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N ‘ . Abstract
li:od\landiiph complexes containing both the cyclo¥
p.ntadiinid; and cyclooctatetraenide moieties have been
obtained for a variety of I:nthhnidc metals. Difficulties .
were encousitered in the syntheses, and these were, in .

_ N | '
part, attributed to the formation of the dinuclar com-

‘91.*08, "1(°h"§’3‘ The (Csns)n(g ') conplexo;,.whon
isolated from tetrahydrofuian con;rin a.coordinated THF
_ molecule; 'thus giving evidence for the Mewis acidic |
chatgctcr of the mixed sandwich conplexesQ _Thii behavior
has boéd‘invesi¢gated and adducts with cyclohexylisocjanide,
.pyiidine:\qsnonia, and l,lo-phenanthroling have been
" isolated. The mixed sandwich ccmpiexes have been shown
to bg weaker ﬁewis acids than the corresponding M(CSHS)3
derivatives and this has been attributed to the presence
6t:thc nQre'reducing cyclooctaéettaenidé moiety. The
a———
infrared and NMR £pgctral data of the complexes indicate
pentahapto ‘and octahapto’ bonding modes of the carbocyclic
rings, aléhough gdditional interactions through solid
staﬁe aggregation in ?he base free compounds cannot be
ruled out. The spectral data suggest- a greater interaction a
between the lanthanide ion and the CgHg ring than witﬁ
the C5H5 moiety. The chemical and spectral data show
‘that the mixed $andwich compounds are highly ionic rela-
tiYF to related aét;nide derivatives. However, the

L)

observation of ring-metal skeletal vibrations in the Raman

»



- C
spectra?.charqe transfer bands tailing into the visible
region, and.metal-rinq coupling in the 13C NQR spectrum
of the Y complex seem to indicate that some .covalency
doq; pr!t'in the bonding of these complexes.“

The synthnsxl of hydrotris (pyrazol- l-yl)borate,

Bsz commplexes has been extended to the lanthanide

3 ’
mefals. .The air stable M(an:3 3 derivatives and the
hygroscopic (anz ) MCl3 n XTHF complexes have'been
obtained. The infrared spectral data of te’ tris complexes
1nd1cate the presence of two solid state structural
classes, one for compound; with the early and the other

for the late lanthanide metals. It was postulated that

the eight coordinate structure found for the Yb complex
represents the prototypé for the structure of the late
lanthanide derivatives. The structure of the early

members awaits X-ray analysis. The 1

H NMR spectra of
the chloro derivatives were taken to indicate symmeﬁ%ical
tridentate bondihg of the Hsz3 moiety. The synthesis

3
fragment met with limited success. Although (Hsz3)M—

of organolanthanide derivatives containing the HBp:z

(CBHB) compiéxés could be isolated, o-bonded compounds
were not obtaihed. .

Tﬁglsynthesis of M(Niprz)3 derivatives was attempted
~and with Pr a reasonably pure complex which also contain-
ed coordinated THF could be isolated. The utilization
of these diisopropylamides as starting materials for the
synthesis of other lantpanide complexes has been thwarted

by their delicate nature.
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CHAPTER ONE b e \

INTRODUCTION‘TO ORGAﬁOLAﬁTHANIDE CHEMISTRY

1. Genefal Consideration .

The 1anthaniaga are the fourteen elements following
lanthanum in the Periodic Table in which the'tf‘o;bitals
- become progressively filled upon proceeding from cerium
to lutetium. These elements form the longest continuous
series of chemically similar elements in the Periodic
Table. Lanthanum, although strictly not a lanthanide, is
a prototype for the chemical behavior of these elements.
Thus the termvlanéhanide is often taken to inclade lanthanum
itself. *

The chemistry of these elements is predominantly
ionic, and is essentially that of the 3+ oxidation state.*
It is governed primarily by the size of the tripositive
idns.l'z’3 The ioni? radii of sc;idium, yttrium, and the
lanthanide metals are collected in Table 1. These radii
show that yttrium, which lies above lanthanum in Trans1t10n

Group III, can operationally be included to advantage

in the discussion of lanthanide chemistry.

*
Although the 2+ and 4+ species are also known, the most

stable ions being those which thus attain the f°(Ce4*),

7 2+

f (Eu” , Tb4+) and f14(Yb2+) configurationé.



Table 1. Electronic Configuration ‘and Radii for the
. . / ' [ ]

Tripositive Ions .

‘ . 3+
fhemens smhel " SAggerons W denls
B M3t CN 6 CN 8
P .

