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Abstract: This paper presents some un-
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(CHEtPh)NPh}),] (Ln = Yb (5a), Y

usual types of reactions of lanthano-
cene amide complexes with ketenes,
and demonstrates that these reactions
are dependent on the nature of amide
ligands and ketenes as well as the stoi-
chiometric ratio under the conditions
involved. The reaction of
[{Cp,LnNiPr,},] with four equivalents
of Ph,CCO in toluene affords the un-
expected enolization dearomatization
products  [Cp,Ln(OC{2,5-C,H;s(=CPh-
CONiPr,-4)}=CPh,)] (Ln = Yb (1a),
Er (1b)) in good yields, representing
an unprecedented conjugate electro-
philic addition to a non-coordinated
benzenoid nucleus. Treatment of
[{Cp,LnNiPr,},] with four equivalents
of PhEtCCO under the same condi-

(2b), Dy (2¢)). However, reaction of
[{Cp,YbNiPr,},] with PhEtCCO in
THF forms only the mono-insertion
product [Cp,Yb{OC(NiPr,)=CEtPh}]-
(THF) (3). Hydrolysis of 2 afforded
aryl ketone PhEtCHCOC,H,(p-CHEt-
CONiPr,) (4) and the overall forma-
tion of aryl ketone 4 provides an alter-
native route to the acylation of aromat-
ic compounds. Moreover, reaction of
[{Cp,LnNHPh},] with excess of PhEtC-
CO or Ph,CCO in toluene affords only
the products from a formal insertion of
the C=C bond of the ketene into the
N-H bond, [(Cp,Ln{OC-
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(5b)) or [(Cp,Er{OC(CHPh,)NPh}),]
(6), respectively, indicating that an iso-
merization involving a 1,3-hydrogen
shift occurs more easily than the conju-
gate electrophilic addition reaction,
along with the initial amide attack on
the ketene carbonyl carbon.
[{Cp,ErNHEL},] reacts with an excess
of PhEtCCO to give [(Cp,Er-
{PhEtCHCON(Et)COCEtPh}),]  (7),
revealing another unique pattern of
double-insertion of ketenes into the
metal-ligand bond without bond for-
mation between two ketene molecules.
All complexes were characterized by
elemental analysis and by their spectro-
scopic properties. The structures of
complexes 1b, 2a, 2b, 5a, 5b, 6, and 7
were also determined through X-ray

: ; R addition - dearomatization - inser-
tions gives the unexpected enolization ; :
o o tion - ketene - organolanthanide
dearomatization/rearomatization prod-
complexes

ucts [{Cp,Ln(OC{C,H,(p-CHEtCO-

Introduction

The insertion of unsaturated substrates into organolantha-
nide complexes is regarded as one of the most fundamental
organometallic reactions and has attracted great interest as
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single-crystal diffraction analysis.

a basis for the lanthanide-promoted functionalization and
polymerization reactions.'"® Among these, the insertions of
small unsaturated organic molecules into Ln—N bonds have
received particular attention because of the potential to gen-
erate a carbon—nitrogen bond. Such stoichiometric inser-
tions have resulted in a wide variety of new organolanthani-
des.- 20181 Additionally, catalytic transformation of unsa-
turated amines through the Ln—N bond insertion mecha-
nism has yielded organic products that would only be acces-
sible, often less selectively, by lengthy alternative synthetic
routes.”! Thus, the development of new insertions into the
Ln—N bond is very desirable in organic synthesis and orga-
nolanthanide chemistry.
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As the isoelectronic analogues of CO,, ketenes have been
observed to react with many transition-metal complexes to
give the extensive products arising from simple addition of
the ketene to the metal, insertion into the metal-ligand
bond, reaction at coordinated ligands, transformation of the
ketene into new ligands, and metal-induced conversion of
the ketene into other organics.*' Surprisingly, however,
the organolanthanide chemistry of ketenes has remained
almost unexplored to date,'!! even though this should be a
fertile area since the increased Lewis acidity of the lantha-
nides could lead to new and interesting patterns of reactivity
compared to their transition-metal counterparts.’ Further-
more, to our knowledge, no previous examples of the
double-insertion of ketenes into the metal-ligand bond are
known. Recently, we reported the first insertion of ketenes
into the metal-sulfur bond.'""! Given the remarkable reac-
tion chemistry of organolanthanide amide complexes with
other heteroallenes such as CO,,'“®! S, PhNCO,**1
PhNCS,”) and RNCNR,* we decided to extend our stud-
ies to the insertion reactions of ketenes and in particular to
the mechanism governing the stoichiometric mono- and bis-
insertion reaction on metallocene amide derivatives of rare-
earth metals.

On the other hand, the development of new methods for
the efficient and selective preparation of polysubstituted ali-
cyclic molecules is of great interest in organic synthesis be-
cause of the frequent existence of such structures in biologi-
cally active compounds and their role as valuable synthetic
intermediates.'**) Among these newly developed methods,
metal-catalyzed dearomatization has proven to be an attrac-
tive route to the preparation of such species.®) Of particular
importance is the partial dearomatization that allows the re-
activity of the remaining unsaturation to be exploited.’” In
addition, the transformation of arenes, an abundant and in-
expensive class of natural compounds, into more useful or-
ganic materials is desirable from the economic and environ-
mental viewpoint.'® Despite significant advances in the ad-
dition of substituents to the coordinated-benzenoid nu-
cleus,™ attempts to integrate
any functionality directly on
the non-coordinated nuclei of
organometallic complexes has
proved very difficult. To our
knowledge, only a few steric
bulky O-coordinated aryl alde-
hyde and ketone complexes, as
well as arenes bearing a Fisch-
er carbene appendage have
ever been found to undergo
the selective dearomatization
through conjugate nucleophilic
addition of carboanions, but
their intermediate complexes
have not been isolated and
structurally ~ characterized,”
thus raising the intriguing
question of whether the analo-
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gous conjugate electrophilic addition processes might also
be feasible in dearomatization chemistry. Herein we de-
scribe the reactions of ketenes with a variety of lanthano-
cene amides, showing that the nature of the amide ligands
strongly affects the chemo- and regioselectivity of these re-
actions and that the lanthanocene moiety can induce an un-
precedented conjugate electrophilic addition of ketenes to
the phenyl substituent of enolate ligands and the subsequent
dearomatization, providing new routes to dearomatization
and acylation of aromatic compounds. Furthermore, we ob-
served that the use of primary amide ligands that contain a
N—H bond, led not only to the isomerization of the newly
formed amino-substituted enolate ligand to the amido
ligand through a 1,3-hydrogen shift, but to the occurrence of
another unusual double-insertion of ketenes into the metal—-
ligand bond.

Results and Discussion

Reactivity of [{Cp,LnNiPr,},] towards diphenylketene: As
part of our studies of the reactivity of organolanthanide
amides towards unsaturated organic molecules,****'¥! we ex-
amined first the reaction of [{Cp,LnNiPr,},] with Ph,CCO.
Addition of four equivalents of Ph,CCO to a solution of
[{Cp,LnNiPr,},] in toluene gave the unexpected enolization—
dearomatization products 1 in good yields. A possible reac-
tion pathway for the formation of 1 is proposed in
Scheme 1. In the initiation step, addition of the Ln—NiPr,
bond to the carbonyl group of Ph,CCO would yield an
amino-substituted enolate intermediate (I). As part of the
negative charge is transferred from the oxygen to the aro-
matic ring through expanded conjugated systems, the pend-
ent phenyl ring of the newly formed enolate ligand exhibits
“electrophilic-like” reactivity,'”] leading to the subsequent
attack of the phenyl-ring carbon atom to the incoming
ketene molecule to form the conjugate electrophilic addition
product 1. However, attempts to isolate the single-insertion

iProN Ph iProN h
= N
toluene o}
—— / -
Cpoln CpoL®
0=C=CPh, O cph,

1

conjugate addition

Ln= Yb (1a), Er (1b)

Scheme 1. Possible reaction pathway for formation of complex 1.
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intermediate were unsuccessful, indicating that the forma-
tion of 1 is competing with with the insertion of Ph,CCO
into the Ln—N bond of [{Cp,LnNiPr,},] in toluene.

