalysts (e.g. Raney nickel, 
Pd, Rh) in that it is not poisoned by tbiophtne. SmMg, reacts with anthracene dissolved in THF 
to give a compkx which absorbs hybogen and then catalyzes the hydrogenation of ethylene. ’ ’ 

2.2. Vapours 
Vaporization of Sm or Yb onto a THF matrix gives small metallic particles. Vaporized Sm is a 

good catalyst for the hydrogenation of ole8n.s but not of alkynes.” It also catalyzes the rapid 
transformation of methylacetylene into alkne at 0”. 

2.3. Reactions in liquid monia 
Europium and ytterbium metal dissolve in liquid ammonia to give blue solutions containing 

ammoniated electrons [and Eu(I1) or Yb(II) ions]. They are the only lanthanide metals to do so. 
Ytterbium was used by White and Larson ” for the reduction of aromatic systems in a Birch-type 
maction (Table 2). Carboncarbon double bzmds of conjugated ketones are also reduced in liquid 
NH JEtOH solution. In absence of ethanol the formation of pinacols is observed. 

Many Yb(II) complexes can be generated from liquid ammonia solutions of Yb by the addition 
of various organic substrafes (cyclopentadienc, cyclooctatetraenc, acetylenes, etc.). This point is 
beyond the scope of the present review, for more details see Refs. 1.3. 

2.4. Reactions in organic solvents 
Barbier-like reactions have been observed between organic iodides and ketones using Yb or Sm 

suspended in THF (see part II-Table 6). I6 Cerium mediated Barbier-type and Reformatsky-type 



Limonme 88 

nC, ,Hz,CHO 
n-C&I, ,COMc 
PKH=NCJi, , 
pNO,CJi,CO,Er 
Sulfotida. sulfona. oxima 

PhCH$ZH,Ph 96 
Me,C=CH(CHJDWe)CHKHO 89 
ti,,H&HPH 98 
nCJ4, $cH(OH 1Mr 91 
PhcH:NHCS(, I 97 
pNH?GH.~,Et 97 
00 nxstion 

’ Reaction in IHF- McOH (2 : 3) from 0” to room tanpctature. 

reactions were recently invest&&d by Irnamoto cr ol. ” Most of tbc cxperiml?nts were performad 
in THF with cerium amalgam or with czrium turnings in presence of a catalytic amount of 
mercury(II) chkxidc. Many alIy1 or propargyl halides and carbonyl compounds smoothIy lead to 
homeallyiic alcohols (Table 3), while B_hydroxyesters arc obtaina! in good yields from a-bromo- 
and Axlocsters (Table 4). The reaction of ethyl iodoacetatc and 2-furakIehydc proceeds even at 
- 70”. The mechanism of these reactions was not investigated. This method is promising, since it 
uses a metal which is available as the ingot at moderate price 

Various metals used as powder (Cc, L, Nd, Sm) were recently found to give an organolanthanidt 
when attacked by ethyl-2-bromopropiotc in THF. ” The reagent (of hypothetical stnrcturc A) 
readily reacts at room temperature with ketones to lead to y-la&ones with yields in the range of 6& 
70% (pinacols arc the by-products). 

Trbk 2. Rbquaioo by y?tcrhm in liquid ammoti” 

Compound Fre Yield (%) 

o- - 
0 ml” 

- 

0 \ LO 80 

5b 

chokoteooac w 
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BrLn_ . . . . . 0 
l);>cIo 

tn l Br(a$)2C02Er _j u *-R 
2) I$0 

Tabk 3. ccrium amdgam abcdhted syntbmis of homoauylic akohob” 

H&k cuboar m Produce . 

CH4XHJ PBGHKOCH, 
CP,CHJ CPWCH, 

,~Plc(OH)(CH ,)CHxCH=CH a 
C.H,ClOH)(CHXHLH, !E 

OH 
CJWHJ 

o= 
0 

o( 
59 

CHKP, 

Table 4. Rcfomtsky ractiw usirq oxium meal” 

I-Haloester Carbony compound 
T~partlUC 

(“c) 

ICH,COOEt 
ICH ,COOEI 
ICH ,CQOEt 
ICH,COOEt 
ICH ,COOEt 
BrCH,COOEt 

nC,H,CHO 0 63 
2-funkiehyde -70 76 
Cam0 0 81 
cyc&dodaanolle 0 75 
PNO,C.H,COCH, -40 14 

CSI,CWH, r.t. 60 

3.1. Inrroducrion 
The dipositivc oxidation state is unusual for the lanthanides. The divalent state is easily attained 

only with curopium (Eu’+ = 4f ‘), samarium (Sm” = 4f 6, and ytterbium (Ybr ’ - 4f I’). which 
arc character&d by half-filled, nearly half-f&d or tilled 4f subshells, respectively. The E& values 
(Ln’+/Ln’*) are -0.35 V, - 1.15 V and - 1.55 V forturopium, ytterbium and samarium, respec- 
tively.’ Divalent europium salts are quite staMc in water, whereas Sm” and Yb” reduce water 

rapidly. The E& values provide qualitative information on the relative reducing properties of 
Ln2+ versus organic compounds. On this basis it is predicted that the reactivity sequence will be: 
Sm(I1) > Yb(II) > Eu(I1). Indeed, the most interesting reactions arise from Sm” derivatives 
which are also prepared from the cheapest of tbc three lanthanides. 

3.2. Preparation ofh(ll) derivattoes 
A set of convenient methods are now available for the preparation of many Ln(II) complexes, 

only a few of which will be presented here. (For a review covering Yb(II) and Sm(I1) preparations, 
set Ref. 3.) 

EuC12 is easily obtained by reduction of EuCl, with amalgamated zinc in acidic medium. Sm12 
and YbI 2, which are soluble in THF, are easily prepared by reaction (1) : 

Ln+ICH2CH21 + LnI,+CHdH, (1) 

(Sm or Yb ingots or powder) 
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Tba pro&ure is quite simple, and is detailed in various paf~rs. ’ 670*r9 Sm12 and YbI 1 eohtions 

(0.1 M) can be stored under nitrogen for a long period of time. They are convenient rt&ng material 
for the prepartioa of more sophisticated compkxes thanks to the methathesis reaction (2). 

Ln.I,+2 NaA + LnA2+2 NaI (2) 

For example, by this method SmCp, (insoluble in ITIF)” is easily available. 
Most of the organic transformations have been reahxed with Sm(II) (namely SmI3. the best 

electron donor in the series Eu(II), Yb(II), Sm(II). Yb(II) is sometimes useful, whereas Eu(II) seems 
quite unreactive except in a few cases. 

3.3. c-C&?ondfimcarion mediated by h(H) derivatioes 
3.3.1. h(H) orgamme tuiiic~. D. F. Evans et uI.~‘*‘~ were tk first to prepare and study Grignard 

analogues based on Eu(II), Yb(II) and Sm(I1). The most couvenkntly obtained are RYbI species 
(from Yb and RI). They are solubk in THF and their solutions react as typical Grignard reagents : 

PhSmI+Ph-I-Ph -. Ps& (72%) 

PhYbI +ClSi(CH,),Ph -+ PhSi(CH ,), (73%) 

PhYbI + PhN=C=O + PhCONHPh (52%) 

More recently, reactions of the “RYbI” reagent were reinvestigated by Fujiwara et uI.“*‘~ PhYbI 
(prepared from Yb and Phi at 30” in THF) reacts with ally1 bromide or iodide at room temperature 
in moderate yield (30°h).26 The coupling reaction with either ci.r or ttanr-styryl bromide catalyzed 
by CuBr occurs with retention of configuratioo at the vioylic center. PhYbI reacts with ketones, 
aldchydes, esters and nitriles leading to alcohols and ketooes2’*” An unusual selectivity towards 
ester functions compared to ketones was found. This is a reversed trend compared to Grignard 
reagents. It is also interesting to note that ketones are formed from the esters as well as from benzoyl 
chloride.” PhYbl and MeYbI react with a&unsaturated carbooyl compounds (acroleio. chalcooc. 
Z-cyclohexeo- I -one . . .) to give exclusively 1,2-addition. 2’ The same behaviour was observed by 
Beletskaya et al. ” for the reaction of PhLnI (Ln = Eu, Yb, Sm) with chakonc, yields being in the 
range of 55 to 80%. These authors have also investigated the addition of PhLoI to carbooyl 
compounds, *2’ the best results are obtained with PhYbI. It is interesting to note that dcoxygenation 
was observed by the action of an excess of the organolanthanide reagent on the intermediate 
carbinolate.“.” Thus, anthraquioonc reacts with four equivalents of PhYbI to give 60% of 9- 
phenylanthraceoe as the only product. 

0 

cc0 0 0 *@l&Q 
0 

Aromatic substitution on hexaduoroberxunc occurs readily in THF at 30” with better selectivity 
and yields than the Grignard or orgaoolithium reagents :‘I 

PhYbI+C6F6-.YbFI+C>$h (70%) 

Deacon et uf.“-” prepared diorganoytterbium in situ from organowrcury compounds in THF. 
They found that these react at room temperature in THF with aromatic and aliphatic aldehydes 
and ketones. Addition to the carbooyl group occurs to give alcohols with yields in the range of 4& 
80%. 

Divaleot orgaoolanthanides [especially Yb(II) and Sm(II)] are interesting species because of 
their dual reactivity either as Grignard-like reagmts or onaelectroo donors (Lo(B) + Lo(m) +e-). 
Most of their prop&s seem to be ruIatal to a Grignard-type behaviour (with some special 
specimes WIT& need to be further explored). However, their reducing chareuzter appears in some 
reactions. Thus, YbR2 reacts with benxophenone with the formation of benzophenooe pinacol. ‘2 
PhYbI aad PhCH,Br in presence of CuBr as catalyst gives dibenxyl instead of the expected di- 
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phenylmetbant. ** Carboxylation of (C6F,)IYb furnished a mixture of C6F,C01H and 
~HX~F,COrH.” 

3.3.2. Barbkr-ftkc reactions. The fht evidence of the pojeibility of using Ln(?I) rpaciea as a 
soluble electrondonor in a Barb&-like reaction came from Sml, chemistry, as described by Namy, 
Girard and Kagan : ’ 6 

RX l R 4 2 smI2 1 a;c;osm12 -r: R-C-OH 
R’ R’ R’ I?’ &‘R’ 

This reaction was found to be of wide generality and its scope and mechanism was studied.‘6*‘6’20 
This one-pot reaction is especially easy to realize because of the aocessibility of Stn12 and the stability 
of its THF solutions when protected from oxygen.“*‘L20 RepruenWlve results are listed in Table 
5. The &on proceeds at room temperature or at the nfluxtetnperature of THF according to the 
structure of the mactanta. A catalytic amount of F&l, strongly acceleratcxt the react&n (entry 3). 
SmI 2 does not allow clean condensation between alkyl halides and aldchydes. A mixture of products 
arise from Meenvein-Ponndorf-Vcrlcy+penauer reactions which occur between the intermediate 
alcoholate and aldthyde. 16*” Unfortunately, unsymmetrically substituted ally& halides do not react 
regiospecifically (entry 15). However, ally1 and benzyl halides give good reactions with aldehydes. 
Ester groups are compatible with the reaction (entries 9, 10). Selective reactions are possible when 
unsymmetric dihalides are used (entries 6.8). The mechanism of the Barbier-like reaction has been 
investigated, electron-transfer reactions with radical intermediates are likely.” 

