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iI. Introduction

The nucleophilic addition of a Grignard reagent or organolithium compound to the carbonyl group
constitutes one of the most important processes in organic synthesis.! In spite of its versatility and broad

synthetic utility, the addition reaction is often accompanied by competing reactions such as enolization,
conjugate addition in the case of o,B-unsaturated carbonyl compounds, reduction and condensation.2 These

side reactions, which are mainly due to the high basicity and oxidation potential of the Grignard and
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organolithium reagents, can sometimes take over the normal addition process, resulting in low vields of the
decired nrovdncte The imnravamant nf tha nranartise nf araanamaeatallic raagante tn farilitata ¢l narmal addition
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has drawn extensive interest from synthetic organic chemists. Since the late 1970s, extensive efforts have been
directed to the formation and synthetic utility of organoianthanides. For carbon-carbon bond formation, several
types of organolanthanides,3'5 including those based on lanthanum, praseodymium, neodymium, ytterbium and
especially cerium and samarium, are synthetically useful. The research on organocerium compounds was
pioneered by Imamoto and co-workers who, in the early 1980s,6 prepared the first series of organocerium
compounds and successfully examined their chemistry. This area of research has since grown at a remarkably
rapid pace, and organocerium reagents are now widely applied as the reagent of choice to facilitate nucleophilic
addition reactions which could not be achieved effectively by the use of the corresponding Grignard and

organolithium reagents. The chemistry of organocerium compounds has

II. Preparation

Organocerium compounds are generally prepared in situ from the corresponding organomagnesium or
organolithium compounds via transmetallation and are used directly without isolation. Several other procedures
are also known. These methods are illustrated below with selected examples.

In 1982 Imamoto et al.® reported the first generation of organocerium reagents by treatment of
organolithium compounds with cerium iodide which was prepared in situ by the reaction of cerium metal with
iodine in tetrahydrofuran over a temperature range of 0-25 °C. In a typical procedure, n-butyllithium was added
at -65 °C to a slurry of cerium iodide (1 equiv.) in tetrahydrofuran under an argon atmosphere and the resulting
suspension was vigorously stirred at -65 °C for 30 min (Eq. 1). Although organocerium reagents are
conveniently presented by the formula RCeX>, based on the stoichiometry of the reactants, the actual structure

of thece comnounde remaing nunknown
Vi WAWIW W N/ 0 W > N/

mBuli + Cel, 1. 85°C_ wppicel,’ + i [Eq. 1]



A more convenient procedure was developed later. In this procedure, anhydrous cerium chloride, which
can be easily obtained by heating the commercially available cerium chioride heptahydrate (finely ground
powder) at ~140 °C under reduced pressure (~0.5 mmHg)7-14 conveniently carried out using a Kugelrohr
distillation apparatus,? is involved as the source of cerium. For the preparation of organocerium reagents, the
highly hygroscopic anhydrous cerium chloride (beige in color) thus obtained is treated with organolithium
compounds at low temperature. As a specific example, a suspension of anhydrous cerium chloride in

tetrahydrofuran was vigorously stirred at 25 °C for 2 h under an atmosphere of argon. »r-Butyllithium (1 equiv.)

was then added at -78 °C and stirring was continued for 30 to generate n-butylcerium chloride (Eq. 2). 7
nBuli + CeCl; _1-78°C_ . pycecl,” + Licl [Eq.2]
30 min

This procedure has been used extensively for the preparation of various alkyl, alkenyl, alkynyl and

arvlcerinm comnounds. Several examnles are summarized in Eqg. 3.7.15-17

arylceriur ipounds. Several examples are summ 1 Eg.

RLi + CeCl, _MF.78°C_ “RCeCl,' + LiCl [Eq. 3]
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derived from organolithium compounds are normally carried

O

ut at low temperature, typically below C.
(b) From Grignard reagents

Grignard reagents can also be converted to the respective organocerium compounds by transmetallation.
Anhydrous cerium chloride is again the common source of cerium. The preparative procedure is virtually the
same as that used for the transformation of organolithium compounds to organocerium compounds. Thus, the

formation of n-but lceﬁnm chloride was effectec
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anhydrous cerium chloride (1 equiv.) in tetrahydrofuran, which was stirred vigorously in advance at room
temperature for 2 h at 0 °C under an argon d[IﬂObpnerC, and duowmg the reaction mixture to stir for 1.5 h (Eq.
4).18 This procedure is generally applicable to the transmetaliation of a variety of Grignard reagents with cerium
chloride as shown by examples compiled in Eq. 5,18:19 with the exception of alkenyl Grignard reagents. The
transmetallation of the latter reagents with cerium chloride is normally carried out at -78 °C, because the resulting
alkenylcerium compounds are unstable at 0 °C.20 Again the structure of the organocerium compounds generated
from the Grignard reagents remains unknown and is expressed by the general formula shown in Eq. 5 for
convenience. Howeuver, it is clear that the organocerium compounds derived from Grignard reagents are quite

different from those derived from organolithium reagents. e former compounds, in general, are thermally
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THF, 0 °C
n-BuMgBr + CeCl, AAR0%C n-BuMgBr-CeCl, [Eq. 4]
1.5h
THF, 0 °C
RMgX + CeCl; ——— < .  RMgX-CeCly [Eq. 5]
1.on