Relative to directly coordinated aryl rings, the selective
transformation of a free aryl group to a cyclohexadienyl
group is a much greater challenge.”™?! The known examples
of addition to the uncoordinated benzene nucleus of organo-
metallic complexes are very rare and limited to nucleophilic
addition of carbanions, where only both 1,4- and 1,6-addi-
tion modes are observed.'” Accordingly, the substitution of
the C—H group of the pendent aryl group is more common
in comparison with the addition to the C=C unsaturated
bond of the pendent aryl groups.”? On the other hand, al-
though the reaction chemistry of lanthanide complexes has
been investigated extensively, only a few examples of dearo-
matization through a low-valent lanthanide reduction mech-
anism, are known and all of them are hydrogenation reac-
tions."**¢%] Furthermore, no example of dearomatization of
aromatic ketenes has been reported previously.’] To our
knowledge, the present reaction represents not only the first
example of trivalent lanthanide-driven functionalized dearo-
matization but also a new type of well-characterized conju-
gate electrophilic addition to the non-coordinated benzenoid
nucleus, thus allowing the valuable direct introduction of
oxygen-containing functional groups onto the resulting alicy-
clic ring in the process of dearomatization that is impossible
for other dearomatization methods.

Complexes 1a and 1b are soluble and stable in toluene
and THF, and do not undergo rearomatization or isomeriza-
tion under ambient conditions. The spectroscopic properties
of 1a and 1b are very similar, indicating that they have the
same structures. Only one of them, 1b, was characterized
crystallographically. In the mass spectra, all the compounds
clearly display their molecular ions.

The structure of complex 1b, which crystallizes from a
solvent mixture of toluene and hexane in the tetragonal
system, space group P4/n, is shown in Figure 1, and selected
bond lengths and angles are given in Table 1. The X-ray

\\-“1(’
’\
s ‘?,/%(

=

Figure 1. Molecular structure of complex 1b (thermal ellipsoids at 30 % probability).
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Table 1. Selected bond lengths [A] and angles [°] of complex 1b.

Er(1)-0(1) 2.126(6) Er(1)-0(2) 2.297(6)
C(11)-0(1) 1.314(10) C(27)—C(28) 1.452(12)
C(11)~C(12) 1.374(12) C(28)—C(31) 1.349(12)
C(11)—C(25) 1.555(13) C(28)—C(29) 1.465(13)
C(12)—C(19) 1.469(14) C(29)—C(30) 1.328(13)
C(12)~C(13) 1.496(13) C(31)-C(32) 1.489(11)
C(25)—C(26) 1.472(12) C(31)—C(38) 1.513(12)
C(25)—C(30) 1.483(14) C(38)-0(2) 1.248(10)
C(26)—C(27) 1.344(12) C(38)-N(1) 1.325(11)
0(1)-Ex(1)-0(2) 117.92) C(31)-C(28)-C(27) 120.2(8)
O(1)-C(11)-C(12 126.3(9) C(31)-C(28)-C(29) 123.7(9)
0(1)-C(11)-C(25) 112.3(8) C(27)-C(28)-C(29) 116.1(8)
C(12)-C(11)-C(25) 121.3(8) C(30)-C(29)-C(28) 120.0(9)
C(11)-C(12)-C(19) 123.8(9) C(29)-C(30)-C(25) 123.3(9)
C(11)-C(12)-C(13) 118.6(9) C(28)-C(31)-C(32) 126.9(8)
C(19)-C(12)-C(13) 117.6(8) C(28)-C(31)-C(38) 115.9(8)
C(26)-C(25)-C(30) 111.4(8) C(32)-C(31)-C(38) 116.8(7)
C(26)-C(25)-C(11) 107.3(8) 0(2)-C(38)-N(1) 122.3(9)
C(27)-C(26)-C(25) 122.8(9) 0(2)-C(38)-C(31) 118.0(8)
C(26)-C(27)-C(28) 120.1(8) N(1)-C(38)-C(31) 119.6(8)

structure of complex 1b definitively proves that a second
Ph,CCO is attached at the para position of the phenyl ring
of the first Ph,CCO unit inserted into a Ln—N bond through
a conjugate electrophilic addition reaction. Complex 1b is a
solvent-free mononuclear structure with the erbium atom
bonded to two n’-cyclopentadienyl rings and two chelating
oxygen atoms. Bond angles around the C(25) atom are con-
sistent with sp*> hybridization. The cyclohexadiene part of
complex 1b features the expected long-long-short-long-long-
short array of carbon—carbon bonds along the six-membered
ring. As a result, the ring is severely distorted, adopting a
“boat” type of conformation. The C(26), C(27), C(29), and
C(30) atoms lie coplanar within experimental error. The
C(25) and C(28) atoms are out of the plane by 0.26 and
0.19 A, respectively. Bond lengths and angles within the
vinyl-oxo ligand are as expected, with the C(11)—O(1) dis-
tance having “single-bond” character, and the C(38)—O(2)
distance having double-bond character.”>>** The coordina-
tion environment around the

erbium atom in 1b is typical of

trivalent (CsHs),Er-containing

complexes, and the complex has

no unusual lengths or angles in

a4l the Cp,Er unit (Table1). Thf:
Er(1)—O(1) distance of 2.126(6) A
is similar to that observed for
Cp,ErOR-type complexes,?”!
whereas the Er(1)—O(2) distance
of 2.297(6) A is at the low end of
the range typical for Cp,ZEr-OR,
donor bonds (Z = a monoanionic
ligand).”® The O-Er-O angle of
117.9(2)° is significantly larger
than typical donor atom-metal-
Ci34) donor atom angles in compounds
of this type due to the rigidity of

the cyclohexadiene unit.“¢1%
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Reactivity of [{Cp,LnNiPr,},] towards ethylphenylketene:
Enolate groups are important ligands in organometallic
chemistry because they are related to many metal-mediated
transformations of aldehydes and ketones. However, little is
known about the structures and the reactivities of rare-earth
organometallic complexes containing this kind of ligand so
far.'%2+3] To obtain additional insight into the mechanism
and scope of the lanthanide-induced transformation of aryl-
substituted enolate ligands, we examined the behavior of
[{Cp,LnNiPr,},] towards PhEtCCO. In contrast to the reac-
tion of Ph,CCO, treatment of [{Cp,LnNiPr,},] with four
equivalents of PhEtCCO under the same conditions gave
another unexpected coupling-insertion/isomerization prod-
ucts [{Cp,Ln(OC{C¢H,(p-CHEtCONPr,)}=CEtPh)},] (Ln =
Yb (2a), Er (2b), Dy (2¢)). The formation of 2 can be inter-
preted as the conjugate electrophilic addition of the incom-
ing ketene molecule to the phenyl-substituted enolate ligand
derived from PhEtCCO insertion into the Ln—N bond (as
observed in the formation of 1) followed by rearomatiza-
tion, which involves a 1,5-hydrogen shift (Scheme 2).

iPr,N Et
o/ (\
toluene J/ ]
[{CpoLnNiPry}y] + 4PhELCCO ————
CpoLn
O
\
Ph Et
1,5-H shift
Et Ph
o) 0O
ph. § H30" O
C NP, Cngn\ LnCp,
Et Et Q C
4 EIW NiPr,
Ph Et

Ln = Yb(2a), Ex(2b), Dy(2¢)

Scheme 2. Scheme showing the formation of complex 2.