Molandcr and Etter” were able to prepare bicyclic alcohols through the cyclization of 
2-(n-haloalkyl)cycloalkanones (n = 3, 4) mediated by low valent lanthanidcs, mainly Sdt Yb12, 
Sm or Yb (Table 6). The selectivity observed with ytterbium with respect to samarium was 
ascribed to differences in size (Lna bond) and solvation. The reaction occurs under kinetic 
control since experiments showed the absence of epimerisation. 

The Barbier reaction mediated by SmI, was used by Imamoto cl al.” for the hydroxymetbylation 
of carbonyl compounds : 

R\ THF 
,c-0 l ClCH@CH2Ptl 

R, /OH 
l 2smI2, c, 

I(’ CH+X2Ph R’ 

H2 R 
l 

;cOOM 

Pd/C R’ &OH 

(A) 

@) 

Tabk 5. Barbier reaction using Sad,‘L’c” 

Grbonyl Yidd 

Entry -po’=f Rx Conditioos’ PIodvctr (%I 

I 2-ocuoone 
2 2-ocuoonc 
3 2-octaoonc 
4 2-octaaone 
5 2-mAnooc 
6 2-octmone 
7 cyclohcxulonc 
8 2-ocuaone 
9 cyclohcxaoooe 

10 2-oarslooc 

II 2-occmooc 
12 2-cdmlonc 
I3 Ilotmtyddcllydc 
14 Fiv&kll* 
IS 2-ocunolK 

CHJ 25”. I h 
n-Bd 65”. 8 h 
It-BUl 25”. 3 h‘ 
n-BuI 65”. 12 h’ 
n-BuOTI 65”. I2 h 

WHlXl 65’. I dry 
dlyl bromide 25”. 20 mm 
1.3dkhlorepropcnc 2J”, 20 dAyl 
ethyl bromo-propioartc 25”. IO lain 

65”. IO b’ 

ally1 bromide 
bmzyl broalidc 
bmzyl bromide 
dlyl iodi& 
dnnamyl cbkuidc 

25”. IO tin 
2s”. 3 mill 
25”. 3 mill 
25”. 5 mill 
25”. 40 min 

+GH I 4COHM~~, 
S-roathyl~-hl 
5-nb5hyhmdaan-~ol 
hbflhyhlr&cul-5-01 
EOK!fhylUO&CUl-S-al 
khlorw7-awtbylu-7.01 
I-dlykyclobcxmol 
1 thlorcd-methyl- I &s~~+ol 
ethyl 2-( I- 

hydroxycyclobcxyl)propiooa:e 
mc!byl I I-bydroxyl- I I - 

IllCthylbapt-~ 
nC,H,,-CHOH-4-2 
m-C,H , AHOHCHIPh 
I-Pr-CHOH<H,Ph 
r-BuCHOH--CH +ZH=CH , 
I-phcmyl~methyl-l43f!cul+ol 
3-pbcnyl4-amhyl-1baan~l 

95 
76 
73 
97 
49 

G 
84 

51 

63 
53 
86 
87 
78 
50 
35 

‘stoichioawry[cko~(sd&[Rx)- I:l:2ullkm othcmkx~wd.Formorc&t&aotbcex@mntdxeztioo 
of fefs 1620. 

‘lopfeenaof0.I mdsqofFcCl,. 
‘.%0ichiocwuy [ckoy[Smi3/Rx - I :3:3. 
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n-l m-l 

n=l m-2 

o-2 m-l 

o-2 m-2 

o-3 m-l 

0=3 m-l 

n-3 m-l 

n-3 m=l 

n-3 nl=l 

Ii0 

67 H 

no c9 H 

HO cp H 

60 

67 

75 

99.s:o.s 

l8:l 

1.3:l 

1S:l 

8S 2.0: I b 

17 3.l:l , 

59 6.9: I , 

71 4.1 :I Sm 

7-l 6.7: I Yb 

‘Ranion in IHF at room tanpmturc. 
’ 2 mol cq Sm.I 1, catalytic Fc(I%COCHCOh) ‘. 
‘2 mol cq Sml,. 
‘2 mol cq YbI >, cabbtic F~@WOCHCOP~I) ‘. 

Carbinol A was isolated in good yields from ketones; the reaction proceeds in a few hours at 
room temperature. Thi¶ method allowed a short synthc43is of frontalin : 

SW2 

~3co(c”z)3cm3 s 
2 2 

0 

CH3CO(CH2)3C(OR)(CH3)CH20CH2Ph -A 
PI/C 

36X 
6b 

?‘l 
l-be raction with aldehydcs does not remIt in tbc fbrmatioa of carbinol A -of I& fast 
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pinacol formation induced by SmI, (set Tab& 4). This side-rertioo oould be suppressed by the 
addition of tetracthylcncgIycol dimcthyl ether or dibcnzyl ether (1 mol quiv. with respect to SmI3 
which acts as a complcxing agent of SmI,. Thus, A(R = H, R’ = PhCHICH3 was isolated in 60% 
yield. 

3.3.3. Pinacol /ormarion. Sm12 is an exccllcnt rcagcnt for the formation of pinacols from 
aldehydes in aprotic THF solutions. Aromatic aldchydcs usually give high yields of pinacols at 
room tcmpcrature after one minute. Ahphatic aldchydcs lead to pinacols after a ftw hours, whik 
aliphatic ketones rquirc a day. I’*‘* 

3.3.4. Coupling reactions o/allyIic and bemylic halides. Bcnzyl halides arc rapidly transformed 
into I ,2diphenylethane in prcscncc of one equivalent of SmI 2.20 Cinnamyl halides or unsymmetrical 
allylic halides also kad to coupling, but without enough rcgiosckctivity to give a useful synthetic 
process. It is interesting to note that in prcscncc of aldehydcs or ketones the dimcrization is 
completely supprcsscd in favor of the Barbier reaction. ‘9*20 Alkyl halides RX upon heating in the 
presence of Sm12 in THF are rcduccd to alkancs RH to the exclusion of coupled products R-R. 

3.3.5. Acid chloridps. Surprisingly, acid chlorides in presence of one or two quivaknts of 
samarium diiodidc in THF do not lead to reduction products such as aldehydcs or primary alcohols. 
In all casts which were invcstigatcd “*‘O the following transformation was observed : 

25% 
2 RCOCl l 2 -12 - "-i-S-" 4 "2 smI2Cl9 

The reaction is very fast with aromatic acid chlorides and requires only a few minutes. Isolated 
yields arc 78%. 69% and 72% for R = phcnyl. pmcthoxyphcnyl and pchlorophcnyl, rcspoctively. 
The end-point of the reaction is indicated by the disappearance of the blue-green color of Sm12. 
Yields arc lower with ahphatic acid chlorides. Thus, for R = n-&H , , diketone was isolated in 50% 
yield after a reaction time of 10 min. When R = I-Bu an a-ketol was isolated (46%) instead of the 
zdiketone. 

The mechanism of this unusual reaction is bclievcd’9 to bc as follows : 

RCOCl + SmI2 - RCOCl-SmI2* - RCO. + SmI2Cl 

RCO* + smI2- RCOSmI2 ___, R -C-R l SmI2Cl 
RCOCl s 8 

The acylsamarium intermediate could not bc isolated but was trapped by other ekctrophilcs 
besides RCOCI.‘9 This gave a method to prcparc a-kctols from an quimolar mixture of an acid 
chloride and an aldchyde or ketone. This mixture in THF is poured into a THF solution of Sm.12 
at room tcrnpcraturc. Under these conditions, the acyl anion species is formcd and trapped by the 
carbonyl compound. Some examples arc given in Table 7. There are as yet no examples of intra- 
mokcuhu reactions of acid chlorides mediated by SmI 2 ; it was found that SmI 2 is ineffective in 
cyclizing dodocandioyl dichloride.” 

3.4. Reduction by Ln(Il) Lrivatives 
3.4.1. Carbonylgroups. One of the early attempts” to use divalent lanthanidcs was the reduction 

of ironicorinic acid by Eu(I1) salts : 

C02H CEO 

c, 'I 
cu 2* 

'N -c) 7 
N 

Samarium(I1) and yttcrbium(I1) have much stronger reducing proper&s than curopium( THF 
solutions of Sm12 in prcuncc of methanol have reducing properties towards al&hy&s. ‘6*20 Sm12 
often gives quantitative reductions of aldehydcs to alcohols at room tcmperaturc, while Yb12 is 
quite incfEcicnt. Under the same conditions ketones arc rcduccd much more slowly. The mechanism 
of carbonyl reduction by SmI, has been discussed. ” The initial formation of a ketyl radical 
R(R’)C=0: was proposed. In the absence of methanol, there is a dim&ration to the pinacol (set 
Tabk 4). Protonation by methanol gives the hydroxy-radical (R(R’)Ca) which is further red& 
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T&k 7.” 

R RI RI Ractionlimc YieM (vi) 

Pb Ptl H xl? 86 
I-BU El H 64 
t-h Et El 3min 83 

d3,H,, El H 1.5 mill 63 

fi,N n-C,H,, H 40 min 67 

by SmI a to checarbanioo R(R’gaH which is subsequently protonatcd. A minor pathway involves 
H rbatr&on from THF or CH ,OD by tbt hydroxyaIkyl radical. This was supported by the use of 
McOD which gives 90% RCHDOH and 10% RCH&H from RCHO. SmI? or YbII solutions do 
not reduce esters or acids. 

3.4.2. Con&ared C’=C ah&e bon&. Cinnamic acid and its ethyl ester arc raked at rOOm 
temperature in excellent yields : 2o 

C&H ,CH=CH--COIR + 2 LnI 2 + 2 McHO + C6H d2CH 2C02R 

R = H or Et 

Ln = YborSm 

98% 

Apart from this spazial case there is DO other report of reductions of C=C double bonds of 
conjugated acids or esters. Hydrogenolysis was observed” in the following example : 

CH ,CH(OH)CH=C(Me)C02Et + 2 SmI 2 -. CH ,CH=CH<H(Me)C02Et (90%) 

In conjugated aldehydcs and ketones there is competition between C=C and c=O reductions.” 
3.4.3. Orgunic ha&h. THF solutions of SmI, arc moderately reactive at room temperature 

towards primary and secondary alkyl halides RX. However RX is completely transformed into the 
alkane RH after reflux for several hours” with the total absence of coupling prduct R-R. As 
predicted from rcdox potentials the reactivity decreases in the following order: RI > RBr > RCI. 
Phenyl and vinyl halides arc unreactive. except for I-iodo naphthalcnc which is reduced to naph- 
thalene. ” Allylic or bcnzylic halides givo a coupling reaction exclusively (see above). 

Tbc reduction of RX is initiated by a onoelaztron tram&r from SmI 2 giving R (perhaps through 
RX. ). The organic radical R can either (R = alkyl) abstmct hydrogen from THF to give RH or 
dime& to R-R (when R = ally1 or bcnzyl). The competitive reduction of R by SmI, to the 
organometallic species RSmI, generally does not occur. Hydrogenolysis by D20 after the dis- 
appearance of Sm12 only gives RH, the hydrogen coming from a THF molecule which is presumably 
coordinated to a samarium atom.” 

The reaction of Yb12 with IC,Mc, produces YbI ,. The fate of the organic moiety was not 
studied.” Trace amounts of Lil catalyze the reaction, presumably via the formation of YbI, and 
an inner sphere electron transfer. 