R = tBu, +Pr, Ph

B. Cerium enolates

(a) From lithium enolates

acetate. these enolates are osenerallv nroduced by denrotonation of the startine suhstrat
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first treated with lithium diisopropylamide (1.1 equiv.) in tetrahydrofuran at -78 °C for 25 min under an argon
atmosphere. The resuiting lithium ester enolate was transferred via a cannuia to a suspension of anhydrous
cerium chloride (1 equiv.) in tetrahydrofuran which was vigorously stirred previously at room temperature for 2
h and then chilled to -78 °C. The resulting mixture was stirred at -78 °C for 2 h to generate the cerium enolate of
ethyl acetate (Eq. 6).8 This procedure proved to be general for the preparation of cerium enolates from a variety
of active methylene compounds. Selected examples are listed in Eqgs. 7-9.21-24

A, -78 °C, THF
CHyCOEt —n T8CTHE ) cocH,COEL  [Eq 6]

OCeCl,
LDA, -78 °C, THF _ x

L J then CeCl,, -78 °C L J [Eq. 7]
3~
CHaCN _LHMDS. 78 °C. THF_ (o o oy 0.8

then CeCl,, -78 °C

LDA, -78 °C, THF o
then CeCl,, -78 °C— ..

The structure of cerium enolates is aiso unconfirmed and the general representations as shown in the above
equations are for practical purposes only. Cerium enolates appear to be reasonably stable. Many reactions can

be carried out at room temperature over a long period of time without apparent decomposition of the reagent.

(b) Miscellaneous methods
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A less used but quite convenient procedure for the generation of cerium enoiates from ketones makes use
of 0i-haio (bromo in particuiar) ketones as starting substrates. These ketones are readily converted to the cerium
enolates upon treatment with cerium iodide. For example, treatment of a-bromoacetophenone with cerium
iodide in tetrahydrofuran at room temperature resulted in the formation of the corresponding enolate (Eq. 10).25
For the formation of the chloro analogue, the use of cerium chloride alone proved to be ineffective. As shown
in Eq. 11,25 this transformation requires a catalytic amount of sodium iodide. An advantage of the method is
that the cerium enolates can be prepared in the presence of the electrophile required for the subsequent

el s 214 LI SLIL7D

transformation.

[ ~ /I 1
.Ce OCel
PhCOCH,Br 4 Cel, _ THF Al IBr 2
2Bl 4+ Lels -————-—"ﬁ 'i/‘ _ — PN [Eq. 10]
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halo esters such as ethyl bromoacetate. However, upon treatment with lithium benzenetellurolate (PhTeLi) in
the presence of cerium trichloride, ¢t-halo esters, including ethyl bromoacetate (Eq. 12), can be efficiently

converted to cerium enolates2 for Reformatsky-type reactions in high yields.

[ CeCl, 1 o
i 5, PhTeLi CeCl, o) l priress ,t Iy
EtO ~/ ' Eizo, 0 c"C—-‘)i‘.i.= I ~BrF N\ -_— EiO S [Eq. 12]
L™ bt |

d greater nucleophilicity
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ter selectivity towards conjugated carbonyl compounds in favor of 1,2-
addition and lower oxidation potential towards the carbonyl group. These highly desirable characteristics for
nucleophilic addition reactions were recognized experimentally early in the research into organocerium chemistry
and have since served as guidelines for synthetic practice.

A. Alkyl-, alkenyl-, alkynyl- and arylcerium reagents

(a) Addition to carbonyl compounds

In 1982 Imamoto et al.% first observed that nucleophilic addition of organocerium reagents to ketones
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proceeded readily giving the corresponding tertiary aicohols in excellent yields. The most interesting exampie
was the addition of n- Dutylcenum(ﬁi) iodide (prepared from n-butyllithium and cerium iodide) to p-
iodoacetophenone, from which a near-quantitative yield of alcohol 1 was obtained (Eq. 13).6 This result is in
sharp contrast to that employing n-butyllithium, in which case neither the desired product nor the starting
material was isolated, probably due to metal-halogen exchange. Another interesting example was the addition of
n-butylcerium iodide to 1,3-diphenyl-2-propanone (Eq. 14),6 which gave alcohol 2 in 98% yield. When n-

butyllithium was used, alcohol 2 was produced only in 33% yield along with a 61% recovery of the starting

material probably due to competitive enolization. The addition of s-butylcerium iodide to acetophenone, giving
virtuallv guantitative vield of alcohol 3. was a also far sunerior to that using s-butvllithium which gave 3 in 53%
yg a cohol 3, was also far superior to that using s-butyilithium which gave 3 1n 23%

yield (Eq. 15).6 These results obtained from the preliminary studies on organocerium compounds quickly

nt nucleophilic reactivity towards ketones.