Interestingly, the nature of the ketenes regulates the hy-
drogen migration. In the case of Ph,CCO, since the increas-
ing steric congestion results in a large distance between the
C(25) and C(31) atoms (e.g., 4.18 A found in 1b, Figure 1),
the corresponding hydrogen shift is prevented. Furthermore,
the m—m conjugation of the additional phenyl moiety also
incurs a favorable stabilization on 1. These results demon-
strate that the steric and electronic factors greatly influence
rearomatization of the conjugated addition intermediates.

Multiple insertion of unsaturated substrates into the
metal-ligand bond is the key step in the propagation of the
chain. Consequently, a good understanding of factors that
promote or deter multiple insertion would permit the con-
trol of this reaction and enable design of new catalysts for

Chem. Eur. J. 2006, 12, 6940 —-6952
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polymerization and transformation of substrates. Although
insertions of polar heterocumulenes into the M—N, M—C,
and M—O bonds have been studied with a variety of metals,
only a limited number of multiple insertions are known.”
Well-characterized reactions involving multiple insertions
are mainly those of alkynes,* nitriles,* isocyanides,* and
carbon monoxide.’>*! To the best of our knowledge, the for-
mation of 1 and 2 represents the first example of the ketene
coupling insertion into the metal-ligand bond.*'! In addi-
tion, this type of aryl coupling—insertion is highly unusual
and has not been authenticated previously for other aryl-
substituted unsaturated substrates. In previously reported
coupling—insertion reactions, cumulenes are always incorpo-
rated through X=C=Y centers. Therefore, the results dem-
onstrate the ketenes can be expected to undergo distinctive
reactivity beyond that possible with other cumulenes.

It is noteworthy that the formation of 2 is also competing
with the insertion of PhEtCCO into the Ln—N bond of
[{Cp,LnNiPr,},] in toluene. For example, complex 2a was
also obtained and isolated in low yield when
[{Cp,YbNiPr,},] was treated with two equivalents of PhEtC-
CO in toluene. However, treatment of [{Cp,YbNiPr,},] with
two equivalents of ethylphenylketene allowed us to isolate
the mono-insertion product [Cp,Yb{OC(NiPr,)=CEtPh}]-
(THF) (3) in a good yield when the reaction was carried out
in THF [Eq. (1)].

[{Cp,YbNiPr,},] + 2 PhEtCCO

2 [Cp, Yb{OC(NiPr,)=CEtPh}|(THF) @

The ease with which the double-insertion of ketene into
the Ln—N bond occurs in toluene as opposed to the mono-
insertion observed in THF emphasizes the crucial role that
the metal—ketene coordination plays before the attack of
the phenyl on the carbonyl of ketene can occur. Such a pre-
coordination seems to have a double function by providing
a close geometrical proximity for the attack of the pendent
phenyl group on the carbonyl and increasing the polariza-
tion of the ketene. Since the coordination of the second
ketene moiety to the metal center in THF, a prerequisite for
further reactivity, is likely to be inhibited by the coordinated
THEF, selective formation of the mono-insertion product can
occur.

Complexes 2 and 3 have been characterized by elemental
analysis, IR and '"H NMR spectroscopy, and mass spectrom-
etry, which gave results that were in good agreement with
the proposed structures. The structures of compounds 2a
and 2b were determined by X-ray diffraction analysis. A se-
lection of interatomic distances is given in Table 2. For com-
parison purposes, a common atomic numbering scheme has
been used. Attempts were also made to obtain structural in-
formation in the solid state for the complex 3, but the poor
quality of the obtained crystals prevented any X-ray analy-
sis.

As shown in Figure 2, complexes 2a and 2b are isomor-
phous, in which a newly formed aryl-substituted enolate
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Table 2. Selected bond lengths [A] and angles [°] for complexes 2a and
2b.

Ln = Yb (2a) Ln = Er (2b)

Ln—O(2A) 2.070(7) 2.120(10)
Ln-0(1) 2.227(7) 2.248(7)
O(1)-C(11) 1.260(11) 1.282(12)
0(2)—-C(27) 1.320(12) 1.333(16)
C(11)—C(12) 1.524(13) 1.502(16)
C(12)—C(13) 1.504(12) 1.535(15)
C(16)—C(27) 1.510(13) 1.452(16)
C(27)—C(28) 1.320(4) 1.315(19)
Ln—C,,(Cp) 2.650(12) 2.655(13)
Ln—Ln 8.773 8.845
O(2A)-Ln-O(1) 93.6(2) 92.9(3)
C(11)-O(1)-Ln 167.6(6) 165.1(6)
C(27)-O(2)-Ln 160.8(6) 161.7(7)
0O(1)-C(11)-C(12) 116.2(9) 117.8(9)
C(11)-C(12)-C(13) 110.8(8) 111.6(9)
C(28)-C(27)-0(2) 124.6(9) 120.7(13)
C(28)-C(27)-C(16) 121.4(10) 127.1(16)
0(2)-C(27)-C(16) 114.0(9) 112.2(11)
(17)-C(16)-C(27) 122.7(10) 122.2(12)

= 7
C& e O3
WA
AP Aﬂ‘} ’*\}\S\'h
D

2

Figure 2. Molecular structure of complex 2a (Ln = Yb) and complex 2b (Ln = Er) (thermal ellipsoids at

30% probability).

ligand is clearly established and acts as a bidentate anion to
connect the two Cp,Ln units through both oxygen atoms,
forming a centrosymmetric metallacyclic structure. Each
metal is coordinated by two n’-CsHs groups, one enolate
oxygen atom and one donor oxygen atom from another OC-
(C¢H4(p-CHEtCON:;Pr,))=CEtPh ligand in a distorted tetra-
hedral geometry. The Yb—O(2A) distance of 2.070(7) A in
2a is considerably shorter than the Yb—O(1) bond length of
2.227(7) A, indicating that the negative charge transfer took
place from one oxygen to another through the aromatic ring
along with the incorporation of the second ketene. Namely,
the O(2) atom is part of a formally anionic enolate ligand,
while the O(1) oxygen is part of a neutral carbonyl group.
The O(2)—C(27) bond (1.320(12) A) is longer than the
O(1)-C(11) bond (1.260(11) A), which is also consistent
with the C(sp?)—O single-bond character of the enolate
versus the C=0O double bond of the coordinated carbonyl
group.?*?21 The phenyl group attached to the C(27) atom
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has a single bond between the C(27) and C(16) atoms
(1.510(13) A), and there is a localized C=C double bond be-
tween the C(27) and C(28) atoms (1.320(4) A). The middle
C(13)-C(18) ring retains its aromaticity and is tilted at an
angle of 55° to the C(31)-C(36) phenyl ring. The O-Yb-O
angle of 93.6(2)° is larger than typical O-Ln-O angles (67—
78°) in other dinuclear compounds.'"** It is noteworthy that
the Yb—Yb distance of 8.773 A is the longest observed in di-
nuclear organolanthanide structures. The rather long metal-
metal distance may be attributed to both the rigidity of the
aryl ring and the large steric crowding.

All bond parameters for complex 2b are in normal ranges
(Table 2), indicating that a second equivalent of ethylphe-
nylketene was incorporated into the first insertion product
through a tandem conjugate electrophilic addition/isomeri-
zation process, along with charge transfer from one oxygen
atom to another through the aromatic ring. The bond
lengths involving the metal in complex 2b are similar to the
corresponding values in complex 2a, if the difference in
metal radii is considered.””
The newly formed OC{CsH,(p-
CHEtCON;Pr,)}=CEtPh
ligand bears an enolate bond
at the one end, and the penul-
timate carbonyl group is coor-
dinated to another Er atom.
The enolate C=C and C-O
distances  (1.315(19) and
1.282(12) A, respectively) in
complex 2b are comparable to
the corresponding  values
tiay  CB3 found in cis-[{(CsMes),-
(Ph;PO)Sm},(u-OCH=
CHO)],[M] [{(CH,CsH,), Y (-
OCH=CH,)},],®! and [Cp,Ti-
(OCH=CH,),].”'  However,
the enolate O—C=C bond
angle of 120.7(13)° is signifi-
cantly smaller than those
found in the metal enolates mentioned above.* !