Selective removal of ortho halogens in halogcnobcnzoic acids was obtained by using an excess 
of (C6F,)2Yb in THF.” The reaction is especially facile with polyhalosubstitutcd bcnzoic acids : 
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A mechanism was proposed which involves transient formation of a carboxylatc Yb(II) complex 
GF,)YMI-C-Ar by protolysis. Electron transfer to the ortho halogen via a six-mcmbcnrd 

II 
transition state, followcd by hydrogcncapture from THF by the ortho aryl-radical is then postulated. 
Yb12 transforms C6F,COIH into a mixture of 2,3,4,5- and 2,3,5,6tetrafIuorobcruoic acids.” 

3.4.4. Deoxygenation reactions. SmI, in THF deoxygenates epoxides smoothly :I0 

25oc 
PhCH2-C\H-FH2 + 2 sI12 + PhCH2-CH.CH2 82% 

0 THF 

21 h 

Sm(C,MeJ2 (two quivaknts) was transformed by reaction with epoxypropane into the complex 

(CsMaMm~ (C,Me,), whose structura was cstabhabed by X-ray crystaIlography: By 
analogy, when Sm12 it used to remove an oxygen atom, the formation of a complex I#t0Sm12 
can be postulated. This ape&b later disproportiomtcs into SrnI, (which usually prccipitatcs) and a 
soluble species “SmIO” whose exact structure was not establishad. 

Sulfoxidcs are transformed into suI6dcs ; for example w--So-Ph is rcdocad to PhCPh 
(90%) by SmI, after 2 hours at 65” in II-IF.” 

3.4.5. Reactions of nitrcrgen compounds. Little information is currently available. Several imincs 
and oximcs were rcduccd by SmI, in ‘IHF containing methanol.‘* Both aromatic and aliphatic 
nitrilcs are unre.activc towards Smlr. Nitroaromatics arc rapidly rcduad to amincs, allowing some 
selective reductions : 2o - 

G No2 

I) 8 sax2 ; Tw-MtoH 

2) Lljo* 
- P / m2 

1001 

dN CN 

Natale studied” the ckvagc of the N--O bond of isoxazolcs by SmI, : 

O-N 

a 
1) 2 k12 ; TEF 

M 

2) Itjo+ 

The isoxazole ring can be considered as a protected form of a 1,3diketone. 
3.4.6. Fragmenration reactions. Magnus er al.‘r” used the strong akctrondonor properties of 

SmI, for &ctive cleavage of a 2chlorocthyl carbamatc whm many other reducing agents had 
failed (Zn/AcOH, CKlJHCl, Bu,SnH/AIBN . . .) : 

S02C6H‘c?4c-p So2C6H4cMt-P 

The same authors obtained a very clean fragmentation of an I I-steroidal xanthate into a 9.1s 
secostcroid whereas Bu ,SnH/AIBN or Li/NH, gave a mixture of products : 
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The auxm of this fragmartatioa was ascribed to the ability of SmI 2 to rapidly give two on&cctron 
ttansf&s to the xanthatc moiety, avoidnrg rccumulatioQ of a r&kal intermediate. 

3.4.7. AIIpHc uu~ores. AUylic aatatca were ruxmtly mducsd efficiently to alkancs by lnanaga ef 
uf.‘* with 2 cq of SmIl and 1 cq of isopropanol in THF at room tcmpcraturc, in the prcscncc of a 
catalytic amount of a palladium (0) complex. 

Ok - 
922 9 93 

(E/Z 

(-)-carvayl acefete 
811 

(!I-limonon* 

C6H5U OAC loox C6H5W l 

20 : 

C6% - 
so 

Allylic acctatcs are coupled with carbonyl compounds by 2 eq. of SmIl in THF in the presence 
of 1% mol cq. of Pd(PPh,),” to give homoallylic alcohols, the overall process being similar to a 
Rarbier-like reaction. The Pd(0) catalyst could be replaced by the combination NiClJPPh, (1: 2). 
Some examples using a Pd(0) catalyst are indicated below : 

Ph_OAC l 
mcHo ‘*’ ) Phv 

2.5 h 
cm 

631 

0 0 .2x, 
3 h 

Ph w 711 

Lx-+- 
OH -m 

591 

621 

3.4.8. a-Hetero subsrituted ketones. Recently it WILS found that SmI, is the reagent of choice for 
the reduction of a-hctcro substituted ketones to ketones :“.” 

R- -CM? Sk + 2smI2- - R-C-CH2R’ 
‘0 

The reactioo was studied in details by Molandcr and Hahn.” Rxpcrimcnts were pcrformcd in 
a THF/McOH mix- (2 : 1) at - 78”. which gave almost instantaneous reductions when X = OAc, 
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OSiMe,, OCOCHzPh, OTs, Cl, SPh, SO*Ph, HgCl. Only a-hydroxyketonca provided bw yields 
Improvement ~85 obtained by adding a solution of the a-bydroxykatone and acetic anhydxida in 
THF to SmI,, without isdation of the a-acctoxy ketone. Some exampkd arc indicated below : 

0 
X Yield. (2) ’ 

THF/UcOii 
Cl 100 

- 78.C 1 1 SPh 76 

X Yield (Z) 

Aoc 75 
OSi?kb) 90 
Ofr 90 

ph+, l 2 Sm12 5 ,,A+- I 872 

OAC 

Similar procedures applied to a&poxyketones result in formation of j?-hydroxykctoncs :” 
0 

43 

0 

2 s-12. wF-Hoa4 
O- 

43 

81s 
5 min. -00% Cal 

The nxhction is operative on complex molecules ; thus, White cl al. sJ succeeded in the following 
transformation : 

0 2 sm,12 PcC13(c~r) 

84X 
2) CH2N2 

H 
1 
OTBDS one bTBDS 

It is interesting to note that the authors tried many reductive systems all which gave low yields 
or cleavage of the silyl ether. By contrast, the SmI, reduction in prcscnct of catalytic amounts of 
ferric chloride gave an excellent yield after 25 min. at room temperature in THF. 

3.4.9. Hydroxymethylarion inducedby aphororedox Eu(fff)/Eu(fI) system in methanol. Irradiation 
of a methanol solution of EuCl, (A > 300 nm) induces the following overall reactions using 0.1 mol 
q. of EuCl, with respect to the organic substratcs:‘6*5’ 

0 

hv > 300 am 

EuCl,, taeotl 

ne 

Ph&H2 

y nc nenm 

l PM-; -Ph . Pll-LfJ-Ph 
I I 

Me Ct12CH20H :,A 

2bI SOI 



6% 

4.1. Intro&ction 

Many of the applicationa of lanthanides to organic chemistry deal with trivaknt lanthanidcs, 
the trivalent state being tbc most oommon oxidation state. The low price of many trivalent salts 
allows their use in stoichiometric reactions. Moreover, the Levis acid and coordinating properties 
of trivalent lanthanida often lead to intcrcrting catalysts. 

4.2. Stoichiometric rspcthu 
42.1. Gr@aard4ke reactions of organolantkanhh. Trialeat orpnohU ha= bacn 

prcparai from the metalr fcerirm~ or lanthanum) and orgnnic iodidce,“*” whau~ ouropium, 
ytterbiumand sampriummetnlrf~divPltntrpacib.ThercLn@I)o~omeullics~chdiad 
brieBy as Grigaard-like rcagcnt8. Thun, ccrium react.8 tith iodobmaerein THF at room tcmpaaarrt 
to give a mixture of oqanomctallic rpacics (prcsnmably A& R&M rad RCeI3 which cc~ot * 
bcnzophcnorre. Triphcnylmtil wax isolated in 4SW ylcld Monrecc&y, mum m 
were studied cxtensivdy by Imamoto et ul. ” As ptwioudy dkusaai Bdd-type or Rcfome 
type reactions &an excelknt rcaults using oaium metal 01 c&m19 amalgam(seeTaMa3and 
4). Another approach to organocctium reagents is the traramcalhtiolr bchvtul orgallo!it%um 
compounds and anhydrous Gel, or C+Cl,. The organocerium(III) reagents react cleanly in THF at 
- 78 to - 65” with a variety of carbonyl compounds (Table 8). There is a preference for 1.2~addition 
to enones. A detailai comparison with Grignard reagents on sdacted compounds showed higher 
reactivity and better wlcctivity for 1,Zadditions to enoncs.“Thc most intcrqting feature is the low 
basicity of the r&gents, which allows additions to keton&s which arc very prone to enolizationS9 
(see entries 8-10, Table 8). This last characteristic was usefd at some stage of tl~ total synthesis of 
several natural products. Thus, Tcrashima et al. ” found that 2-trimcthylsilylethynylcerium(lII) 
reagents react &cicntly with 1~3,41cuahydronaphthalen-2sne derivatives which arc further 
transformed into synthetic intermediates for natural and unnatural anthracyclinoncs, for example : 

0 
THF 

. 
l Cl*CaCIC-X c* -70 

lh w 0 
X - Silk3 : IO02 

X-H : 051 

I’hC(OH-)(CH ,)nBu 98 

o( 

OH 

nBu 95 

WKH 
& 

OH n-Bu 92 
phc(O , rcBu 
P&&wmm3rr& ii 
PKXkCH--CHOH n-b’ 
PbCH=CHCOH(CH ,) n_Bu z 



6586 H. B. KMUN and J. L NAM 

The acetylcnic reagents wcrt pnputd from C&l, and Li(kzC-X.. Tanwa et 
Cl,CeG=C-SiMc, in an early step of the total synthesis of 1 Idcoxyanthracyclinoncs: 

al.“ used 

0 
eto2c T^xy l cCC12CX-Si!k3 ~+&-* 

Zh 
ECO*C 

baa 
N 0 Li 1bf R-011 R’ - k 

?I-C12Ce95X in-nt R’ - MI 
, 

Cerium analogucs of the Reformat&y reagent wat found useful whcrc the Reformat&y reaction 
faikd. as in the c~dt of protectbd orth~hydroxyaa%ophenones.” Substituted coumarins were 
obtak! in cxctyeot yields. 

I’ 1 OR 

P’ Ct It 
CoothI 

0 . Cl 2 CCCH 2 cak-Bu ~-I 1. THP(-m*C) 
2. NH‘Cl R lx? 0 

R’ 
R’ 

HCl /koll 

)rn 
0 

0 0 

II’ 

KautBnan et al.‘4 invatigtata! the bthaviour of ‘*X,LnR” mts prqwcd bl situ, for their 
&ctivityincoulpetitivlc czpdnentsinTHFoacquimoLr amounts of kptad ad dkthylkctonc. 
The schtivity in favor of atti on aklehyda is good with Cl&Me (11.5: 1) but drops from 
czliumto samarium (a-0 3.8 : 1 ; C&SmMe 2.1 : I). 