L " THF,-65°C,3 h L ” (Cn 171
|/\// o I/\/ =Y. 19]
1
n-BuCel, 99%
n-BuLi 0%
ﬁ nBu OH
Ph Ph THF, -65°C, 3 h Ph Ph
2
n-BuCel, 98%
n-BulL.i 33%
O
I HO
S THF, -65°C, 3 h _ A
| ~ [Eq. 15]
NF N |
3
s-BuCel, 98%
s-Buli 53%

Organocerium chlorides, which can be more conveniently prepared by transmetallation of the
corresponding organolithium and Grignard reagents with cerium chloride (vide supra), were found to be equally
reactive towards the ketone carbonyl. The addition of n-butylcerium chloride (prepared from n-butylmagnesium
bromide) to 1,3-diphenyl-2-propanone at 0 °C, for example, gave alcohol 2 in 98% yield which was several
magnitudes better than that obtained using n-butylmagnesium bromide (Eq. 16).18 Under similar conditions,
the addition of n-butylcerium chloride prepared from n-butyllithium gave a 96% yield of 2, when the reaction
was carried out at -78 °C (Eq. 17).14 Interestingly, when the reaction was performed at 0 °C, the yield of 2 was

substantially lower (28%). These results clearly indicated that the cerium reagents prepared from two different
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sources may possess different structures
reactions involving unstabilized organocerium reagents prepared from lithio compounds shouid be carried out at
low temperature (below -60 °C in general), whereas those reactions using cerium reagents derived from
Grignard reagents may be performed at much higher temperature (0 °C in general).

The use of organocerium reagents is also known to suppress the undesirable self-aldol condensation and
reduction of ketones. For example, the reaction of i-PrMgCl with cyclopentanone provided an 88% yield of the
aldol condensation product 4 along with a 3% yield of the addition product 5. In sharp contrast, in the presence
of cerium(III) chloride the reaction provided the addition product § in 80% yield along with a trace amount of 4

(En; 18\,20 As an examnle of reducti treatment of diisonronvl ketone with l_ennrnnvlmamec um bromide

"l‘""' L2 0L ., (54 23193 8} SUPIVP Y2 .“. ton SLEMU 218

gave mainly the reduction product 6 (Eq. 19).20 In the presence of cerium ch]orldc, however, the reaction gave

JR PRI T RN I LSS SR JESY-20 ¥, A B
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m — _—
bt nBu OH
en I _pn THE.0°C,1h  Ph X P g g

2
n-BuMgBr-CeCl; (1:1) 98%
n R AA~Rr 1R_2AR%/L
lrUuIVIHIJI 1A I /U
) nBu OH
ph\/ll\/ Ph nBuCeCl, Ph > _Ph [Eq. 17]
THE - ~
rin ‘
-78 °C, 30 min 96%
0 °C, 30 min 28%

N

¢ 7 -/
HOU A T oH

0
h THF,0°C,1h (% + ﬁ [Eq. 18]

=0

| W—— | VO (el
4 5
FPrvgCl 88% 3%
FPrMgCl-CeClj trace 80%

~N N THF NN NN [Ea. 191
=4 9

. R A I B
6 7
FPrivigCl, 25 °C, 3 h 58% 3%
FPrMgCi-CeCiy, 0°C, 1h 31% 52%



Another area of major synthetic utility of organocerium reagents is based on their high regioselectivity
L. P S —_ D - . -
towards conjugated o, B-unsaturated ketones. While the Grignard reagents often afforded a mixture of 1,2- and

1,4-addition products, the corresponding cerium reagents gave predominantly 1,2-adducts. The addition of
isopropylmagnesium chloride to benzalacetone, for example, afforded 1,2-adduct 8 and 1,4-adduct 9 in 12%

and 53% yields, respectively (Eq. 20).17 When the reaction was cerried out in the presence of cerium chloride,
a 91% yield of 1,2-adduct 8 was formed.

HO , |
0 o X A~
AL, __THR0°C, th  ph Y ., T (Eq 20
Ph™ X ~ ] N Ph O
8 9
"Png_l 12% 53%
FPrMgCl-CeCly 91% 5%

The chemical properties of alkenyl-, alkynyl- and arylcerium reagents are very similar to those of

alkylcerium reagents described above. As illustrated below with selected examples (Eqs. 21-26),27-36 these
reagents can undergo nucleophilic addition with ketones and aldehydes readily to give high yields of adducts,

The trancformatinn ~an ha narfarmad narmally nnder eanditinne gimilar ta thoge ngine alkvlearinm reacente
UL udaisiUiLiiduUll vall U puiiuiniincu BULdl y Aidor CULBLIUUID Silildl tU diust uslllyg alnyithiiuiia 1vap s
T miomame thmes mres cmrmms tmAdimatinme thot ollaootonto o oo b Tl pathas sinctahla20 and lass
noweoever, Lct alc SOINC NUICAlIOUILS Uldl dIKCHYICCIIUIIL ICayCIILy dalC UICIIidIly Tduiel Uiidtlavie aly 1wow

temperature is required (~ -78 °C) in order to carry out the reactions effectively. An interesting example
involving addition of an alkynylcerium chloride to a disilyl ketone is also given below (Eq. 27).37 In this case,
the normal addition was accompanied by migration of a silyl group, giving rise to enone 10.