Hydrolysis of compound 2 afforded the aryl ketone
PhEtCHCOC(H,(p-CHEtCONiPr,) (4) (Scheme 2). The
overall formation of compound 4 is the synthetic equivalent
of a directed para acylation of an aromatic ring bearing an
inactive group, a process not readily achieved by using pre-
viously reported methods.? Thus, this new approach would
complement the powerful techniques already available for
the introduction of acyl substituents onto aromatic rings.

C(35)

Reaction of [{Cp,LnNHPh},] with ethylphenylketene and
diphenylketene: With the aim of establishing whether the
nature of amide ligands would govern the reaction like ke-
tenes, the insertion of a ketene into lanthanocene primary
amide complexes was also studied. In marked contrast to
[{Cp,LnNiPr,},], however, treatment of [{Cp,LnNHPh},]
with an excess of PhEtCCO in toluene, even with a higher
reaction temperature and a longer reaction time, provided

Chem. Eur. J. 2006, 12, 6940 —6952
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only complexes 5 (Scheme 3), suggesting that an isomeriza-
tion involving a 1,3-hydrogen shift occurs more easily than
the conjugate electrophilic addition reaction, along with the
initial amide attack to the ketene carbonyl carbon. In addi-
tion, we found that increasing the relative amounts of
Ph,CCO also had no influence on the product in the reac-
tion of [{Cp,ErNHPh},] with Ph,CCO, a single insertion
only being observed. Evidently, the different chemoselectivi-
ty encountered for the formation of compounds 5 and 6
with respect to that of 1 and 2 can be rationalized assuming
proton transfer from the nitrogen of the amino-substituted
enolate intermediate to the less-acidic carbon atom, leading
to the absence of the conjugate effect between the aromatic
ring and the coordinated amido anion that is resistant to the
charge transfer to the aromatic ring. These results again
demonstrate that substantial negative charge transfer from
the oxygen to the aromatic ring is required in the above
conjugate electrophilic addition processes.

A similar formal insertion of the C=C bond of the ketene
into the N—H bond was reported for nickel(11) and rheniu-
m(I) primary amide complexes.”! In addition, the transition-
metal N-metallaimine reacted with ketenes to afford metal
N-substituted B-lactams.'"”! A major difference with respect
to complexes 5 and 6 is that the transition-metal products
feature an N-bonded monodentate amido ligand. The for-
mation of a chelating amido linkage in our lanthanide com-
plexes is enforced by the unsaturated nature and the oxophi-
licity of the lanthanocene fragment. Therefore, it is possible
to envisage that the intermediate in this reaction is an
amino-substituted enolate formed directly through the four-
membered-ring transition state rather than the zwitterionic
species as proposed in the reaction of ketenes with transi-
tion-metal amide complexes.*)

The bonding mode of the resulting amido ligand was veri-
fied by the X-ray analysis of complexes 5a and S5b
(Figure 3). A C=N stretching frequency in the IR spectrum
at approximately 1580 cm™" is in agreement with the biden-
tate n’-bonding mode of the amido ligand,”® and is signifi-
cantly lower than those of monodentate amido ligands.”)
Also, the N—H stretching band that appeared at about

CRPh

2PhRCCO .

LnNHPh
[{CpoLn }ol oluene

0=C=
CPz'—”{ j;
N:

/

PHn H

PhRCCO
No reaction <*———

R = Et, Ln = Yb(5a),Y(5b)
R = Ph, Ln = Er(6)

Scheme 3. Reaction of [{Cp,LnNHPh},] with ketene to yield complexes 5 and 6.
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Figure 3. Molecular structure of complexes 5a (Ln = Yb) and 5b (Ln =
Y) (thermal ellipsoids at 30 % probability).

3300 cm™ in the IR spectrum of [{Cp,LnNHPh},] was no
longer present.[”)

For complex 5a, the X-ray analysis shows that the OCN
fragment of the amido ligand acts as both a bridging and
side-on chelating group, in which the negative charge is de-
localized over the OCN unit. The corresponding isomeriza-
tion involving a 1,3-hydrogen shift is unambiguously identi-
fied by the relative bond lengths and angles. The amido unit
bridges the two Yb atoms through the oxygen atom, while
the nitrogen atom in the newly formed ligand chelates to
just one metal to give a formal coordination number of nine
to each Yb atom. The eight atoms Yb(1), N(1A), C(11A),
O(1A), Yb(1A), N(1), C(11), and O(1) form an interlinked
tricyclic structure through the two bridging Yb(1)—O(1A),
and Yb(1A)—O(1) bonds. Complex 5a has normal metrical
parameters in the metallocene part of the molecule
(Table 3). The O-Yb-O angle of 68.0(1)° is within the
67.6(9)-78.0(4)° range of the corresponding values observed
in other dinuclear oxygen-bridging complexes.'"*! The
Yb(1)-C(11A) distance of 2.846(4) A is longer than the
average Yb—C(n’>-Cp) distance, indicating a weak interac-

tion between Yb(1) and C(11).
Characteristically, complex 5a

has two distinctive metal-
0 oxygen distances. The Yb(1)—
oL = Rph} O(1) distance of 2.283(3) A is
Py between those expected for an
Yb**—O single bond and an
l Yb**—O donor bond, while
the Yb(1A)—O(1) distance of
ph\NiHRP“ 2.410(3) A falls in the 2.30(1)-
szLn/ O\an 2.50(1) range of the Yb'*
No. /P2 —OR, donating bond lengths
N for neutral oxygen donor li-

PhRHC Ph

gands.*® However, two bridging
Ln—O distances are generally
similar in other dimeric oxygen-
bridging organolanthanide com-
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Table 3. Selected bond lengths [A] and angles [°] of complexes 5a and
5b.

Ln = Yb (5a) Ln = Y (5h)
Ln(1)-O(1) 2.283(3) 2.287(9)
Ln(1)-N(1A) 2.396(4) 2.416(10)
Ln(1)~O(1A) 2.410(3) 2.426(8)
Yb(1A)—-C(11) 2.846(4) 2.852(6)
Ln(1)~C(2) 2.603(6) 2.601(15)
Ln(1)~C(3) 2.614(6) 2.605(16)
Ln(1)~C(7) 2.616(6) 2.609(14)
Ln(1)~C(4) 2.619(5) 2.628(13)
Ln(1)~C(1) 2.625(6) 2.629(15)
Ln(1)~C(8) 2.629(5) 2.633(15)
Ln(1)~C(6) 2.633(6) 2.637(14)
Ln(1)—C(10) 2.635(5) 2.641(14)
Ln(1)~C(9) 2.636(5) 2.643(14)
o(1)-C(11) 1.321(5) 1.299(15)
N(1)-C(11) 1.280(6) 1.264(15)
N(1)-C(21) 1.438(6) 1.407(17)
C(11)-C(12) 1.529(6) 1.518(14)
O(1)-Ln(1)-N(1A) 121.36(12) 121.0(3)
O(1)-Ln(1)-O(1A) 67.97(12) 68.4(3)
N(1A)-Ln(1)-O(1A) 54.05(12) 53.1(3)
C(11)-0O(1)-Ln(1) 152.0(3) 152.5(8)
C(11)-0(1)-Ln(1A) 94.9(2) 95.1(7)
Ln(1)-O(1)-Ln(1A) 112.03(12) 111.6(3)
C(11)-N(1)-Ln(1A) 96.7(3) 96.6(9)
N(1)-C(11)-0(1) 114.2(4) 1152(11)
N(1)-C(11)-C(12) 128.4(4) 127.3(13)
0(1)-C(11)-C(12) 117.4(4) 117.5(10)
N(1)-C(11)-Ln(1A) 56.7(2) 57.3(7)
O(1)-C(11)-Ln(1A) 57.5(2) 57.9(6)
C(12)-C(11)-Ln(1A) 174.0(3) 174.9(9)

plexes, such as [{Cp,Ln(u-OR)},]® and [{(CsH,Me)Ln(n*
PzMe,)(u-n'n>-OSiMe,PzMe,)},] .[*)! This difference may be
attributed to the steric effect caused by the side-on chelating
coordination of the Yb** ion to the amido ligand.