Wellcharactcrkd ~&ted anionic complexa of most of the lanthanidcs could be syn- 
tksizcd“ in the m of tmaia by the following route : 

LnCl,+6MeLi+3tmaia- “*O Li(tmcda),Ln(Me),+3 LiCl 

The complexes rawt with a&unsaturated aldehydes or ketones, mainty by 1.2~addition.“ 
A new route to organokthakk was devised by Way& Bcrtz er al.” Organolithium or 

Grignud reagents a trcatod W@I Ln(&R,) or Lo(N(SiMed& (with Ln IL; Sm mainly) under an 
krtatmospkrcat -78”inetba.~orgpnome(rrllicsrcffused~lowrttlnpaatureintbe 
Opcrring of various cpoxidc? and compared to organocappcr and wum reagents. chcmi- 
cal yields are cxccknt in the alkylation of cpoxidu, the rc@scla!&~ of the reaction paralktb that 
obscrwd with trialkylahuninum in the case of styrene epoxidt. Butadiarc monocpoxkic gins the 
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following results : 

w l tlaLi/k~(Sikj)2] 3 
-vm* Vk 

ne OH 

672 2x 

Preliminary results indicate that these reagents lead only to I,taddition to cyclohex-2-co-l-one. 
4.2.2. Afdol con&uatiom. Cross&aldol ma&ions arc useful transformations which have been 

pcrformcd in various ways. An additional method via arium cnolatcs was &scribed by Imamoto 
er al ‘* It is based on the preparation of lithium toolatcs from ketones with LDA or LBTMSA 
(lithium bis-trimcthylsi.lylamide) followed by transmetallation by treatment with anhydrous CcCl, 
at -78”. The ccrium eoolate reacts with aldehydes and ketones at - 78” with in several hours. 
AIdols arc isolated in better yields than with the lithium cnolatcs under the same expcrimeotal 
conditions. Some examples arc indicated below : 

0 
Ph-C-cHpx3 l LDA4aCl~ I Ph- - 

so 

iii’ 
a HO 

79 s 

PhCt+O 
Ph- -CH2CH, . LDI-C.Cls r Ph-r;-CM-p-Ph OeS 

0 OH (thr.o/.rythro - 18:92) 

o= Phcno 

0 . LDA-CoCl~ _ 
Ic-” 

05s 
(thr.o/wythro - 1:l) 

St&oselcctivity with arium cnoIat.cs is the same as with Iithium crioIatcs. The authoa assumed 
that the arium cnolatcs react via the well-mcognixcd six-membcrcd transition state of lithium 
cnolates. Cerium(III) should chelatc mom tightly to the iotctmediatc aklol than the lithium ion, 
suppressing rctro-aldol and cross-coolixatioo reactions. 

Ho er a1.69 studied the dehalogcruttioo of a-haloketones into ketones by Ce(III) sulfate and NaI 
in aqueous THF; the same reaction was also observed by the action of NaI ~Iooc.‘~ The ketone is 
formed by protonation of an intermediate cnolate. Fukuzawa et CJ.” mod&d the proccdurc with 
Cc(III)/NaI by working in dry THF, with the aim of trapping tbc iotcrmcdiate arium cnolate with 
an ahichydc. When quimolar amounta of a-haloketone, aldehydc and Cc1 , in THF wtrc stirred at 
room temptraturc for an hour, a good yield of coojugatod ketone was obtained. If Ccl, is replaced 
by CcCI,/NaI (I : 3) the aldol is Mated 

0 cf r CHPh 
THF 

. cc1 l - 901 
3 

PhCHO 
1 h & 

9r THF 
. CCC1 3 . NaI . PhCHO - 

I h 

It was demonstrated that B-ketoalcohols can be converted into a,/l-unsaturated ketones by CcI, 
in THF. This indicates that in the absence of NaI, CM, works as a dehydrating vt. 

4.2.3. Reductions in prexnce of cehvn tr&Nori& (a) Cmjnqated a-mow 3. In 1978 Luchc”” 
rcportod that conjugated kasoncs arc ckanIy rcducod to aIIyIic a&&ok with sodium borohydridc 
(1 moi q.) in methanol inthe prtscna of t mot eq. of Loct,, di fl. hnoog the varimm lanthanidc 
trihahdcs, C&l,. 6 H*O was OAectai (r giving the but renrlts. The reactions am conducted at 
room temperature, without special exclusion of air and moisture ; good yields of products arc 
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obtained within 5 min. Some examples are indicated below : 

B 
0 

42 
/ 0 

0 

n 

I 

1001 

r 

1001 

Q 
OH . /\\ 

Z 

Q 

,..a OH 
(98:Z) 

2* 

The mechanism of the reduction was s~udicd. ” It was demonstrated that there is no intervention 
of a arium borohydride. Mum tichloride enhances the acidity of methartol (through com- 
plexation) and induces its reaction with NaBH, pving BH,,._,(OCH,),-spccxs. Cccl, mcan- 
while interacts with the carbonyl group. The following transition state for tbe hydride transfer was 
proposed by the authors : ” 

Me0 ona(tl) Me 
\I \ / 

neo-......f+H.......C=O......H~ 

I / 
OHe(H) 

-c 
\\ 

1 c.3+ 
C, 

I 

The Luche rtrgcnt is now widely used in synthetic organic cberni~uy for the preparation of 
allytic alcohols. The proazdure allows work on functionalized molecuks with a high degree of 
selectivity (esters. tosylates, stidcs and amides arc compatibk functional groups). Some examplu 
are listed below using GCl,-NaBH,/McOH as indicated above (for additional exampks see 
Refs. 5 and 8). 

L I 4L I 
019 

WrI 

71: 

ref. 76 
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This proadnre was appIied recently by Warren and Elliott” to reverse the stereoselectivity of 
reduction of a saturctwd ketone bearing a phosphine oxide functionality in /I position : 

N’BH6 : Threo/crythto 85:lS 

!bBH‘ l Cdl 
3 : threolcrythro 15:85 

The inguence of CeCl, was ascribed to a chelate effect of carbonyl and p---O groups on Cc”. 
(b) The transformation of cinnumoyl chfori& into cinnamyl alcohols was performed in good 

yields in acetonitrile by NaBH, (I mol eq.) and anhydrous C&l, (0.1 mol q.) after 5 min. :“ 

~rc~--c~cou+NaBH, &A~CH=CH~H~OH 

It is interesting to point out that here C&l, is used in catalytic amounts. 
A facile stereoselective reduction of enediones and cage diketones using NaBHal, in 

methanol at 0” was recently reported by Marchand er 01. Some typical examples are indicated below : 

c1 Cl 

C 

Cl 
!iaBH4/CcC1, 

0 

l % 

Cl 

m 
H 

@ii? 

NdH‘/ceCl 3 

l 4 

OH 

0 
OH 

0 H 

When the cage dikctone was reduced by NaBH, alone a mixture of stereoisomeric diols was 
obtained.” 

(c) Reduction of organic ha&&s and phosphines oxides with LiAlH&eCI,. Imamoto el al.” 
found that anhydrous C&l, (I 5 mol eq.) and LAH (4.5 mol eq.) in THF or DME at reflux is able 
to reduce many organic hahdes (including fluorides), as well as phosphine oxides, after reaction 
times of a few hours : 

CH,(CH~,IF-,CI~HM 90% 

I -fluoronaphthaIenc + naphthakne 94% 

Ph,PO+Ph,P 95% 

PhzP(O)CH, + Ph#CH, 98% 

. 

Unfortunately this proass gives mcemization at phosphorus when t& starting material is an 
optically active phosphine with an asymmetric phosphorus site. 
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ceriam trkhlori& was aim ud by Imamoto CI ol.” inall~taobpo(peOvrtionof 
pho6@WbamMsfnnnp&J@iQeoxi&: 

LlAlH~-No8M~-cocl~ w 
. Ph-6-R 

Tnf A* 
65-93 $ 

This reaction works at room temperature only in presence of cccl, which was assumed to play 
a dual role: activation of the phosphinc oxide by coordination so that the dcoxygenation with 
LAH proceeds readily and activation of NaBH, for the transfer of BH,. 

4.3. Caralytic reactions 
It was ra~gnizcd early that MS acidity is associated with many lanthanidc derivatives, 

especially the trihalidcs. Lewis acidity, elcctrophilicity and oxophilicity arc some of the properties 
which provide the driving forces for various catalytic proasses. in some of these the lanthanidc 
derivative is usai in stoichiomttric amount, but, in principk, can be rccovcred unchanged. However, 
in many cases the reaction is truly catalytic with respuzt to the lanthanidt. The main reactions will 
be successively presented according to the structure of the lanthanide compounds : purely inorganic 
salu (trihalidcs, perchlorates, . . .), akohelates, carboxylatcs, j?diketonatcs and cyclopentadimyl 
complexes. 

4.3.1. Rcetal formation. As early as 1922 Adkins and Nisscn’* compared Cccl, to other metal 
halides as a catalyst in the reaction of acetaldehydc and ethanol for the synthesis of the cofitsponding 
acetal. CcCl, was found to be less &icient than calcium chloride. Recently Luche and Gcma19’ 
found that rare earth chlorides are highly Went catalysts for acetal formation from aldchydcs. In 
a typical procedure : an aldehydc is dissolved ih a mtthanolic solution of L&l, (one mole q.) ; the 
aldchyde-acetal quilibriuxn is reached instantaneously. The addition of trimethyl orthoformatc 
shifts the quilibrium towards the dimethyl acetal. Trimethyl orthoformatc also acts as a water 
scavenger allowing the use of the commercially available hydrated lanthanidc salts. 

RCHO + MeOH + RCH(OMe)z 
, 

The reaction is very fast at room temperature (10 min.) and yields arc often nearly quantitative. 
Interestingly, the yields depend on the nature of the lanthanide ion. La, Cc and Nd are the most 
effective for acetal formation from aliphatic aldchydcs. Er and Yb seem to he best for aromatic and 
hetcrocyclic aldchydcs. The precise role of the catalyst has not been studied. 

Aromatic ketones and a+noncs remain unaffaztcd by the reaction conditions leading to acetals. 
Aliphatic and alicyclic ketones gave unexpected results with various lanthanidc ions, suggesting the 
formation of hcmiketals. This fact was used to advantage in performing the selective reduction by 
NaBH, of keto groups in the presence of an aldehydc. 9’ Indeed, a convenient one-pot process was 
set up ; one example is indicated hclow : 

A related procedure allows the isolation of the acetal intermediates in some cabs. It is rss0 
possibk to take advantage of di5- in reactivity between two kcto groups in a molecule for 
the in situ protection of the more rcac&ve one. Thus, 8rbdrostane3,17dione was tmnafbrmcd into 
I7 jl-hydroxy-•drosan-3-e with hi& yidd : 

0 

J3P 
c4l 

ErC13. (moli) Ed? 951 

HC(ald 3 ; ndJl, 

0 0 



692 H. B. KAOAN ad J. L. Nlun 

A$impkrmc&dfortbt&ccivtreduction ofkeconuintbcprwcnaofald&ydawudevised 
by Luchc and GemalP which avoids the formation of a ketol imaaodirte axi iu srkaqucnt 
hydrolysis. It was found that selective reduction occurs with an cquimolar mixture of an aldehyde 
and a ketone in aqueous ethanol (EtOH-H,O, I : 1.5) in the presence of cccl,, 6 Hz0 and 1 molar 
oquiv. of NaBH,. Under these conditions the aldehyde is protected against reduction, while the 
secondary alcohol is usually produced in high yields (aII.er 10 min.). Some representative results 
are indicated below : 

0 v Ct+O 
II 

’ -w HO 

95x 

96X 131 

The authors assumed that the high selectivity for ketone reduction was the result of the rapid 
formation of the gcminal dial or hemiacetal from the aldthyde group under condition which leave 
the kcto group unchanged. 

In some cases CrCl, gave comparable results to Cccl, or ErCl,.” 
Selective reductions by NaBH, in aqueous ethanol solution was extended to the couple con- 

jugated aldchydes/nonconjugated aldchydes. ” It is known that conjugated aldehydcs usually give 
hydrates more easily than aonxonjugatcd ones. Indeed, by using the combination EtOH-HI& 
ErCl,-NaBH, a number of selective reductions were obtained. 

Ketalization in presence of C&l, and HC(OMe), was utilized by Smith during the formation 
of the key kctal group in the synthesis of milbemycin-~,.94 Referential acetal formation from a 
ketoaldehydc was also achieved by this procedure :” 

Hydrogen peroxide (30% aqueous solution) is able to oxidizl aldehydts to acids in the presence 
of (NH,)bM~102k 4 H,O and potassium carbonatc The reaction is greatly accckratcd by cerium 
trichloride, presumably through the enhanced in situ formation of a hydrate of aldchyde the actual 
@es which is oxjdi&.” 