0, TN B

P OH | | [Eq. 21]

|

ZY Et,0, -78 °C, 70% AN
i H /i
TBSO 1BSO
N CN
CN j !
/N TMS _ (CH,)3CHs /N~ OH
4 oo N 1 ™S e oo

e -78 °C, 71% He™ |
He %5, THF, -78 °C, 71% oBn I
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O ™S ™S
S =< o 9=
EEO" H ! THF, 78°C,91% . ged * T
] ' EEQO H |
Ho , @ Ph—==—CeCl, HQ , \ JOH

- ~ ~ THF, -78 °C, 95% - ~ .
\
"Ph

OMe Ohe

' | OH
)\\\ P I/\/\/
‘ TMS—==—CeCl;,

- THF, -78 °C, 100% 7~ \\\

I L T™S

OMe unve

O
i HO Ph
| PhCeCl,, THF | E
ZF . z [Eq.
ARAA~AM _70 o 2N min QN9L 4 <
VIS \J 1O vy, DU 11, JU /0 Meo
O
™LA n'i ~caa L n-Bu : CeCIZ r\’\ o~ —— M~
Phivie,Si SimMe,Fn » nBu” \T SiMe,Ph 1=y
-78 °C, THF, 52%
SiMe,Ph
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Organocerium reagents are also known to react with carboxylic acids and their derivatives. Under

controlled conditions, ketones can be prepared effectively from acids (Eq.28),38 acid chlorides (Eq. 29),39
amides (Eq. 30),40 anhydrides (Eq. 31),41:42 lactones (Eq. 32),41:42 esters (Eq. 33)43 and ketenes (Eq. 34).44
With suitable cerium reagents and reaction conditions, tertiary alcohols and derivatives thereafter (such as
allylsilanes) can be synthesized from esters (Egs. 35 and 36),20:45 lactones (Eq. 37)46:47 and acid chlorides

(Eq. 38) 48
\U\l' JU}'

0
PhCH,COOH PhCeCl, )L [Eq. 28]

THF, -78 °C, 95% PhCHy~ ~Ph
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al. / )
Y) 360 o)

Cl + W 4 THF "\ / I
)—%,,N(:'-Pr) 78 °C, 50% )\—< 0
V2 PO - N(i-Pr)

n-BuMgBr-CeCl; _
THF,0°C, 66%  PhCHy” ~(CHp)3CHs

1

PhCH,CONMe,

>(,\0 1.LDBB, THF,0°C {ClgCeMQCQCI

g 2. CeCl,, THF, -80 °C | 2 N

07 "0 -78 5 -40°C _ \/\)\
2. Hy0% 72% C 07 7o
\/\\ o [ /A o~ -I
/\_o LLDBBTHFO®C _ fci,ce” "X “ocecl,|
v 2. CeCl, THF, -80 °C [ /N °
\
/~\,Q
o ~o/ \
. \.-O -78°C . o
2. Hz0", 62%
S—
O _—~
I P
A\/COOEt (EtO),PCF,CeCl, o L /\)‘\n: DANEH
Hl » g ~ > Pr’ ol VWKL)
aid THF, -78 °C, 71% 1" 2 2
0
Mo.SiCH=C PhCeCl, L siv
Y~ A
LA A Ph—\ ,OH
FETNMIGQUI-LEUI,
PhCH,COOMe -

THF, 0 °C, 97% g \T T

[Eq. 29]
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[Eq. 31]

[Eq. 32]

[Eq. 34]
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[ l /}\/ TMSCH,MgC!-CeCl, (2 eq) | o TmMs |
COOEt . S
0o . >
THF, -70 °C — r.t., 93% g TMS
SN NS

| S

K O/KO/\*/TMS [Eq. 36]

\
O/‘\ TMSCH,MgCI-CeCl, (2 eq)

HO” "N Tms Eq. 37

THF, -70 °C — r.t., 74% T S

CoHygcoct _TMSCH,CeCl, (2 2q) /"\/TMS [Eq. 38]
THF, -78 °C, 87% CoHig

(b) Addition to nitriles, imines and related compounds

ar
reagents failed to add to the C=N double bond effectively and its synthetic applications were greatly limited. In
1986, Lipshutz and co-workers reported the preparation of bisamides such as 11 in good yields via the addition
of organocerium reagents to the corresponding acyl imines (Eq. 39).4% A year later, Denmark er al. described a
new method for the synthesis of chiral amines by the use of organocerium reagents to induce addition with
SAMP-hydrazone type compounds (e.g., 12) to give addition products in high yields with excellent
diastereoselectivity (Eq. 40).5% The method is apparently general. Various SAMP-hydrazones including highly
enolizable, aromatic and o,B-unsaturated ones were successfully examined and nearly all types of simple
organocerium reagents could be employed. Exclusive 1,2-addition was observed for o,B-unsaturated

hvdrazonee (Ea 41) 51-53 Thic ic concictant wit
llJ WAL LN AW D \h\i. =T l}n A RLEO & ATELD L 4+ 1L