The structural parameters of complex 5b (Table 3) are
very similar to those found in 5a. The C(11)—C(12) distance
of 1.518(14) A is in the observed range for the C—C single
bond distance. Both the O(1)—C(11) and the N(1)—C(11)
distances of 1.299(15) and 1.264(15) A lie between single-
and double-bond lengths,”*! suggesting electronic delocali-
zation over the OCN unit. The Y—O and Y—N distances are
comparable to the corresponding values in complex 5a, re-
spectively, when the difference in the metal ionic radii is
considered. The Y—C(Cp) distances range from 2.601(15) to
2.643(14) A, and the average value of 2.625(14) A is similar
to those found in other Cp,Y-containing lanthanide com-
plexes, such as [{(CsHs),Y(u-CHs)),], 2.66(2) A¥ and
[(CsHs),Y (u-CH;),AlMe, ], 2.62(4) A 12

The structural features of compound 6 (Figure 4) are very
similar to those of the products from insertion of isocyanate
into the Ln—C bond of Cp,LnR (R = n-butyl, a-naphthale-
nyl)." The oxygen atom of the amido ligand is at a bridging
position, and thus the OCN fragment of the amido ligand
acts as both a bridging and side-on chelating group where
the negative charge is delocalized over the OCN unit. This
structure can be directly compared with those of complexes
5a and 5b. It is reasonable for compound 6 that the Er(1)—
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Figure 4. Molecular structure of complex 6 (thermal ellipsoids at 30%
probability).

O(1) bond is longer than the Er(1A)—O(1) bond compared
with the observations in complexes 5a and 5b. The Er(1)—
N(1) distance of 2.435(5) A is slightly shorter than that of
the simple Er«:N donor bond,*! and there is a weak inter-
action between the Er(1) and C(17) atoms. All bond param-
eters in the rest of the chelating ligand are in normal ranges
(Table 4). The bond lengths involving the metal in complex
6 are similar to the corresponding values in complexes Sa
and 5b, if the difference in metal radii is considered.

Table 4. Selected bond lengths [A] and angles [°] of complex 6.

Er(1)-O(1A) 2.303(4) Er(1)-C(8) 2.645(7)
Er(1)-O(1) 2.390(4) Er(1)-C(7) 2.646(7)
Er(1)-N(1) 2.435(5) Er(1)-C(6) 2.648(6)
Er(1)-C(1) 2.626(6) o(1)-C(17) 1.323(7)
Er(1)-C(9) 2.627(7) O(1)-Er(1A) 2.303(4)
Er(1)-C(4) 2.633(7) N(1)-C(17) 1.283(7)
Er(1)-C(5) 2.635(7) N(1)-C(11) 1.438(8)
Er(1)-C(2) 2.637(7) C(17)-C(18) 1.537(8)
Er(1)-C(10) 2.640(6) Er(1)-C(17) 2.858(4)
O(1A)-Ex(1)-0(1) 69.01(15) C(11)-N(1)-Ex(1) 138.4(4)
O(1A)-Ex(1)-N(1) 122.86(15) N(1)-C(17)-0(1) 114.0(5)
O(1)-Ex(1)-N(1) 53.87(15) N(1)-C(17)-C(18) 129.4(6)
C(17)-0(1)-Er(1A) 152.6(4) C(17)-N(1)-Ex(1) 95.4(4)

C(17)-0(1)-Er(1) 96.4(3) N(1)-C(17)-Ex(1) 58.0(3)

Er(1A)-O(1)-Ex(1) 110.99(15) 0O(1)-C(17)-Er(1) 56.2(3)

C(17)-N(1)-C(11) 126.1(5) C(18)-C(17)-Ex(1) 169.0(4)

Reaction of [{Cp,ErNHEt},] with ethylphenylketene: To
further probe the factors that determine the alternative re-
action pathways, we decided to extend our study on the
ketene insertion of lanthanocene amides. Interestingly, by
replacing NHPh with NHELt, the non-coupling double-inser-
tion product 7 could be obtained as pink crystals from the
1:4 reaction between [{Cp,ErNHELt},] and PhEtCCO, which
reveals another novel reactivity of organometallic complexes
towards ketenes (Scheme 4). Although no intermediate
(e.g., an amido complex) could be isolated in the reaction, a
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Scheme 4. Reaction pathway to produce compound 7.

pathway similar to that pro-
posed for the formation of
complex 5 is very likely to ac-
count for the formation of
complex 7. Namely, the forma-
tion of complex 7 can be ra-
tionalized by a second ketene
insertion into a non-isolable
lanthanocene amido inter-
mediate resulting from the
first PhEtCCO insertion into a
Ln—N bond of
[{Cp,LnNHEL},] followed by a
1,3-hydrogen shift. The last
step of Scheme4 has also
been proposed to explain the
isocyanate coupling-insertion
reaction into the Ln—C
bond.[*] An important charac-
teristic of the present reaction
is its unique pattern of double insertion without ketene mol-
ecules coupling to each other. In previously reported double
insertions into the metal-ligand single bond, two substrate
molecules are generally linked together, whereas the double
insertions without bond formation between substrates are
rare and are mainly limited to the cycloaddition of unsatu-
rated substrates to the metal-ligand double bonds such as
M=NR.[* The reasons why [{Cp,YbNHPh},] does not react
with a second ketene under the same conditions while
[{Cp,ErNHEL},] does are as yet unclear, but may reflect the
more steric demands of the phenyl group in comparison to
the ethyl group.

The amino-substituted enolate complex intermediates
react with a second equivalent of ketene to give the conju-
gated addition products involving the aryl ring, while the re-
action of the amido complex with a second equivalent of
ketene leads to the formation of the Ln-N addition product
instead of the Ln-C one. This difference between the reac-
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tivities of [{Cp,LnNiPr,},] and [{Cp,ErNHELt},] is not sur-
prising, since for the amido complex intermediate the
charge flow from the OCN unit to the aromatic moiety, a
prerequisite for further reactivity, is inhibited, only allowing
the further nucleophilic reaction to take place at the nitro-
gen atom. The results represent a good example that the re-
activity of ketenes toward organometallic complexes can be
finely tuned simply by changing the nature of the amide li-
gands.

To determine the coordination geometry around the
erbium ion in the new product, complex 7 was studied by X-
ray analysis. Figure 5 confirms that complex 7 contains four
PhEtCCO molecules that have been activated and inserted
into two original Er—N bonds of [{Cp,ErNHELt},]. The
erbium ions are linked by double [PhEtCHCON(Et)CO-
CEtPh] ™~ anion bridges in an end-to-end coordinated fashion
to form a dimetallic eight-coordinate complex; distances

Figure 5. Molecular structure of complex 7 (thermal ellipsoids at 30 % probability).

within and between the ligands are as expected. Table 5
shows selected bond lengths and angles for complex 7. The

Table 5. Selected bond lengths [A] and angles [°] of complex 7.