Scandium Sc (Ar] .745 o~ .870
Yttrium Y (Kr] ‘\\1i .900 1.019
Lanthanim La [Xe) 1.032 1.160
Cerium Ce 4£1€ 1.01 1.143
Praseodymium . Pr at? .99 1.126
Neodymium Nd & af3 ..983 1.109
Promethium Pm art .97 1.093
Samarium sm af> .958  1.079(1.27)¢
Europium Eu afb. .947(1.17Ny.066(1.25)9
Gadolinium Ga ’7 .938 18053
Terbium Tb, 8 .923 1.040
Dysprosium ) Dy 4f9 : .912 1.027
Holmium Ho af10 .901 1.015
Erbium . Er agl! .890 1.004
Thulium T afl? .880 .994
Ytterbium Yb B T .868(1.02)% .985(1|14)¢
Lutetium Lu agl4 861 .977

) - .
a Reference 4. .
b Values for coordination numbers six and eight; CN 6

and CN 8 respectively.

are indicated,

. . + .
Radii for M2 ions.

-~

Only those electrons outside the closed rare gas shell
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1‘e1ectronegat1vxty.

® ‘. . . . . ‘ , § 3 .

14

&
Scandium.however, by virtue of its snallct size, has

cheldltry lufticiently diftetent that its inclusion in

tub ptesent synopsis is not warranted. Thns the term

lanthuude. as used in this thesis, will bx allowed to

enco-pass the elements lanthanum to lutetium and what

is. ‘saia concerninq the lanthanides. Will be understood

to apply to yttrlum as well unl ss'this element is

spec_xfically excluded. ® - " h ¢
The initial investigatioﬁe of the «chemistry of the

lanthanxdes dealt with the study of the coordinatxon of

,the trxposltlve ions part;cularly with ligands of high

3:5 Two immediate pbservations were

. made. (1) the complexes possessed hlgh coordination numbers

(greater than six); (ii) the 4f orbitals were not sub-

.stantlally lnvolved in the bonding to the ligands. The

lack of 4f orbxtal xnvolvement was attrlbuted to the

shielding effect of thé compli;ed 5825p6

octet whlch
prevents strong metal-ligand interaction. The unavail-
ability of the 4f orbitals and the relatively large size
of the tripositi&e ions are two factors which have been
said to account for4the largely electrostatic character
of the bonding as determined from magnetic and spectral
data, and ligand lability. 1,6,7 ‘
A general comparison between the bo ‘Hng and the

coordination properties of the lanthanide“and 3d trarsi-

tion metal ions, taken from reference 3, is given in

¢
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Table 2. A substantial difference is immediately apparent.
This is particularly true in reference to the usé of the
partly filled valence shell orbitals, which for the
d-transition series gencfally are involved in strong
metal-ligand interactions. The geometry of .the complex

results from the directional properties of the bonding

-
-

which helps to maximize this interaction. On the ‘other
hand, for-the lanthanide ions tle coordination number

. ) .
and configuration around the metal are mainly the result -

of a balance between non-directional electrostatic

,6,9 A.property of the lanthanides which influ-

f;rces.
ences both-éoprdination number and geometry is the
shrinkage of the ionic radii as the 4f orbitals are
filled. This "lanthanide contraction", as it is commonly
éeferred to, is a result of thé‘imperfect shielding from
the nuclear charge of one f electron by another f electron.x/
Thus as the ionic size decreases the repulsion between
ligands in the coordinati;n sphere increases and the
coordination of the lanthanide ion sometimes decreases
as one proceeds across the series. In the case of
yttrium coordination numbers of 7, 8, and 9 are equally
common.

Although ‘the involvement of the 4f orbitals in
bonding of the.lanthanidék\is small compared to the role

of d-orbitals for transition metal ions, nevertheless, 1t

may be that the f-electrons play a subtle part
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in determining some of the‘cﬂemical and physical
Properties of the lanthanide complexes. Studies involving
complexes of the lanthanldes can be used to expand the
basic understanding of the chemistry of this series and

to provide a comparative basis for the lanthanlde (4fF)

and actinide (5f) series. It is for the latter series
that more extensive involvement of f-orbitals in bonding
is expected Primarily due to the increased radial extent

©f the 5f- as compared to that of the 4f-orbitals ®

2. Organometallic Compounds

The Preceeding Paragraphs do not constitute an
exhaustlve survey of the bonding in lanthanide complexes,
but they do indicate the prevalent feelings at the time
of the initial syntheses of organometallic complexes of
the lanthanides. as will be seen, certain researchers
will slightly modify these bonding ideas, but the mai;“ ~ .
conclusion that the bonding in organolanthanide complexes
is primarily ionic remains.lo'11

The organometallic chemistry of the lanthanides is
an area of renewed and active int:erest,lo'lz_14 with
both n- and o-complexes being reported. Since the area

0,12

has been well reviewed,1 only the more salient

.

features will be mentioned below to give an historical
perspective and to lead into the more recent developments.
Major emphasis will be given to the Cyclopentadienide

and cyclooctatetraenide dérivatives.