7/ 1
0 O BUY”

/II\ /\/ NHOM n-BuCeCl, Il \
e
N T
i '

]
>=
z
T
O
=
4]
m
Q
W
L

F, -78 °C, 75%

N L 3 S iN “

O (@]

—— (e)

I\ L«

NELA N 1. CHaCeCl,, -78 °C, THF  MeO” N~ Y~
i L

LY 2. CICO,Me /\A
Ph/\)\H OMe 2 Ph ! OMe

4
I

(2]
=
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N 1. CHyCeCl,, -78 °C, THF_ MeO T [Eq. 41]
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of the stereoselective addition of oxganocerlum

reagents to chiral oi-aldoxime-ether acetals as a key operation. Cerium reagents prepared either from

organolithium or Grignard reagents could be effectively applied. However, the reagents derived from Grignard
reagents gave superior diastereoselectivity. The si-face selectivity was rationalized by assuming a chelating

model for the transition state as depicted in formula 13.

SN
MeO™ y— OMe MeO
0 ‘\\O
on >\ H _MBuMgCl-CeCls, 0 °C, THF Ph>\,su [Eq. 42]
| 81% (94% de) :
N HN
OBn OBn

More recently, the addition of various organocerium reagents to imine-Fe(0) complexes proved to be

effective for the preparation of secondary amines (Eq. 43).55

Fe(CO)s Fe(CO),
//" !_\ . PhCeCl,, THF, EtQO: /"!“‘\ )\\Ph [Eq. 43]
N -78 °C, 57% ) N
HN—\




h

,..

unGer go efficient addition with organoceriu

agents generated

Uit
56 Interestingly, with

organocerium reagents derived from Grignard reagents, the addition gave mamly ketones albeit in low yields
(Eq. 46).20 Tertiary carbinamines can also be prepared in modest yields by addition of organocerium reagents

to ketimines (Eq. 47).56

‘m
£
B
E—l

[Eq. 46]

[Eq. 4

Ph(CH,),— Y—CN —=2: 77 Ph(CHg)p-N H—NH,, [Eq. 44]
65°C —25°C, 2h By”
90% S
on _CHaCeCly , THF /\X
nu/\..\ N : - [o \ YIN]
PR™ 7 escc 25002 P T TRH,
77%
Ph _CN n-BuMgBr-CeCl;, 0°C
~ THF, 28% T (CHy)aCH,
—\_‘>=NH CHiCeCly , THE  ~ ~_~
il -65°C, 2 h, 71% AN

Ay

N, N-Disubstituted nyaroxylammes are difficult to symnesxze Dy common methods.

-
4

An efficient

procedure for preparing these compounds has been developed recently, in which an organocerium reagent is

generated in situ by addition of the corresponding Grignard reagent to a mixture of cerium chloride and a

nitroalkane in THF. N,N-Disubstituted hydroxylamines were produced in good yields using this procedure

(Egs. 48 and 49).57

1. n-PrMgBr-CeCl;
-40 °C, THF

o NO2 W, T

Organocerium re

exception is

N

|

L 3
o THF
sy e s -
n 400/ AL ~NALL
<. U7 vingwuwun

(l)H
oo N oA
NN NN
90%

Y N
L J on

NF
92%

B~ AQl
(=Y. 90}

[Eq. 49]

agents normally do not undergo conjugate addition with Michael acceptors. One notable

addmon with o,B-unsaturated nitro compounds. The addition of organocerium reagents to this
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class of compounds occurred consistantly in a Michael fashion (Egs. 50 and 51),58 although their corresponding
nitrnalkanes comld in nrincinle laad tn Ldicnihetimtad hvdravvlaminac via a tunical 1 22additinn nracace
FEAVE WARLARLRE AW T WS UEEANEy AEE y;ul\-l.yl&, AWEERE LW L VLV IO UIOLITULWLE ll’wvd\] ARALIILIVO Vi G4 L] Pl\r(—lnl A gdew T CANSALILINSES l.ll AP AV I ]
NO |
— 2 N0z
N— JHsMng'GQC!ﬂ '
- eyt [Eq. 50]
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~~ THF, 93%

T
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c. Miscellaneous reactions

It is

aQ

enerally recognized that organocerium compounds do not undergo nucleophilic substitution with

L=

ides. however. the substitution reaction does occur to eive olefins as a
s, however, the substitufion reaction does occur 1o give olelins as

Y il 1 CPURIGCC 1 a ICaU
concomitant dehvdration  An examnle ic shown in BEa §2 59 Quhetitution was also ohserved for the reaction
LCULIVULLLIELGILIL UL kLY UL aliwviLl. 311 CAQGRIIPIC 10 D1IUWIL L L. J4. DUUDLILULIUIL WAd AIdU ULIDVL Y LU Uiv 1vavuivis

of methylcerium chloride and an allylic ammonium salt (Eq. 53).60 As shown in Eq. 54,6
reaction of an organocerium reagent and a mixed disuifide to facilitate the carbon-sulfur bond formation en route
to (+)-biotin has also been demonstrated.