Er(1)-O(1) 2.135(3) Er(1)-C(5) 2.649(6)
Er(1)-0(2A) 2.234(3) Er(1)-C(4) 2.653(7)
Er(1)-C(2) 2.621(6) N(1)-C(23) 1.324(6)
Er(1)-C(8) 2.626(6) N(1)-C(11) 1.462(5)
Er(1)-C(1) 2.626(6) N(1)-C(21) 1.482(6)
Er(1)-C(10) 2.627(6) o(1)-C(11) 1.311(5)
Er(1)-C(6) 2.627(6) 0(2)-C(23) 1.258(6)
Er(1)-C(9) 2.628(6) 0(2)-Er(1A) 2.234(3)
Er(1)-C(7) 2.631(6) C(11)-C(12) 1.348(7)
Er(1)-C(3) 2.644(6) C(23)-C(24) 1.524(7)
O(1)-Ex(1)-0(2A) 93.25(13) C(11)-0(1)-Ex(1) 149.1(3)
C(23)-N(1)-C(11) 125.5(4) C(23)-0(2)-Er(1A) 168.1(3)
C(23)-N(1)-C(21) 120.1(4) 0(2)-C(23)-N(1) 121.2(4)
C(11)-N(1)-C(21) 113.2(4) 0(2)-C(23)-C(24) 118.6(4)
C(23)-C(24)-C(31) 109.0(4) N(1)-C(23)-C(24) 120.2(4)
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C—O and C—N bond lengths suggest charge delocalization
as shown in Scheme 5. The C(11)—0O(1) and C(23)—0O(2) dis-
tances of 1.311(5) and 1.258(6) A, respectively, are between

o o (0] (o
Pho st Et Ph /\/Et
BN IS
Et Et Ph Et Et Ph
A B

Scheme 5. Resonance structures of the anion obtained by double PhEtC-
CO insertion into the Ln—N bond of [{Cp,LnNHEL},].

the 1.293-1.407 A range of C(sp®)—O and the 1.192-1.256 A
range of C(sp?)=O distances.*! The C(23)-N(1) bond
length (1.324(6) A) also lies between the typical C(sp*)=N
distance (1.279-1.329 A) and the range of C(sp>)—N distan-
ces (1.321-1.416 A), while the C(11)-N(1) bond
(1.462(5) A) has a typical single-bond length.? The Er(1)—
0(1) (2.1353)A) and Er(1A)-O(2) (2.234(3) A) bond
lengths are within the range observed for Cp,Er—OR bonds
involving anionic oxygen donor ligands such as alkoxides”!
and are shorter than Cp,ZEr—(OR,) bonds (Z = a monoa-
nionic ligand) for neutral oxygen donor ligands.”*!

Conclusion

Some unusual types of reactivities of rare-earth amide com-
plexes toward ketenes have been established, and the results
demonstrate that both electronic and steric factors play an
important role in determining the chemo- and regioselectivi-
ties of ketene insertion into the Ln—N bond, and that orga-
nolanthanides can be expected to offer some distinctive re-
activities beyond that possible with transition-metal com-
plexes in the activation of ketenes. For example, we found
that the lanthanocene moiety can induce an unprecedented
regioselective conjugate electrophilic addition of ketene to
the phenyl substituent of enolate ligands through negative
charge delocalization, which represents a rare example of
selective dearomatization of the pendent aryl group in orga-
nometallic chemistry and provides a new method for the
functionalized dearomatization of aryl rings with a unique
selectivity of the introduced substituents. The regioselective
transformation of the pendent substituents of organolantha-
nides is particularly challenging, since the central metal
strongly interacts with many of the reactants employed to
result in the cleavage of the lanthanide-ligand bond as more
facile reaction pathways;*! further, no example of dearoma-
tization of aromatic ketenes has also been reported previ-
ously. The above results demonstrate, for the first time, that
the partial negative charge transfer from a coordinated het-
eroatom to the pendent aryl ring favors attack on the ring
carbon atom by electrophiles. In addition, the observed lan-
thanocene moiety induced tandem dearomatization/rearo-
matization of the pendent phenyl ring also opens a new
route to the acylation of arenas.
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Furthermore, we observed that the reactivity of lanthano-
cene amide complexes toward ketenes is extremely suscepti-
ble to the nature of amide ligands, and the use of primary
amide ligands can lead to the preferred isomerization of the
newly formed amino-substituted enolate ligand to the amido
ligand through a 1,3-hydrogen shift. The sterically demand-
ing phenyl group offers a good stabilizing environment for
the resulting lanthanide—amido species, while the less-bulky
ethyl group allows the amido complex intermediate to react
further with a second ketene molecule, forming another un-
usual double-insertion product without the direct linkage
between two ketene molecules. The latter represents a novel
pattern of ketene double insertion. Examples of double in-
sertions without bond-formation between substrates are rare
and are generally limited to the cycloaddition of organome-
tallic complexes with dianionic ligands such as the imido
ligand. In brief, the results presented here represent a good
example that reactivity of ketenes toward organometallic
complexes can be finely tuned simply by changing the
nature of the amide ligands, metals, and ketenes. They pro-
vide a new insight into the ligand-forming and ligand-trans-
forming behavior of organolanthanides and demonstrate the
potential of the phenyl substituent in further functionaliza-
tion. In addition, they also highlight distinctive reactivity of
ketenes beyond that possible with other cumulenes, and ex-
emplify their potential as functionalization reagents in syn-
thetic chemistry.™*!

Experimental Section

General procedures: All operations involving air- and moisture-sensitive
compounds were carried out under an inert atmosphere of purified nitro-
gen gas using standard Schlenk techniques. The solvents THF, toluene,
and n-hexane were refluxed and distilled over sodium benzophenone
ketyl under nitrogen gas prior to use. Elemental analyses for C, H, and N
were carried out by using a Rapid CHN-O analyzer. Infrared spectra
were obtained on a NICOLET FTIR 360 spectrometer with samples pre-
pared as Nujol mulls. Mass spectra were recorded on a Philips HP5989 A
instrument operating in the EI mode. Crystalline samples of the respec-
tive complexes were rapidly introduced by the direct inlet techniques
with a source temperature of 300 K. The values of m/z refer to the iso-
topes 'H, °C, “N, '°0O, "*Yb, '“Er, *Y, and '“Dy. "H NMR data were ob-
tained with a Bruker DMX-500 or Bruker Daltonics FTMS-7 NMR spec-
trometer. GC-MS data were obtained on a Finnigan Voyager instrument
running in the EI mode.

The complexes [{Cp,LnNiPr,},] .,  [{Cp,LnNHPh},],F"  diphenyl
ketene,”) and ethylphenyl ketene!s! were prepared according to the pro-
cedures described in the literature. n-Butyllithium, diisopropylamine, ani-
line, and ethylamine were purchased from commercial sources and were
used without further purification.

Crystal structure determination for compounds 1b-1/4 CH;CH;, 2a, 2b,
5a-2THF, 5b, 6, and 7-CqHsCHj;: Suitable single crystals of complexes
1b-1/4 C¢HsCHs, 2a, 2b, 5a2THF, 5b, 6, and 7-C;H;CH; were sealed in
thin-walled glass capillaries under nitrogen gas for the X-ray diffraction
study. Diffraction data were collected on a Bruker SMART Apex CCD
diffractometer by using graphite-monochromated Moy, (A=0.71073 A)
radiation. The intensities were corrected for Lorentz-polarization effects
and empirical absorption with the SADABS program.”! The structures
were solved by the direct method by using the SHELXLS-97 program®”!
and refined with all data by using the full-matrix least-squares method on
F”. The hydrogen atoms were included in calculated positions with iso-
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tropic thermal parameters related to those of the supporting carbon
atoms, but were not included in the refinement.