4.32. Asymmrrric reduction carafyzcd by chiral shift reqpnu. NAD analogs with a dihydro- 
pyridinc moiety are aMc to reduce conjugated ketones in the praenu of Mg(Cl0,). as a catalyst. 
It was found” that catalytic amounts of chiral curopium /Miketones (0. I mol oq.) are able to promote 
the slow transformation of methyl pheoylglyoxylate to methyl man&late : 

nto2c 

0 n co2na Eu(tfc) 

ph’;c’u)2”c l 
1 - 

i nc 
CHp ; 70-c 

Ph-cwu2ne 

iNI 

981 IS1 a* CS) 
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The reaction is slower in mcthykac chloride at room tcmpcmt~ (28% yieki) but the cc is 

4.3.3. FricdcccrqnJ reartions. The old patent literatu~ gave reports of the use of CeCl, as a 
catalyst in the Fried&Crafts acylation of aromatic compounds by acyl chlorides. In these cases the 
cerium powder used aa tbc’ catalyst praWso r was transformed in situ into arium trichloride9 
CeCl, was also dtrcribed as a good catalyst (in the presence of HgCld for the ad&en of HCI 
to acetylenes and olcfins. Fricdel-CrafIs reactions catalyzed by lanthanidc salts were recently 
reinvestigated by Fujiwara cr 01.99 

A wide variety of anhydrous rare earth halides were chcckcd as catalysts (catalyst/ 
substrate = I : 3) in the alkylation of benzene with bcnzyl bromide. Diphenylmethane was 
formed in yields up to 74% (with DyCl,). Interestingly, the catalysts can be recovered easily and 
re-used.99 

4.3.4. Benzylic brominations. The bcnzylic bromination with NBS-bromine is seldom used 
because of competitive nuclear bromination ; it requires spazial experimental conditions such as W 
irradiation and high temperatures. It was found that various alkyl aromatics can be selectively 
brominatcd in the bcnzylic position by bromine in presence of catalytic amounts of lanthanum 
triacetate. loo The substrate is dissolved in Ccl, with 0.1 mol cq. of La(OAc), (which remains in 
suspension). One equivalent of bromine (in Ccl,) is slowly added to the solution maintained at 60” 
at the visible light or under a standard laboratory tight. After a few hours the reaction is complete, 
the product is isolated in excellent yield. Some dibromidcs were also prepared when two equivalents 
of bromine arc added. The reaction failed with aromatic rings which arc too electron-rich and prone 
to ekctrophilic attack. For example, crcsols or mcthylnaphthalcnes give mixture of products. The 
mechanism of the reaction was studied lo’ Ln(OAc), is completely insoluble in Ccl, and rapidly 
adsorbs bromine (or 0.3 mol cq.). Ambiant light is necessary to initiate the process, presumably by 
dissociation of adsorbed bromine. A free radical bromination then takes place close to the surface 
of the solid. Bcnzylic bromination was also observed with other lanthanide derivatives [SmCl,, 
La(CF,CO&, SmlOJ, these compounds being more &cicnt than various other metallic salts 
[BaCl*, NaOAc or Cu(OAc)J. Representative examples of bcnzylic brominations are indicated 
below : 

Bcnzylic bromination catalyzed by La(OAc),“’ 

Cl u 0 C”) _I_) Br2 cl@2*. Qa2c”3 2 @L3 

601 1001 

581 7&L 

4.35 Ether jiwmatiun from allylie akohols. The bchaviour of various allylic alcohols in the 
presence of catalytic amounts of SmCl, has been 8Uiiai.‘“’ In many cases dialkyl ethers were 
obtained in good yields (Table 9). The proczdurc is very rim* since it involves r&uxing an allylic 
cLbaSdwithO,lnrolcg.af~,inl,~~rbiw~Sl~rbabeb,baatylic 
a&z&o1 a&.poprgyl tihd do sot @ve et& tormrtmr hdor @so expmiarntdumd&~aa. 
This property allowed the preparation of mixed ethers contain&only one 8&l grfx@y Wag 
aa~~Ybaboliatha~ofrf~~oC~~crad~and~of 



~llylic tib0r Nuckophik (mol eq) Rodrrt, (irlatmd yii W) 

- o- CM 

0 Ii 

‘cl- an 

0 OH 

- 
0 OH 

0. OHb 

b 

MCOH 
(5) 

WCH JOH 
(2) 

H-HJOH 
(2) 

PhSH 
(2) 

PhSH 
(3) 

o”x3 
cF”o - o- 

HZPh 

o- OCH*CKld 

- o- SF% 

WV 

(W 

wo) 

(74) 

(73) 

(ss) 

(36) 

‘In ClCH JCH +ZI (5 mm01 dylic akohol in 20 ml). 12 h at rcOus ; 0. I mol q of SmCl,. 
‘The totd amount of allylk akohol u given in note a. 
’ Isolation by column chromatography. TIM rhrtiw dlylic rlcobol - u for Ik mafuid tdaaa. 

SmCl, (Table 9). In some cases, thiophenol can replace the alcohols giving rise to allylic thioctbers 
(Table 9). 

The mechanism which was proposed lo* is based on the formation of an electrophilic moiety 
derived from the allylic alcohol. The allylic cation is then attacked by the protic nucleophile (alcohol 
or thiophcnol). 

4.3.6. Regioselecrive reacrions of quinones wirh aromatic amines. One of the earliest of the 
application of lanthanidc compounds to problems of organic synthesis seems to be the report of 
Pratt lo’ who showed that C&l, (as the hcptahydratc) is a superior catalyst for the rcgitivc 
addition of aromatic amincs to various unsymmetrical l&naphthoquinoncs or 5,8qui- 
nolinequinoncs (followed by reoxidation). Thus SJquinolincquinone and ptoluidine lead to the 
following results : 

without Cccl3 

0.1 mol.eq CeCl, 

0 0 

302 2LI 

691 0 

The powerful catalytic effect of cerous chloride was interprctated as an activation through 
coo~~G~tion inwAving nitrogen and the proximate carbonyl, which tits t&c reaction to the 
position a to the second aubonyl. 

4.3.7. Formurion 0/4_jubjrihrred_2,~d~rhyfpyr~s. Anhydrous La(ClO,), [or Pr(ClO,),] 
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in small amount catalyze thoreaction between various secondary amines in aoetonitrik as solvent. lo4 
The lanthanide ion sums to cr&yxa amidine formation from acetonitrilc and the amine and may 
also be involved in subsequent steps of the reaction. 

50 s 

‘4 
RN\ - pyrrolldlne. plperldlne. morpholloe. N-methylplperorlne ond ozocyoloheptone 

4.3.8. Die&Alder reacrions. It is well-known that Dick-Alder reactions are often appreciably 
accelerated by catalytic amounts of a Lewis acid such as AlCl,. It was recently observed that milder 
Lewis acids such as lanthanide tris+dikctonates (used as nmr shift reagents) catalyze various Diels- 
Alder and hetero Diels-Alder reactions. The main results are summarized in Table 10. Danishefsky 
et uI.‘~~“~ made a detailed study of the hctero Diels-Alder reactions catalyzed by Yb(frx!), or 
Eu(fod),. The activated dienes and various aldehydes gave many types of oxygen hcterocycles 
which were used as intermediates in natural product synthesis. The cyclocondensation were often 
stereoselective. It was even possible to realize an asymmetric synthesis (entry 9, Table IO) by taking 
the chiral complex Eu(hfc), as catalyst. 

A new catalytic system (G(OAC)~BF,, OEt,) was dcveloped”0 to obtain a good stcreochemical 
control into a specific diastereomer (entry 5, Table IO). 

Homo Diels-Alder reactions between conjugated aldehydes (but not z$-unsaturated ketones) 
and several dienes were also observed, loo some results are reported in Table 10. The lanthanide 
catalysis is becoming a useful method for Diels-Alder reactions involving highly substituted reac- 
tants. 

4.3.9. Meerwe~PonndorfVerle)LOppenauer reactions. Meerwein-Ponndorf-Verley reductions 
and Oppenauer oxidations are useful reactions. However, a drastic limitation to their use for a wide 
range of organic substrates is the requirement of large amounts of metal alkoxides. There are a few 
reports of systems using catalytic amounts of metal alkoxidc. It was found”’ that secondary 
lanthanides alkoxides ROLnI, are good catalysts for the MPV/O reactions. When Ln = Sm or Yb 
the alkoxide is easily obtained as follows : 

r-BuOOr-Bu + LnI I + 2 r-BuOLnI 1 

For Ln = Ce the diiodoisopropoxide was prepared by reaction of c&urn metal with iodine and 
2-propanol : 

Ce+ I,+&PrOH +i-PrOCeI,+ 1/2Hl 

Most of the MPV/O reactions were achieved’with 0.1 mol eq. of I-BuOSmII as catalyst in THF 
at 65” for 24 hours. Some of the results are indicated in Table 1 I (entries l-10). 

Recently a more active system based on the use of Sm12 (0.1 mol eq.) in THF was devised. ’ ” 
For example, the oxidation of 2-octanol by 2-butanont in presence of I-BuOSmI, gives a 90% yield 
after 24 hours at 65°C (entry 1, Tabk 11). Replacement of r-BuOSmI, by SmI, led to the same 
yield, but the reaction was complete after 24 hours at room temperature (entry 11, Table 11). Other 
results are indicated in Table I I (entries I I-14). A preliminary investigation showed that Sm12 
rapidly disappeared with concurrent appearance of the aldolisation product of butanone 
(CH,CHr-CCHI-C(Me)CHzCH,). It was established that this compound is the true catalyst. 

CI A SrnI? 
The lanthanidt catalysis of MPV/O reaction seems of wide application but Mers from the 

following drawbacks: the reaction ha, to be anhydrous (water defftivates the catalfit) and a- or 
/?-ketols are not oxidixod, p resumably because of strong chdation which blocks coordination sites 
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Tab& 10. Dkb-Akk nrtioDl cudpYdbylulIhulidc~~0Mta 

oa 
“e”+ CJ 

Eu(tfn), 105 

yb(f4, 

me nt 

Eu ma, / 0 c R.Ph (85) Km 

h,Si 0 
R R-n-C6LI, 3 

(73) 

OSiEt 3 

F + 
Ar 

(70) 
W-W, 109 

one 

< 

+ 

OBX 

psi 

N 
WOW, 
BF,. EW 

0 

CY 
110 \ Rx (45) 

O H 

SiO 

Wfod) , (ec) 112 

h 
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T&e IO. (cont.) 

(cndo/uo-15: I) (*6) ‘I3 

nt3Si 

+ A EuW), lo6 
-lo” 58X ec (71) Ii Ph 

0 
H 

around samarium. Unexpectaily, alcohols with an unhindcrcd terminal doubk bonds (i.e. 
CH&H(OH)(CH&CMH3 do not give the Oppcnaucr oxidation with tither r-BuOSm12 
or SmI, as catalysts. ‘I’ This seems to indicate an interaction between the double bond and the 
lanthanidc, which would be quite unusual in lf&mcnt chemistry. 