Q n-BuCeCl

[\ 2,, — Vam [Eq. 52]

-

o . SO,Ph
SO,Ph
~x e e i
\/\j/ UH3UQUl2 , HF [ \>
. 2 > . enl
$ “NMe; -78°C,05h,95% (95%de) =34
TBDPSO - OSDPTB
BF, -
o}
o a
HN 'N™ "Ph 1
) Q e~ il A “.‘/\NAPh
S THF, -78 °C, 1 h, 85% -
\—/I\luz \ﬂ U——-—-—— ML \ NI
— \un2)3\n
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(a) Addition to carbonyl compounds

Aldol reactions are useful transformations which have been performed in various ways. Nevertheless,
several side reactions, such as enolization and cross-aldol reaction, often accompany the normal aldol addition.
An additional method via cerium enolates was described in 1983 by Imamoto ef al. This new aldol process was
found to effectively suppress retro-aldol and/or proton exchange reactions, resulting in considerably better yields

than those obtained using the corres

56.21

i TivIig v L J [Eq_ 55}
~
M=Li 28%
M = CeCl, 79%
OH
\I/\/F’h
COCHy O
o-M AN e e e
PhC=CH, + | SARLLENE
2 P e [Eq. 56]
|
L cl
Ci o
M=Li 26%
M = CeCl, 60%

In 1985, Nagasawa et al. reported the use of cerium(II) enolate Cl;CeCHCOOCMes in reactions with a
series of acetophenone derivatives to furnish B-hydroxy esters in excellent yields (Eq. 57).62 In comparison,
the use of the lithium enolate of t-butyl acetate or the Reformatsky type reactions under a wide variety of
conditions afforded only recovered starting materials. More recently, various cerium enolates have been

pre
r

=l

ared from ethyl esters with different substitution patterns (acetate, propionate and isobutyrate). These
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latter compounds, the addition was shown to occur in a 1,2-fashion exclusively. An exampie is provided i

=
vl
..Cr

60.8 In this case, complete stereoselectivity was also observed.

—
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R2 L o ) ’OHcoos '
\on Cl,CeCH,CO0Bu! | A y
RN THF,-78 °C, 93-96% o A AN\ [Eq. 57]
s EVI W7 EWE W/ IVIA/ VI
a:R'=R®=CH,, R?=H
b:R'=CH,; R2=R%=H
c:R'=R3=CH,, R2=Cl
o) HO
/!I\ \ CH,CO,E
h _7Q o TUE h
| | — [ ] Eq. 58]
N N 1=4. 99
C'gCGCHgCOzEt 100%
LICH,CO,Et 30%
OH
s WY NN A =
I T [  ClCeCH,CO,EL [ 1 DN~
A -78 °C, THF, 92% A [Eq. 59]
OMe OMe
O HQ, CH,CO,Et
l/u\./ Cl,CeCH,CO,Et )\/

-~ |l [Eq. 60]
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The cerium derivative of acetonitrile also undergoes addition with ketones efficiently. It adds effectively to
hindered ketones (e.g., Eq. 61)22 and gives 1,2-adducts exclusively with conjugated enones (e.g., Eq. 62).22
It has been noted that cerium derivatives of nitriles are considerably less reactive than those derived from the
corresponding esters. While various types of cerium ester enolates add readily to ketones even at -78°C, the
addition of the cerium derivative of propionitrile requires prolonged treatment at room temperature and the

cerium derivative of isobutyronitrile does not undergo addition a

VUL YOI IC U 1 (22818 ]

complex mixture was invariably produced probably due to the instability of the reagent. The addition of the
merr mdhaneilanatamiteila fa D aalahavammna oo nloo oo otrediad Tl wonablmem vomurs
cerium reagent prepared fror pnenyiaceionitiie (o 2-CyCIONneXenone nas ocen studied. 1hne reaction gave

exclusively 1,2-addition product regardless of the reaction time, in sharp contrast to the addition reaction
involving the corresponding lithium reagent which gave an increasing amount of the 1,4-adduct with extended
reaction time (Eq. 63).63 These results suggest that with the cerium reagent the reaction is kinetically controlled,
whereas with the lithium reagent the reaction is thermodynamically controlled.
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ClzCBCHgC N

THF -78 °Crt 70%
Fr iy TINE Wiy /O

o N N
C
M = Li, -70 °C, 15 min 21% 49%
M = Li, -70 °C, 3 h 0% 90%
M = CeCl,, -78 °C, 15 min 60% 0%
M = CeCl,, 78 °C, 4 h 62% 0%