Crystallographic data for compounds 1b-1/4 C(HsCH;, 2a, 2b, Sa-2 THF,
5b, 6, and 7-C¢H;CHj; are shown in Tables 6 and 7. CCDC-260758 (1b),
CCDC-260756 (2a), CCDC-260757 (2b), CCDC-260759 (5a), CCDC-
295984 (5b), CCDC-295834 (6), and CCDC-295985 (7) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Reaction of [{Cp,YbNiPr,},] with diphenylketene: Diphenylketene
(0.648 g, 3.34 mmol) was added to a solution of [{Cp,YbNiPr,},] (0.674 g,
0.84 mmol) in toluene at —20°C. After stirring at room temperature for
24 h, the solution was concentrated by reduced pressure to about 5 mL.
Crystallization by vapor diffusion of hexane into the solution afforded
compound 1a-1/4C¢HsCH; as red crystals. Yield 0.816g, 60%; IR
(Nujol): 7=1591 (m), 1560 (s), 1491 (m), 1279 (s), 1138 (s), 1013 (s), 950
(m), 772 (m), 698 cm™" (s); MS (EL): m/z (%): 792 (3) [M]*, 692 (2)
[M—NiPr,]*; elemental analysis caled (%) for C,s;5HO,NYb: C 67.60,
H 5.70, N 1.55; found: C 67.49, H 5.69, N 1.68.

Reaction of [{Cp,ErNiPr,},] with diphenylketene: Following the proce-
dure described for complex 1a, reaction of [{Cp,ErNiPr,},] (0.603 g,
0.76 mmol) with Ph,CCO (0.588 g, 3.04 mmol) gave 1b-1/4 C¢H;CH; as
yellow crystals. Yield 0.882 g, 72%; IR (Nujol): 7=1646 (m), 1591 (m),
1565 (s), 1489 (m), 1281 (s), 1139 (s), 1012 (s), 956 (s), 770 (m), 698 cm ™"
(s); MS (EI): miz (%): 784 (5) [M]*, 684 (2) [M—NiPr,]*; MS (ESI) of
hydrolyzed product [Ph,CHCOC¢Hs(=CPhCONiPr,)]: 490 [M+H]*, 512
[M+Na]*; elemental analysis caled (%) for C,s,sH,O,NEr: C 67.91, H
5.73, N 1.73; found: C 67.82, H 5.64, N 1.70.

Reaction of [{Cp,YbNiPr,},] with ethylphenylketene: Ethylphenyl
ketene (0.464¢g, 3.18 mmol) was added to a toluene solution of
[{Cp,YbNiPr,},] (0.643 g, 0.78 mmol, 40 mL) at —20°C. After stirring at
room temperature for 24 h, the solution was concentrated by reduced
pressure to about 2 mL and crystallized at 0°C to give complex 2a as red
crystals. Yield 0.83 g, 75%; '"H NMR (500 MHz, C¢D, 25°C, TMS): 6 =
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8.04 (b, 2H; aryl ring), 7.10 (m, 7H; aryl ring), 3.78 (m, 1H;
COCHGC,H;), 3.47 (m, 2H; CH(CH,),), 2.19 (s, 5H; CsHs), 2.34(m, 2H;
CH,CH;), 1.97 (m, 2H; CH,CHj;), 1.56-1.32 (m, 12H; CH(CH,),), 0.83
(t, 6H; CH,CHj;), 0.37 ppm (s, SH; CsHs); IR (Nujol): 7=1559 (s), 1014
(m), 776 (s), 697 cm™"' (m); MS (EI): m/z (%): 696 (2) [M/2]*, 631 (9)
[M/2—Cp]*; elemental analysis caled (%) for C,,HgO,N,Yb,: C 62.14, H
6.37, N 2.01; found: C 62.08, H 6.24, N 2.05.

Reaction of [{Cp,ErNiPr,},] with ethylphenylketene: By using the proce-
dure described for complex 2a, the reaction of [{Cp,ErNiPr,},] (0.418 g,
0.53 mmol) and PhEtCCO (0.307 g, 2.10 mmol) in toluene afforded com-
plex 2b as orange-yellow crystals. Yield 0.529 g, 73%; IR (Nujol): 7=
1588 (s), 1557 (s), 1492 (s), 1325 (s), 1161 (s), 1141 (s), 1013 (s), 773 (s),
698 cm™' (s); MS (EI): m/z (%): 688 (3) [M/2]*; elemental analysis calcd
(%) for C;,HgO4N,Er,: C 62.66, H 6.43, N 2.03; found: C 62.58, H 6.34,
N 2.05.

Reaction of [{Cp,DyNiPr,},] with ethylphenylketene: By using the proce-
dure described for complex 2a, the reaction of [{Cp,DyNiPr,},] (0.420 g,
0.54 mmol) and PhEtCCO (0.312 g, 2.14 mmol) in toluene afforded com-
plex 2¢ as white powder. Yield 0.475 g, 65%; IR (Nujol): 7=1597 (s),
1557 (s), 1492 (s), 1304 (m), 1161 (s), 1091 (w), 1013 (s), 771 (s), 691 cm '
(s); MS (EX): m/z (%): 686 (3) [M/2]*; 621 (12) [M/2—Cp]*; elemental
analysis caled (%) for C;,HgO,N,Dy,: C 63.25, H 6.35, N 1.99; found: C
63.17, H 6.43, N 2.05.

Reaction of [{Cp,YbNiPr,},] with ethylphenylketene in THF: PhEtCCO
(0.122 g, 0.836 mmol) was slowly dropped at —30°C into a solution of
[{Cp,YbNiPr,},] (0.337 g, 0.418 mmol) in THF (30 mL). After stirring for
30 min at the low temperature, the mixture was warmed to room temper-
ature and stirred for 48 h. The solution color slowly changed from dark
green to red. Then, the solution was concentrated in vacuo to about
3 mL. Crystallization by diffusion of hexane into the solution in THF af-
forded compound 3 as orange-yellow powder. Yield 0.348 g, 67%; IR
(Nujol): 7=1564 (s), 1493 (m), 1291 (m), 1081 (m), 1012 (s), 965 (w), 916
(W), 862 (w), 771 (s), 695 cm™" (s); MS (EI): m/z (%): 550 (5) [M—THF]*
; GC-MS of the hydrolyzed product (PhEtCHCON:IPr,): 247 [M]*; ele-

Table 6. Crystal and data collection parameters of complexes 1b-1/4 C;H;CH;, 2a, and 2b.

1b-1/4 CsH;CH;, 2a 2b
formula Cys75H4sEINO, C,,HgN,0,Yb, C,,HgErnN,O,
molecular weight 808.09 1371.36 1379.96
crystal dimensions [mm] 0.25x0.25x0.30 0.30x0.20x0.20 0.35%0.25x0.15
crystal system tetragonal monoclinic triclinic
space group Péin C2lc Pl
a[A] 30.452(2) 28.076(5) 11.285(3)
b[A] 30.452(2) 10.8737(18) 13.849(4)
c[A] 8.7310(9) 25.955(4) 14.628(4)
o] 90 90 113.293(4)
B[] 90 99.650(3) 106.546(4)
v [°] 90 90 99.516(4)
VA% 8096.7(12) 7812(2) 1910.0(10)
V4 8 4 1
Peatea [g cm ] 1.326 1.166 1.200
p[mm™] 2.108 2.419 2.223
F (000) 3284 2744 702
T [K] 293(2) 293(2) 293(2)
scan type w—20 w—20 w—20
0 range [°] 1.34-25.01 1.59-25.01 1.98-25.01
no. reflections (measured) 32792 15972 8011

no. reflections (unique)
completeness to 6

max and min transmission
data/restraints/parameters
goodness-of-fit on F2

R1, wR2 [I>20(1)]

R1, wR2 (all data)

largest diff peak and hole [e A3

7151 (R =0.0640)
100.0% (6=25.01)
0.6207 and 0.5704
7151/0/452

1215

0.0778, 0.1732
0.1131, 0.1869
+1.075/-2.021

6856 (Ry=0.0518)
99.6% (0=25.01)
0.6433 and 0.5306
6856/0/350

1.077

0.0672, 0.1612
0.1202, 0.1854
+0.944/—0.567

6619 (Ry, =0.0376)
98.1% (0=25.01)
0.7316 and 0.5101
6619/0/347

0.933

0.0744, 0.1940
0.1339, 0.2259
+1.915/-0.857
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Table 7. Crystal and data collection parameters for complexes Sa-2 THF, S§b, 6 and 7-CH;C¢Hs.