4.3.10. Selective catalyzed-rearrangement of terminal epoxiak to methyl ketones. The rcarrangc- 
mcnt of cpoxidcs is a welldocumented reaction. The main product is a carbonyl compound (ketone 
or aldchyde) wbcn the rcac&on is catalyzed by an acid. A tcrmir& o& is usunlly mainly tram+ 
formed into an akichyde in p- of a kvis acid. It was found that some lanthanide catalysts 
give a conversion into mathyl ketones I with the compktt absence af aldehydcs II. ’ I6 

R-Ct5H2 __* R- -CH3 l RCH#tO 

0 

Tabk I I. Opgauuer oxiddem d Marwch-?oadorf-Vcdy duchm atdyad by hnclunik daintiva"""' 

I 

2 

3 

4 

5 

6 

7 

8 

9 

IO 

11 

I2 

I3 

I4 

2uzUllol 

a-mcthylbaql aknhol 

I-OCUllOl 

Crewbu1ylbeazyl llcohol 

CLwxrveol 

gWUliOl 

dhokad 

2uzUllolK 

ethyl pyruvatc 

2xcUnQl 

2qclobucn-I-1 

dicydoprowl~l 

hucthyl-5-bcprea-2ol 

2-butAfM.me 
(8) 

2-butmonc 
(8) 

2-wyde 
(8) 

2-fuddehydc 
(1) 

uetone 
(4) 

2-fur8klchydc 
(3) 

“;l’t;““” 
2-propulol 

(4) 
t-1 

(4) 
2-pfopulol 

(4) 
2-butraom 

(8) 
2-buw 

(8) 
2-bum 

(8) 
2-butanonc 

(8) 

24 2dcUflooe 90 

24 aatoplumone 98 

5 Oarsol 69 

24 4-wrr-butylbaddehydc 82 

24 . UIVOW 62 

24 ciual (E+Z-) 62 

4a 4&KkWO-3-OlBC 78 

7 2_oc(mol 86 

I INcaUlol 66 

7 ethyl Lrulc &I 

24 2-oarpcwc 90 

2 2cydohcxal-loac 70 

24 dkyCh?pfopylkCtODC 80 

2A hKthyl-s-~2olK 80 

‘Tans: 65” (a&a I-IO) or 20” (aha I I-14). 
‘~~~:r~,(O.Imdsq)iado~I-10orBpl,@.1md~inah(all-l4.Sdwat:THP. 
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The catalysts were iodoalcoholatcs such as r-BuOSmI,, Cc(O-rPr)12. THF solutions of SmIr 
oxidized either by air or by an cpoxide are also able to catalyze the rearrangement of cpoxidu. 

Reactions wert performed in THF at room tcmpcrature for 20 h with 0.1 mol cq. of catalyst. 
For example r-BuOSmI, catalyzes the formation of I (R = n-C,H,,) in 90% yield, and of I 
(R = C6HJZHI) in 82% yield. More vigorous conditions are necessary for rcarrangcment of 
internal epoxidcs into ketones (60”. 4 h). Thus epoxycyclooctane gave cyclooctanonc (83%) 
and trans n-C,H,CHXH<,H,) gave 5dccanone (78%). A limitation of the lanthanide 
catalysts appears to bc their deactivation by functional groups present in the molecule. Thus 
CH,CHOH(CH&CHXH2 and CH,C-_(CHJ,<H-CH1 wen not rcarrangcd in the 

‘0’ a & 
prcscncc of r-BuOSmI *. 

The mechanism of the catalytic rcarran gcrncnt was discussed. ’ I6 It was assumed that the s&c- 
tivity of the reaction arose from the mild Lewis activity of the lanthanide ccntcr combined with 
nuckophilic ring-opening by iodide. The mechanism was compared to that of the Cor(CO),/McOH 
system, which is also able to perform cpoxide rcarrangcments very similar to those observed with 
lanthanidc catalysts. 

4.3.11. Tlschenko reucrion. The Tischcnko reaction has ready been catalyzed by s&cral types 
of lanthanide derivativcs:“*“~*“’ 

ZRCHO+ R-Ca2R 

CI 
An organolanthanide was pnpercd in THF from Nd, Sm or Pr metal and IC2H,.“’ 
Fujiwara et al. assumed that /?-elimination yields ethyline and HLnI,.’ This lattcr eecms to be 

the catalyst precursor for the Tischenko reaction. The reactivity is not very high : the reaction was 
pcrformcd with 0.5 to 1 mol cq. of the lanthanide species. A more active catalyst prcpartd by the 
reaction of iodobcnzcnc with ccrium turnings at 50” was mentioned by Imamoto. ” Several aromatic 
aldehydcs were cqnvertcd into the corresponding cstcrs in 4998% yields on trcabncnt with this 
catalyst (cu. 10 mol%). 

The most &cient lanthanidc catalyst rcportcd to date is one derived from SmI 1. It was rcccntly 
obscrvcd”’ that 1% mol cq. of SmI* in THF catalyzes the transformation at room temperature 
over 6 hours of many aldehydcs to the Tischenko esters, for example : 

CH,(CHz),CHO -. CH,(CH2)1-C+(CH2),-CHl 95% 

II 

PhCHO -. Ph C-H 2-Ph 

CI 

98% 

CH,(CH&AHO -, CHr(CH3rC-O-(CHJ6CH, 95% 

4 

4.3.12. Oxidation of OliyIic alcohols by tert-bury1 hy&operoxi& catalyzed by lanthani& a&oxides. 
Ln(OiPr), is a catalyst for oxidation of allylic alcohol6 in the case of Ln = La, G, Sm, Dy, Ho 
and Lu.“’ Gcraniol gave 2.3cpoxy geranial and gcranial in relative amounts depending on Ln. 
Ln(O&), appears to be a kss rlcctive catalyst when compared to early transition metal catalysts 
(i.e. Ti, V, MO). 

4.3.13. Oxidation of benzoins to benzik catalyzed by ytterbium trinitrate. Exaknt yields (close 
to 90%) of bcnzils were obtained by heating bcnzoins in aqueous glymc in prescna of aqueous HCl 
and 0.2 mol q. of Yb(NO,), : 

;02 l Ar-ivAr 
Yb(III) 

Ar- -r l H20 
OH 0 

s 

The NO; ion is the actual oxidizing agent. In the prcscna of the Yb” ion as the catalyst, the 
nitrite ion formed is then reoxidizcd to nitrate by mokcuIar oxygan. ’ ” 
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4.3.14. Catalysis by organolanthanti with cyclopentadienyl-type &an&. The interest in this 
field originated from the finding that some laothanidc derivatives are active as okfin polymerization 
catalysts. I-be main rcfcrcxKXs to the original publications cao be found in several review~.“~*“’ 

Watson et a./. ‘*’ &&cd a method to prepare Cp’,LnCH, where Cp’ = pentamethylcyclo- 
pentadieny1 and Lo = Yb or Lu. The bulky ligands provide ao iotercstiog new chemistry for 
these h$tIy electron d&dent compkxcs (which exhibit a rapid monomerdimer equilibrium io 
solutioo). Cp&nCH, &u found to be an cxcegent solubk model for Ziegler-Natta catalysi~‘,~‘~ 
Insertion of propcne into Lo-CH, provided Cp;LnCH2CH(CHJ2.“’ I“ The reverse reaction 
(/I-alkyl elimination) was’ also observed. Competitive &hydrogen elimination reaction from 
Cp;LnCH,CH(CH,), gave Cp’,LoH and isobutene (the reverse reaction, insertion of isobutene 
into a Ln-H bond, was also operating). The /l-H elimination was studied by Evans in the family 
Cp,LnC(CH ,), and was found to be quite difficult. ‘I’ One interesting consequence of the research 
on the lanthanide model for Ziegler-Natta catalysis was the 6nding that Cp’,LnCH, is able to react 
with various kinds of C-H bonds.(vinylic, aromatic or aliphatic) : ’ 26 

Cp’2LuCH3 l H-C$ __, CP’2L”C(- l 044 

The most striking result’” was the activation of methane according to the following exchange 
reaction (at 70”). 

Cp;Lu’,CH,+ “CH, + Cp;Lu”CH,+ “CH, 

The above reactions concerning C-H activation could become of importance for catalytic 
reactions of C-H bonds. Recently, Marks, Schumann ef ol.‘“*‘” described a systematic ioves- 
tigation of the preparation and properties of Cp’,LoR compkxcs (R = CH(SiMe,), or H. Ln = La, 
Nd, Sm. Lu). The two-step synthesis is as follows : 

LnCI,+2LiCp’ ::,,& o) l Cp’,L~Cl;Li(ether)~~ +LiCl 
1 

Cp;LnCl; Li(ctha),. +LiCH(Si(Mc),), + Cp’,LoCH(SiMe,), + 2 LiCl + 2 ether 

These complexes were easily isolated and characterized. They gave access to the corresponding 
hydrides by a fast, quantitative hydrogenolysis : 

Cp’,LnCH(SiMe,),+ H Q 2~~(Cp’,LoH)2+CH2(SiMc,)2 

Cp’,LnH complexes display extraordinarily high catalytic activities in the homogeneous poly- 
merization of ethykne’2B and in some olehn hydrogenations. ’ ‘O The highest turnover frequency was 
observed for Ln = Lu (exceeding 1800 s- ’ at 25” under I atm of ethylene pressure). In the case of 
the hydrogenation of I-hexcnc to n-hexaat, the catalytic activities d- in the order 
Lu > Sm > Nd > La, the highest turnover number being 120,000 h - ’ (25”, I atm of HA. It is 
interesting to compare this value to the activities of other homogeneous transition metal catalysts 
under similar conditions: 

RhCl(PPH ,), = 3000 h ‘, Ir(COD)P(cydohexyl)f PF, = 6400 h ‘. The scope of these Cp’,LnH 
catalysts is not yet known. Exploratory experiments indicate that internal olefins (cir or tram-t 
hexene), as well as tram-stilbcne and the exocyclic double bond of limonene are easily hydrogeo- 
ated.“’ The two Cp’ ligands could be replaced in these complexes by the chelating ligand 

J 

e 

Me& i-h&C, 
I 

= Cp;SiMe,.‘” The corradpoediog compkxes (Cp”aMe3LnH are also 

Me 
excellent catalysts for hydrogenation. Oat can expect in the near future exciting developments in 
catalysis using the well-d&nad.organ6lanthani&s which arc oow availabk’22-“o and which arc 
susaptibk to many structural modScations. 
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5.1. Introductfon 
The tetravalent oxidation state of the lanthanidcs is also an uncommon one. Tetravalent spccics 

of Ce, R, Nd, Tb and Dy have been prepared, but only those of cerium are readily accessible. 
Furthermore, the only tetravalent aquo ion of the lanthanidcs is that of Mum. Th standard 
ekctrode potential, E“(Ce’+/@+) is unknown. The formal potential for equal conamtrations of 
cerium(IV) and cerium(III) varies considerably with the nature and concentration of the acidic 
medium. In IM H$O, it is 1.44 V: in 8M HClO, it is 1.87 V. This unusually large variation is 
attributed mainly to hydrolysis of Cc’+ (as) which is rcducad at high acidity and to strong com- 
plexation of Cc’+ (aq) by anions such as SOi- and NO, which are normally regarded as weak 
complexing agents. “I 

The synthetic utiity of the strong oxidizing power of the ceric ion, to organic chemists started 
to be explored about thirty years ago1 In 1973, Ho reviewed synthetic aspacts of ccric ion oxidations.’ 
In this paper, the oxidation of various functional groups on treatment with ceric ammonium nitrate 
(CAN) or ceric ammonium sulfate are reported. The main results are the following. 

a. Depending on its structural features an alcohol may undergo either direct oxidation to a 
carbonyl compound, fragmentation or both processes : 

Co(m@)2(NOS)6 
Arcn20H l *rcMo 

cM~CO94. tlfl. 90 c 

2 

C.(Mii,)2W0,)6 / 

OH CBjco2~. Hz% 90-z? 
l 

H 
6 0 

a20H cH2w 

b. Vicinals glycols and polyhydric alcohols are quantitatively dead by ceric ion. 
c. Aldchydcs and ketones are susceptible to ceric ion oxidation. The main products isolated from 

the reaction of certain cyclic ketones are nitrato-carboxylic acids. 