[Eq. 61]
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Recently the cerium enolates of N,N-dimethylacetamide, N,N-dimethylpropionamide and N,N-

dimethylisobutyramide with an increasing number of o.-substituents were prepared and their reactivity examined

using a variety of aldehydes and ketones. In general, better yields of the expected adducts were obtained with

the cerium enolates than with the corresponding lithium enolates. As illustrated by the following selected
examples, this improvement is especially profound with aldehydes (Eq. 64),23-24 sterically hindered ketones

(Eq. 65)23.24 and compounds with greater acidity (Eq. 66).23 However, neither the cerium enolate nor the

lithium enolate derived from N,N-dimethylisobutyramide was found to undergo addition with carbonyl

Niiax

ALY Ve

compounds efficiently, presumably due to the steric congestion.

m
\J

|

oM OH O

1 ]
ZN(CHy), S N(CHa)s
THF, -78 °C A

= Cte 99%

M
M= Li 68%

[Eq. 64]
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v G

0
M = CeCl, 94% (90% de)
M= Li 57% (80% de)
oM HQO J\ _N(CHa),
I CH,CHZ “N(CH S -
Ph _A\_Ph 3 (CHp 1o [Eq. 66]
THF, -78 °C Ph
M = CeCl, 92%
M = Lj 82%

It has been shown that the addition of lithium enolates of hindered amides to o,B-unsaturated ketones gave
predominantly 1,4-adducts (Eq. 67). 64 Impr

agents, however, was found to enhance the desired selectivity. In fact, both agents, HMPA in particular, appear
to have an adverse effect, in agreement with the solvent effects observed previously for conjugate additions.

~ =

1 oot () ono 2 19
O Y = W/ A N X YN
. L/

_ \ T THF, -78 °C I >/

M = CeCl, 61% 15%
M= L 22% 34% [Eq. 67]

(b) Addition to imines

It is well known that lithium enolates do not react effectively with enolizable imines having a proton o to
the carbon or nitrogen atom. Furthermore, in order to effect the addition, imines must be sufficiently
electrophilic to accept the enolate nucleophile. If an electron-donating group is attached to the carbon-nitrogen

double bond, no addition of the enolate to the imino group will occur. This is due to the much lower
electrophilicity of imines compared with the carbonyl compounds which are more reactive towards

............... AP whni

organometallic reagents. In these cases, the lithium enolate simply acts as a base to deprotonate the imine.
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cerium ester enolates to imines has provided a simple solution to circumvent the above problems.56.6
addition occurred efficiently with both enolizable and nonenolizable imines in a highly stereoselective manner.
More interestingly, as shown by the selected examples compiled in Eqs. 69-72,66.67 in all cases studied the
addition was followed by a concomitant cyclization, resulting in the direct formation of a B-lactam system.
Apparently, in this newly developed procedure for the synthesis of azetidinones, both the addition and the
lactam formation are facilitated by the cerium-containing species. A possible pathway which accounts for both
the observed stereoselectivity and the facile lactam formation is illustrated in Eq. 73.67

+
L -
BnOCH,CHCH=NBn  [Eg. 68]

c_
4
Y

Lo QL
ﬂ > (- OMe ~ (Eq. 69]

THF, -78 °C—r.t,, 100% J—N
o"

g
\

“Ph

e i’ - |
Ph - , 9870 ° o “Ph
Me,N._ _H
. Y L
Ao A ANCA
nr ~ MeQO 0Cell, o o Eq. 71
n._/N THF, -78 °C—r.t., 62% (100% de) y N\ a7l
P o” en
OCeCl —_
/L/H —>_=-( i )\
& " P ‘OMe o \.4——-[ i . TNl
4 [Eq. 72]

N‘S; Ae -78 °C—r.t., 74% O/ N\H
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1V. Application to the Synthesis of Complex Molecules

Since its inauguration about two decades ago, the field of organocerium chemistry has expanded
remarkably rapidly, mainly due to the high practical utility of organocerium recagents. These reagents have been
extensively applied to circumvent the problems often associated with the corresponding organolithium and
Grignard reagents, namely, their inablity to react effectively with sterically hindered carbonyl compounds,

imines possessing acidic a-protons and easily enolizable carbonyl compounds. Some early examples are
Muactsntad liales
HIUDU ALY DEIVUW,

o~ ammcamn 2428 ..

2-Trimethyisilylethynyicerium reagent, developed independantly by Terashima33 and Tamura,34.35 was

found to react with the highly acidic tetralone system shown in Eq. 74, leading eventually to the synthesis of a
number of antitumour agents of the daunomycin family.