5a2THF 5b 6 7.CH,CHs
formula CeoHgsN,0,Yb, Cs;Hs,N0,Y, CeHs5,O,N,Er, CiHgErN,04
molecular weight 1227.24 914.78 1167.56 1359.89
crystal dimensions [mm] 0.20x0.15%0.12 0.15%0.10x0.08 0.20x0.15x0.12 0.35%x0.25%0.20
crystal system triclinic monoclinic triclinic triclinic
space group P1 P2(1)/c Pl P1
a[A] 8.601(3) 16.641(7) 9.818(3) 12.453(4)
b[A] 12.021(4) 19.523(8) 10.586(3) 12.509(4)
c[A] 13.684(4) 8.600(4) 12.998(4) 12.538(4)
o] 97.200(4) 90 68.033(4) 116.098(4)
B[] 95.430(4) 99.674(6) 89.665(4) 109.198(4)
v [°] 110.199(4) 90 75.940(5) 99.304(4)
VA% 1302.8(7) 2754(2) 1209.9(6) 1544.6(9)
V4 1 2 1 1
Peatea [g cm ™) 1.564 1.103 1.602 1.462
p[mm™] 3.615 2.130 3.490 2.747
F (000) 614 944 578 688
T [K] 293(2) 293(2) 293(2) 293(2)
scan type w—20 w—20 w—20 w—20
0 range [°] 1.52-25.00 1.62-25.01 1.70-25.01 1.86-25.01
no. reflections (measured) 5453 11176 5095 6460

no. reflections (unique)
completeness to 6

max and min transmission
data/restraints/parameters
goodness-of-fit on F2

R1, wR2 [I>20(1)]

R1, wR2 (all data)

4513 (R, =0.0155)
98.1% (0=25.00)
0.6709 and 0.5317
4513/0/308

1.069

0.0286, 0.0713
0.0323, 0.0742

4853 (R, =0.1432)
99.9% (6=25.01)
0.8481 and 0.7406
4853/0/244

1.052

0.1019, 0.2886
0.2219, 0.3566

4205 (Ry, =0.0228)
98.8% (0=25.01)
0.6795 and 0.5420
4205/0/298

1.057

0.0373, 0.0888
0.0450, 0.0935

5349 (R,, =0.0230)
98.3% (0=25.01)
0.6095 and 0.4464
5349/5/358

1.058

0.0328, 0.0859
0.0372, 0.0890

largest diff peak and hole [e A~ +1.862/—1.050

+1.136/-0.775

+1.625/-0.999 +1.562/—-1.740

mental analysis caled (%) for C3;H,O,NYb: C 57.96, H 6.81, N 2.25;
found: C 57.90, H 6.70, N 2.15.

Synthesis of compound 4: Hydrolysis of 2a or 2b followed by extraction
by using diethyl ether gave 4 as a light-yellow solid. 'H NMR (CDCl,,
500 MHz): 6=17.88 (d, 2H; C4H,), 6.98-7.29 (m, 7H; aryl ring), 4.41 (t,
1H; CHCO), 3.96 (m, 2H; CHMe,), 3.52 (t, 1H; CHCON), 2.18 (m, 2H;
CH,CHs;), 1.87 (m, 2H; CH,CH;), 1.32 (m, 12H; CH(CH,),), 0.89 (t, 3H;
CH,CH;), 0.84 ppm (t, 3H; CH,CH;); MS (EI): m/z (%): 393 [M]*.
Reaction of [{Cp,YbNHPh},] with ethylphenylketene: PhEtCCO
(0.307 g, 2.10 mmol) was added to a solution of [{Cp,YbNHPh},] (0.415 g,
0.53 mmol) in toluene (30 mL) at —20°C. After stirring at low tempera-
ture for 30 min, the mixture was warmed to ambient temperature and
was stirred overnight. Then, the solvent was evaporated by reduced pres-
sure. Recrystallization by vapor diffusion of hexane into a toluene/THF
mixture afforded orange-yellow crystals of Sa-2 THF. Yield 0.483 g, 75 %;
IR (Nujol): 7=1561 (s), 1492 (s), 1261 (s), 1182 (m), 1093 (s), 1018 (s),
801 (s), 770 cm™" (s); MS (EI): m/z (%): 542 (40) [M/2]*, 477 (42) [M/
2—Cp]*; elemental analysis caled (%) for CgHgOLN,Yb,: C 58.72, H
5.58, N 2.28; found: C 58.81, H 5.61, N 2.13.

Reaction of [{Cp,YNHPh},] with ethylphenylketene: To a solution of
[{Cp,YNHPh},] (0.34 g, 0.54 mmol) in toluene (30 mL) was added
PhEtCCO (0.157 g, 1.08 mmol) at —30°C. After stirring for 30 min at this
temperature, the mixture was slowly warmed to room temperature and
was stirred overnight. Then the solution was concentrated and cooled at
—18°C to give complex Sb as yellow crystals. Yield 0.341 g, 81%; IR
(Nujol): 7=1585 (s), 1496 (s), 1229 (s), 1170 (m), 1074 (s), 1012 (s), 970
(m), 771 cm™ (s); MS (EI): m/z (%): 457 (30) [M/2]*, 392 (33) [M/
2—Cp]*; '"HNMR (CsDs, 500 MHz): 6=7.21-7.08 (m, 8H; C¢H;), 6.45
(d, 2H; C¢Hs), 6.31 (s, SH; CsHs), 6.23 (s, 5H; CsHs), 3.57 (t, 1H;
CHPh), 1.77 (m, 2H; CH,CHj;), 0.78 ppm (t, 3H; CH,CHj;); elemental
analysis caled (%) for Cs,H5,O,N,Y,: C 68.28, H 5.73, N 3.06; found: C
68.14, H 5.78, N 3.09.

Reaction of [{Cp,ErNHPh},] with diphenylketene: By using the proce-
dure described for 5a, reaction of [{Cp,ErNHPh},] (0.437 g, 0.56 mmol)
with Ph,CCO (0.217 g, 1.12 mmol) gave 6 as pink crystals. Yield 0.543 g,
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83%; IR (Nujol): 7=1586 (s), 1491 (s), 1217 (s), 1009 (s), 970 (s),
770 cm™" (s); MS (EI): m/z (%): 582 (5) [M/2]*, 517 (2) [M/2—Cp]™; ele-
mental analysis calcd for CeHs,O,N,Er,: C 61.72, H 4.49, N 2.40; found:
C 61.89, H 4.41, N 2.34.

Reaction of [{Cp,ErNHEt},] with ethylphenylketene: By using the proce-
dure described for 5a, the reaction of [{Cp,ErNHEt},] (0.34 mg,
0.50 mmol) and PhEtCCO (0.291 g, 1.99 mmol) in toluene afforded com-
pound 7-C¢HsCHj; as pink crystals. Yield 0.381 g, 56 %; IR (Nujol): 7=
3093 (m), 2729(m), 1959 (m), 1751 (m), 1627 (s), 1564 (s), 1460 (s), 1213
(s), 1176 (s), 1011 (m), 947 (s), 908 (s), 815 (s), 771 (s), 630 cm ™' (s); ele-
mental analysis caled (%) for C;HgEr,N,O,: C 62.71, H 5.93, N 2.06;
found: C 62.58, H 6.00, N 2.09.
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