0 

0 

cAIl * c” .,.fi” cy R3cIy- 

ON02 

d. Some ketones undergo an extremely rapid Bayer-Villigcr oxidation. 

e. Oximcs and semicarbazones are rapidly cleaved by CAN to give the parent carbonyl com- 
pounds. 

f. Carboxylic acids are resistant to ccric oxidation. However, oxalic acid and malonic acid are 
readily oxidizd by ceric ion to CO2 and Hz0 and a-hydroxycarboxylic acids arc degradai by ccric 
sulfate or CAN to carbonyl compounds having one fewer carbon atom. 

Rl CO(IV) 

; c:I;2” - 
Rl\ 

R2 

, c-o 

RZ 
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g. Carboxylic acids can be isolated ingood yields after contwt of a aolutioa of carboxylic acid 
hydra&es with CAN. 

CAN 

R-g-w-w2 - R-C-OH 

0 w3CN-I420 & 

h. Dihydroquinase, are quickly oonvcrtcd to quinones with CAN. 
i. Polynuclcar aromatic h.ydrocarbons arc oxidiabd by CAN, but the reaction is extremely 

complex. The major products arc quinoncs. 
j. Bcnxylic methyl and methylanne groups can bc convcrtcd to carbonyl functions by treatment 

with CAN in an acidic medium. The reaction normally stops at the mono-carbonyl stage. 
k. CAN promotes sckctivc oxygenation of dia.rylsulfidcs to sulfoxidcs at room temperature in 

txccllcnt yields. Sulfoncs are not form&. This method is not suitable for ahphatic stidcs. Dithianes 
and 1.3~dithiolancs arc readily degraded to the parent carbon9 compounds. 

R4 2, CAN 

/c, ,(CH2)n l 

R2 s CHJCN-I420 

>-0 

2 
r.t., 6 min. 

Within the past ten ycar6, ceric oxidation6 have barn often used in the course of various synthcscs 
of polyfunc$iopaI compounds. 

For exumpk, oxidation of the did]@) to ketal(II) with CAN is a key step in the synthesis of the 

vitamin E precursor : ’ ‘2 

In the total synthesis of (+ >spamom+n, CAN is used as an oxidant to produce an aldehyde : ’ ” 
0 

Fukuyama er al. used CAN for the oxidative removal of an N protecting group in the total 
synthesis of the raccmic antibiotic 593A : I” 

Naoli. raflux 
2) CAN. ml?-A20 

o*c 
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5.2. New reactions or hpmements in react&m wing CAN as a rcqpnt 
CAN is a commerciaIly available, stable, soluble salt of ocrium@V) ; for thee reaaon.8 its 

properties arc still being widely investigated. 
It has baen shown that ceric oxidation of adamantone furnishes the corresponding Baeyer- 

Villigcr lactone in good yield. I” A study on three pentacyclic ketones demonstrated that these also 
undergo efficient Bacyer-Villiger oxidations. ’ ” 

It is interesting to note that jentacy4zlo[5,3,0,0, , 2’ 0’~9,0’*~cean~xle give the lftctoae (I) in 
78% yield whereas petid oxidation fbmh!m the other isomer m. 

(I) 

(II) 

Kurtz et ak studied the decomposition of dialkyl pcroxydicarbonates in the presets of two 
molar cquivaknts of CAN in tolucne. Tolyl alkyl carbona&s are obtained in’yields of %!MWo basai 
on two carbonate moiltics from each peroxide molecule. ’ ” 

Cl4 ,m 
(iPrOC01)1+2CAN+2C6H,CH,~ 2 iPrOCO&H,CH, 

(the ortho isomer hi the major product) 

+Cc(NO,),+NH,NO,+2H’-NO, 

The proposed mechanism is the following : 

Z- R 
(I) l Ce(N03)6 - UK . into3 l Ca(N03)3 

l 2 my 

Ally1 carboxylic acids can be prepared aazording to the scheme below, which is synthetically 
equivalent to an enc reaction of carbon dioxide. “’ 

The.seomd step, an osidative b dazarboxylrtion of a-hydroxynul& acid can be achieved 
with good yiek% using CAN in ratotitrik inataui of sodidm:pe&t&R~’ . 

A reaction which should find broad application is the oxidative &methylation of hydroquinonc 



dimethyl ether with CAN, wbkk krd to qttinolrw generally in good yields. ’ ” 

0 

co 0 G3 CAN (2 equiv.) 

CHp, Ep 

0 

0 I 94x 

30 min. r.t. 

‘T 0 

The reaction am be carried out in the absence of strong acid and is gcncraUy quite fast at room 
temperature. Various functional groups arc tolcratal. With nome hydroquinonc dimethyl ctbcrs, 
however, the major is a dimer : 

0CH3 0 

L13c 4 O 0 - II3 

0CH3 “3C 

fl 1 1 0 

0 

The method can be improved (no condensation side reactions) by using pyridinc-2,6dicarboxylic 
acid N+xide, as a Ii@ of CAN. “O 

Aldehydic and ketdnic 1,4dicarbonyl compouj~ds qn be prepared in good yields by oxidative 
cleavage of furans, isobcnzofurans and fi1ro[3,4dlpyridazhcs with CAN.“’ 

3 ,I’ :’ 
/c=o 

0 
WI (2.2 oqulr.) ‘2.c 

w 
II 

“2 c ayl420 3Qio. 
r.t. 

II 

NC Ncp 
‘2 I 

‘I 

Interestingly, certain sensitive groups present in the molecule art not aITccted : 

‘6”s 

501 

1 
‘6% 

It is worthy of tiotc that CAN does not ck.avc the mtthoxy groups in 4,7dimethoxy-1,s 
diphenylisobcnzofuran : 

0CH3 ‘6% 

A new, operationally simpk method for ste~oupa%c 24oxylation of cephahporins using 
CAN in an alcoholic medium was reported raxntly.‘“.“’ 

UN (IO oquiv.) 

~309,~ 3s 
MS 

CH3 
2lY’ * ’ 

” 

'co2cH2cc1 3 

co2~2cc13 

(Ethanol_i~l8nd~~d~aisebcun0dinthac~) 
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The mechanism of the reaction proauk via one electron oxidation of the sulfur atom by the 
Cc(W) reagent and subsequent formation of the sulfur-stabilizd carbocatioo which is trapped by 
the nuckophilic solvent. 

CAN has beto u&d for the oxidative removal of protecting groups. Related to the oxidative 
dcmethylatioo of hydroquioooe dimcthykther (see above) is the oxidative Ndcarylatioo of 
azetidinoocs with CAN.“‘.“’ 

CAN 
w 

CHCN, 110 
3wc3 

Mukaiyaqa ef uf. found that the carboxyl group can easily be protected 
from S,Gdibydrop~cnanthridines under appropriate conditions. I“ 

681 

as the amide derived 

l Rco2H 7848% 

The rtsultiog amides arc stable under basic or acidic hydrolytic conditions. They can be easily 
oxidatively ckavcd with CAN under relatively mild conditions to regenerate the carboxylic acid : 

cd (3.7 l quiv.) 

r.t.. 

If the protected auboxylic acid is treated in the presence of a primary amine with the combination 
c&c pyridinium chloride and cupric oxide, the carboxylic acid is not rcgtnerated ; it is transformed 
to tbc corresponding amide. “’ 

IL c- 
Y 
0 

0 

n 0’ 
8 

I’m2 
(cl ml 

2 
C&l6 ,CUO 

cR3a rdlux 

R-c-milu’ l 

a 
m-851 

0 G 0 

Very recently, it was shown that the Qmethoxybcnzyl group auk he easily introduced onto the 
2,5-pipcrti dione skeleton as a suitable N-protecting group whiab is wmwbly removed by CAN 



oxidation under mild conditions.“’ 

CAR (5 a&v.) 

LL 0-a cn. r.1.. 
2 ’ 2h 

The oxida!ion of alkyl derivatives of aromatic hydrocarbons by Cc(W) is an extensively studied 
reaction. The mechanisms has blur widely invcstigatcd. The products distribution is strongly 
dependent on the experimental conditions. This aspect of ccrium chemistry was reviewed in 1981 
by Metskaya and Makhon’kov. ‘49 Very recently some intcrcsting results concerning this topic have 
been published. 

The distribution bctwccn nuclear and side chain substitution products in the oxidation of some 
alkylaromatic compound by CAN in acetic acid has been studied by Baciocchi et al. “O It was shown 
that under the expcrimcntal conditions used (cxccpt in the cast of pmcthoxytoluenc), 
acctoxylation is the predominant or almost exclusive reaction. 

nuckar 

alI (I equiv.) 

cH3C02E. 6h - OOq 

The same authors studied the reaction of CAN with mcthylbcnznes under irmdiation in 
acctonitrik. A clean sidechain oxidation takes place under very mild conditions kading to high 
yields of bcnzyl nitrates. I” 

U’C 0 0 
CM (2 *iv.) 

clB,clt WC 2.m - op-112c 

-0 
0 751 

Reaction of an alkylnaphthalcne with CAN in acetic acid at 60” has been investigated, it was 
observed that side chain acetoxylation takes place exclusivc1y with lcthyl and I-mcthyl44ryL 
naphthaknc.“’ 

On the contrary the oxidation~ofisomcric dimcthyl nqrhthalon~ with CAN C, 50!% ucetfc acid 
01’ 8P krdb to tbo cowing monoaM&ydat in ykklr better thul 80%. I” In UK% w the 
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methyl group attached to C-l is oxidized with a sclcctivcly bcttcr than 11 : I. 

(3 

03 00 
CAH (4 l quiv.) 

50x cH3C02H ‘3s*c 

“JC 
;3& J& 

89X 2x 

Under the same expcrimcntal conditions methylnaphthalcncs with no group in a pcri position 
give aldehydcs in fair yields, accompanied by signScant amounts of I ,6naphthoqtrinonc. ’ ” 

The sidechain oxidation ofpmethoxytolucne with CAN in methanol proccuis smoothly yielding 
anisaldehyde (90%). Elcctrooxidation of the recovered arium (III) salts can be pcrformcd in 
methanol to give a solution of CAN which can bc used for a subsequent oxidation. Thus, an indirect 
clcctrooxidation is real&d.” Indirect elcctrooxidation proccdurcs involving the recycling of elcc- 
tron carriers such as arium ions have bocn rcviewcd recently by Torii. ’ ‘6 

5.3. New Cc(W) reagents and their use in organic ckmitrry 
CAN is a widely used reagent, nevertheless the oxidations with CAN suffer from : 

(I) Highly acidic conditions which arc not suitable for the oxidations of acid sensitive com- 
pounds. 

(2) Reactions usually proceed in a mixture of water and a polar organic solvent which com- 
plicates work-up of the reaction. 

(3) In many casts CAN leads to a complex mixture of products. 

To obviate thcsc di.fBcultics other Ce(IV) reagents have been prcparcd : 
The reaction of Ce(IV) hydroxide with trifluoraatic acid gives the basic salt CC(OH)~(O~CCF,)~ 

which on further trcatmcnt with the same acid and its anhydride yields C&TV) trifhroroaatatc. “’ 
This compound is solubk in coordinating solvents (e.g. aatonc, l,2dimcthoxyethanc, dimcthyl- 
sulfoxidt and acctonitrilc). 