- Q,
R=H 77%
e m A
R = OMe 69% [EQ. 74]
Ccrey and Ha utilized a cerium-mediated nucleophilic addition to a chiral aldehyde successfully without

isolated in satisfactory yleld and with high stereoseiectivity.
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Organocerium reagents were also used by Rowland e al. in 1988 in the synthesis of a highly branched
C3( sedimentary hydrocarbon. Coupling of the ketone with a Grignard reagent in the presence of cerium

chloride produced the alcohol in 76% yield, compared to 2% yield without CeCls (Eg. 76).69

........ Pl (99 L9 %

| . . . ;
~ A~ | | | |

CeCl,, THF

N I I | |
76% S N N P W e U UL UL N

w0 r'd S S 5 ~ el v " et ~

The following Cerium mediated Grignard addition to a sterically hindered ketone was applied by Hart et
<1 -1 PERR | ) /1 A T N0
al. in the synthesis of (£)-pleurotin and ()-dihydropleurotin acid (Eq. 77).7%
“
- __CH,O0TBDMS A OMe
H / I CeCly, THF
~ AAS_MgCI =
i
D F-S TBDMSOH,C,
g \JV2IVI <
0 \\.\“\/\
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Yoshii in 1988 employed the acetylenic organocerium

POy L

reagent, dichiorocerium methoxycarbonyiaceiylide, which underwent faciie addition with a highiy epimerizable

P, y-unsaturated ketone for the construction of the key intermediate spirotetronate (Eq. 78).71

~OMOM _OMOM
. .
| 7" 1. Me0,CC=CCeCl, | ZN
o . THF, -100 °C, 73% -« .
) 2 NaOMe, MeOH N
oTepms © TBD.ASOMGO_‘(\ ; [Eq. 78]
Yo

Some of the more interesting recent examples are as follows. Paquette and coworkers have extensively
investigated the anionic oxy-Cope rearrangement for the asymmetric induction of C-C bond formation. The
requisite intermediates were normally produced by the efficient nucleophilic addition of alkenylcerium reagents
to B, y-unsaturated ketones. A more interesting example is given in Eq. 79.72 Addition of vinylmagnesium

bromide to the optically pue ketone simply induced deprotonation. Both vinylcerium reagents derived from
vinylmagnesium bromide vinyllithium proved to be effective for the desired reaction. However, the reagent

prepared from 'vi‘iy}h‘hium was shown to be superior to that obtained from the Grignard reagent. An attempted
application of their anionic oxy-Cope rearrangement strategy to the synthesis of taxol made use of addition of the
bicyclic cerium reagent to the 2-norbornanone as shown in Eq. 80.73.74

\Kf \X/

HQC=CHMgBr CeCly g@o,.,
HF. -78 Yy > [E

\ HF, -78 °C, 70% q. 79]
\ oo \ l\
~N / \ /

CeCl, N/ X X

| X
(m oy = G Y
u \

mn S~ N
o oo | lorR | |.OR
R = SEM }(S m
H H 0
— - ~m n s
R = MOM (Eq. 80] ~
In the area of macrolide synthesis, compound 15 was conceived as an intermediate towardq the total
synthesis of avermectin Byy. This compound was e-.cctivc!y prepared in 67% vyield by addition of
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P | PP P, 1L ¢ .1 <7 1
aIKynyCeruim 1o i0 aigenyae 1

In contrast, the use of the corresponding alkynyllithium gave 15
total synthesis of sporol and neosporol. The addition of MeCeCl; to ketone 18 gave a diastereomeric mixture of
diols 19 (Eq. 82),76 whereas the use of methyllithium and methylmagnesium bromide resulted mainly in
enolization of the ketone. As another example, the addition of methylcerium chloride to ketone 20 gave, in high

yield, the bicyclic alcohol 21 (Eq. 83),77 a projected intermediate in a synthetic approach to erythronolides A
and B.

/ \ -
¢ oK \ -  teomsg [
reomson.” " LP o<, 5
, +\( ~ THF, -78 °c_|\( =
’,// T CH 67% - |\/\//
Cl,Cs OMPM I T
2 MPMO  OH
16 17 15 [Eq. 81]
0 . — ‘H \ o~ o~ AH
~Ni NV _7@ o ~: ~ _
Ncﬁ.@ THF, -78 °C N C\l(\/ [Eq. 82]
18 19
~" "o\
O- ( ~0 THF, -78 °C, 94% - ~0 [Eq. 83]

Two recent applications of cerium reagents are shown below. In the total synthesis of (+)-dysidiolide via
a Diels-Alder approach, the optically active diene 22 was efficiently produced by addition of the vinylcerium
reagent to ketone 23 followed by dehydration (Eq. 84).78.79 In another case, the preparation of methyl ketone
25, an advanced intermediate leading to ()-batrachotoxinin A, was effected by treatment of amide 24 with

methylcerium chloride (Eq. 85)80 while many other methods failed.

A33CRALY 221l Ui

“.._p(CHy)30Bn *. (CHg)30Bn
0 A2 1. H,C=CHMgBr P4

CeCl,, THF, r.t. ] - T ]

) _
A 2.CuSO,, PhH, 80 °C N~

23 22 (85%) [Ea. 84]
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Their ease of preparation, low basicity and strong nucleophilicity make organocerium compounds reagents
of choice in addition reactions involving ketones, aldehydes and carbon-nitrogen double bond compounds.
These reagents have proven to be superior to the corresponding lithium and Grignard reagents, and are now
routinely used in place of the latter reagents, especially when the electrophiles are considered to be sterically
hindered or susceptible to enolization.
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occurring compounds.
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