The reactions of this salt with bcnxcnoid hydrocarbons were studied. With electron rich corn- 
pounds, oxidation is rapid at room temperature. The products are biaryls, diarylmethancs and 
trifluoroaatates esters, the proportions of which depends on the structure of the aromatic corn- 
Rounds. 

This reagent has been also found to be cspccially effective for the oxidation of activated tolucncs 
to the corresponding aldchydcs. I” Ccric ion is consumed in stoichiometric amounts but can be 
elcctrochemically rcgmratcd at high current cfficiencics (95%). 

Recently Firouzabadi cr d have dcvelopcd several &o rc.a@ntbio order to perform oxi- 
dations in aprotic organic solvents under neutral conditions. They are prcpamef according to the 



following schemes 

l Ce(OH),+3(C,H,),N= NO,“,Q tce0J(N0,)6 

ccric triethylaMmonium nitr8tc (CTAN)“’ 

l KzCr,O,+2Ce(NH,),(NO,),- “@ (Cc~0,),J2Cr0,+2N0,K+4NH,N0,+Cr0, 
bis[(trinitratocerium(fV)))chromate (BTNCC)“0.‘6’ 

l CeCl,, 7 H,Ow Ce(OH),OIH Ceric trihydroxyhydroperoxide (CTH)16’ 

l KICr207+Ce(~,)*~0,)(,HP [Ce(NO,)JCrO,, 2H10+Cr0,+2N0,K+2NH,N0, 
dinitratocerium (IV) chromate dihydrate (DCCD)“’ 

•K,H~10,+3G(NH,)2(N0,), + ((NO,),Ce],H,I,+6 NO,NH,+3 NO,K 
tris(trinitratocerium(fV)] paraperiodate (ITNCPP)“’ 

These new reagents perform interesting oxidations, some of which are tabulated below (Table 12). 
CTAN and BTNC oxidii a-hydroxyketones to the corresponding diketones with high yields, 
BTNCC oxidizes alkyl, aryl, and benzyl phenyl carbinols to the corresponding carbonyl compounds 
without cleavage of C-C bonds. This reagent also allows conversion of thiols to their disulfides 
very smoothly in good yields. This reaction was also performed with CIH; the reagent can be 
regenerated by the addition of a solution of HrO* to the remaining Ce(LI1) compound. ITNCPP is 
a very effective oxidant for the cleavage of 1,2diols and for the oxidation of cinnamyl alcohol to 
cinnamaldchyde. 

CAN is capable of e%odng aromatic nitromethylation of the aromatic ring with nitromethane. 
Unfortunately, other producta are formed in high yields. It was found that cerium (TV) acetate 
generated in solution by ozonolysis of either cerium (III) nitrate or a mixtun of oerium @Ii) 
acetate and cerium (III) nitrate in acetic acid promotes high yields of nitromethylation products. 
Furthermore, this reaction is free of side-products. I” 

5 
-0 

0 
ce(oAC)~ c lpol 

. 
TN02 yj;y4 -1’ 

“JC 
a 

CH2N02 

ClIJC02B. 20 min. 
582 

rrf lux 
(0.m.p ironrr) 

The oxidation of polycyclic aromatic hydrocarbons to quinones has been improved by using 
ceric ammonium sulfate instead of CAN.‘66 

0 

cs(so4)2.2 wH,)2so,. 2 H20. E2s04 

2S.C. 6h 

0 

0 aa I O 
‘0 0 - -oG!i 0 0 73x 

Roc&.fy, it has been found that cer&trt~(IV) alkoxirks can be readily prepnmd in a one step 
synthesis using CAN as the starting material. “’ 

(NO,)&e(NH,)~+4ROH+4NH, -. Ce(OR),+6NH,NO, 

(NO,),Ce(NH,),+4ROH+6NaOCH, +Ce(OR),+6NaNOI+2NH,+6CH,0H 
These alkoxides have not yet been tested for the oxidation of organic compounds. 
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5.4. New methodology 
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The strong oxidizing power of tetravalent curium salts sometimes is of limited synthetic value 
because it often leads to undesired and over-oxidizuiproducts. In or&r to overcome th&c dilknltics 
various new procedures have bacn dcvcloped. 

5.4.1. Two-@tare oxidarionr. Oxidations (I) and (2) have been carried out in the two-phase 
system (H20, cyclohcxane) by CAN and an appropriate catalyst. 

ArCH, --, ArCHO+ArCH,ONO, (2) 

and the anionic surfactan, sodium dodecyl sulfate (SDS) have been tested. In the latter case. it was 
concluded that the catalytic action is due to the- binding of aromatic compounds and Ce(fV) ions 
to the surfacc of the SDS miccllcs. ‘u*‘~~ It seems that the micellar oxidant has a high oxidation 
potential which should allow oxidation of the comparatively nonreactive substrates. 

5.42. Oxi&tions by silica supported cerium (IV) sah. Owing to their mildness, cast of operation, 
and cnhanocd reactivity, heterogeneous organic reactions effcctod by reagents supportod on porous 
solids have baodme important for laboratory-scale synthesis. Chawk and Mittal have developed a 
procedure which uses silica gel supported ammonium nitrate for tba controkd oxidative nitration 
of some naphthalene derivatives. “O 

Treatment of polynuclcar arcncs and hydroxynaphthalcncs with CAN absorhcd on silicagel in 
the absence of solvent atfords mononitro derivatives, whereas the reaction of the same substrates 
with CAN in solution leads to a considerable percentage of dinitrodcrivativeo or the corresponding 
quinoncs. Fisher and Henderson used a reagent prepared by coating silica with CAN, which was 
obtained as a fret-flowing yellow powder. Oxidations of hydroquinoncs or catechols were pcrformcd. 
Pure quinones wcrc obtained in high yield. “’ 

OH 0 o- ,‘I 

c*(Iv)/sio2(z.l l quiv.) 

CM2C12. 5 min.. r.t. - 

Q 

I I 90X 

tc II 
OH 49 TM9 

0 

5.43. Catalytic systems. The practicality of arium (N) oxidations in ptcparative chemistry has 
been limited by the rcquircmcnt for large quantities of reagent. This is due to the combined factors 
that arium (IV) ion can accept only one electron and that such oxidants have relatively high 
molecular weights. 

Ho et al. have found that the dual oxidant system G’+/BrO; allows the use of arium (lV) as 
a catalyst. Several organic oxidations have been investigated. The arhn (IV) ion is the true reagent ; 
it is continuously replenished by the action of the bromatc anion. With this system hydroquinoncs 
arc oxidixcd to quinoncs, suhkks arc oxidixcd to sulfoxidu and arylmethanofs arc transformed into 
the corresponding carbonyl compounds in good yields. ““” 

NeBr030 cquiv.) 

CAN (IOX) 
CH3CN-H20. 8O’C. 

92X 
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Secondary alcohols are also oxidized to ketones in excellent yields with the system CAN/BrO; . ’ ” 

oyclodccanol 
N&to, (1 sad4 

CAN (IOX).CH ,CN--H&l: c@odacanonc 98% 

dtu.)od9 

Cerium (TV) sulfate can be used instead of CAN. Primary alcohols are not oxidized, but 

PhCH(OHw&Ph, 

L& 

are cleanly transformed to the corresponding 

OH 

ketones in contrast to their 
primary secondary dials with 
of the secondary alcohols. 

treatment with stoichiomctric amounts of CAN. The treatment of 
this technique affords hydroxykctoncs arising from selective oxidation 

NACWO~ (I cqui-.) 

* A 09x 
UN (101) 
CU3CN-H20. BO*C, Shin. Y” 

OH 

A new oxidative cleavage of ethers has been performed with the same catalytic system. Alkyl 
and silyl ethers are readily cleaved to afford the corresponding carbonyl compounds. I” 

NaBrOj(l cquiv.) 
3 CXN (10X) W 0 811 

CH$N-H20, BO’C, I2h 

A polymer supported catalyst (G/NAFK) prepared by treatment of Nafion (R) 51 I with CAN 
was also found to bt an effective catalyst for the selective oxidation of dials by NaBrO,. 

Furthermore Cc/NAFK catalyzes the oxidation of secondary alcohols with ~-BuOOH.“~ 

4-t-butylcyclohexanol ‘~~~~,~ ) b 4-t-butyl clohexanone 
bMDI:(b; d 7 8% 

CAN adsorbed on activated charcoal catalyzes the air oxidation of benxyl and &ted alcohols 
to the comsponding carbonyl compounds in good to high yield. ’ ” Reoently, B&skaya cf al. have 
shown that PhCH20H can be quantitatively converted into PhCHO under aerobic conditions in 
tritlnoroacetic aaid in presence of catalytic amounts of CAN (3%). ’ ‘* The catalytic oxy~ oxidation 
of rknthracenc into anthraquinone has been reported”9 using CAN as the catalyst. The catalyst can 
be nstorcd on addition of HNO,. The experimental conditions have been optimized. 

C 0 0 20H 
i CAN-&co*1 (IS11 - tolucne, IOO’C, 2h 

Very recently it was found that CAN is abk to catalyze the photochemical autoolridstjon of alkyl 
benxenes under mild conditions. This process is enhanced by the presence of added acids (HClO,, 
H-NO,). “O Tbcreaction is probably promoted by NO, radicals generated by the photcchemkal 
decomposition of CAN. 

Another catalytic system using Ce(IV) ammonium sstlfate (CAS) has been studied for the 
oxidation of polycyclic hydrocarbons to quinones. lt takes advantage of the fact that Ce(in) is 
madily cnnvtrtad into Cc(W) by persulfate with AgO ion as I catalyst. The reaction was pcrfdrfhed 
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“3 
4-l 0 

‘2, hu 

CAN (20X) 
c 

M,CU. r.t. l5h \ J 

under bipbasic conditions (cyclotmane-water) 
sulfactant.“’ 

o- 0 CM 24x 

Ad3120N02 12x 

ka42OLI 4X ArC02H 6X 

ArCH2C02H 4X 

with sodium dodeqlsulfate (SDS) as an anionic 

Substrate = 4.16 mm01 ; CAS : 2.5 mm01 ; AgNO, : 0.75 mm01 ; SDS: 0.023 mm01 ; (NH,)&08 : 
16.6 mmol; H$O,: 13.75 ml; solvent: H,O-cyclohexane (25 ml+ 15 ml); SO”; 6 h. 

frbk 12 

Rapt 

CTAN 
CTAN 

CTAN 

BrNcc 
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Bmcc 

z 
2 
Cl-H 
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OH 

-OH 
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E 
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mcpp 
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bauil 

n 

a HO 

0 4 

C?tO 
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The field of rare earths was stagnant for many yea13 as far as organic &a&try (cxa3pt c&c 
oxidations) ~8s conctmed. The use of shift reagents in the 1970s famiiiarized or@ chenists with 
this unusual family of elements. A&r an induction period wbcrc new reagents were found to be useful 
in syntbcsis, it seems that we arc now reaching the stage of exwtial growth. OrgaoaMaAlics as 
well as various salts were found to catalyst or to promote many dit%cat types of rcactio~. 
L.anthanide derivatives are beginning to be usA for selective transformations of quite complex 
molecules, thus it can be anticipated the near future will bring many uew developments in this area. 

Ac&now&cfgcmenr~Wc thank Pr&aaor J. Chndall for rudia8 tbc mrnuwipr ti helpful wgatiom for improving this 
lwicw. 
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