2
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. ’ , 7.
i) Cyclopentadienide Complexes.
The synthetic development of n-carbocyclic complexes
began with the pgeparation by Birmingham and Wilkinson
of the tricyclopentadienide complexes of the lanthanides,lsa
M(CSHS)3 (M = La, Ce, Pr, Nd, Sm, Gd, Y) in 1954. This
was followed by their report in 195615b which extended
the synthesis to M = Dy, Er, and Yb. The compounds were
prepared by reacting the anhyd;ous metal hafldes with
‘sodium cyclopentadienide in dry, oxygen free tetrahydro-
furan as solvent- and 1solated by vacuum sublimation.
These authors interpreted such properties as the extreme
air and water sensitivity, the quantitative reaction of
the M(C H5)3 complexes with iron(If) chloride tp yield
ferrocene Pe(PSHS)Z, the invariance of the effective
magnetic moment wi:h temperature and its closeness to
the values for fare earth ions in other compounds
(including aquo ions), and the similarity of the absorp-
tign spectra in tetrahydrofuran to those of the "free
lanthanide ions; in aqueous solution to indicate that
the metal ring interaction is electrostatic in nature.
No further synthetic reports appeared until 1963
when Dubeck et al!. prepared.the (CgHg) ,MC1 16 and
(C H, )MC12-3THF 17 complexes, where M represents a lanthawgide

from samarium to lutetium. The procedure was similar

to that of Birmingham and Wilkinson15 with the former

compounds isolated by sublimation and the latter by
L _




crystallization. The cQ:g;gnl and bhylical properties
of these compounds are similar to the H(Cs!ls)3 complexes,
and the conclusion that the bonding is highly 2onic was
again reached. 1In their attempts to isolate chloro- '
cyclopentadienide type compounds with earlier lanthanides
than samarium only tricyclopentadienides could be detected.
Dubeck has attributed this to some subtle effect of the
lanthanide contraction.2 This seems to be a reasonable
essumption when coupled to the previously mentioned
desire for high coordination numbers especiélly among
the early lanthanides. The picture that seems to be
emerging is that the chemistf& of the organolanthanides
is zgain aignificantly different from that of the d-
transition series cyclopentadienyls,la,and that the
size of the metal ions plays a significant role in
determining the synthetically available complexes.
Completing the syntheses of the cyclopentadienide
derivatives were the‘reports by Fischer and Fiscg;rlg
on M(CSHS)3 (M = Tb,'Ho, Tm, Lu); Manastyrskyj and
Dubeck20 on Eu(C5H5)3-THF; Tsutsui21 et al. on Eu(CSH5 37
Okamot022 et al. on (CSHS)ZYCI; and Ibanez23 on
(C5H5)2MC1-THF (M = Gd and Yb). Thus, using proper stoichio-
metries and isolation procedures the following equation

summarizes the cyclopentadienjide syntheses:

‘ THF . ]
MCl, + nNaCSHS-__—_”(CSHS)nMC13-n xTHF + nNaCl (I-1)
n=23, x=1, M= La-Lu, Y
n=2, x=1, M= Sm-Lu, Y
n=1, x=3, M= Sm-Lu



Though the principal interest here is vitﬁ the )+ oxida-
tion state, it is to be noted tﬁat the dicyclopenta-
dienides for the lanthanides with well known 2+ oxidatidn

states (Sm, Eu, Yb) are accessible. Por europium and
ytterbium the preparation is as follovs.19

NHJ(l)
M+ 3c5H6 —————-—.-H(Csﬂs)2 xNH3 + CSHs (1-2)

M = Yb, Eu

vacuum
120-200°
—_—

1l hr

Co

M{C Hg) " XNH;

3 M(CSH

5) 2

>
The cyclopentene in eq.(I-2) was identified by gas

chromatography. That the reaction in eq. (I-2) may be

subject to difficulties in obtaining purely divalent

ytterbium was discussed in a note by Hayes and Thomas.26

They isolated (by fractional sublimation) three compounds:
Yb(C5H5)3, Yb(qsﬂs)2 and a dinuclear complex tentatively
¢

formulated as (C5H5)4Yb2(NH2)2.

Calderazzo et al.z4 provided the {é§lowing synthetic

route to ensure complete abgence of any trivalent ytter-

bium in the product:

THF .
(CSHS)ZYbCl + Na ————%»Yb(CSHS)Z xTHF + NacCl
vaccum

. R.T. -
Yb(CgHg) 5" XTHF  ———"3 Yb (C.H,), (1-3)

4 hr

‘The samarium compound is obtained by the following

route,25
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Bu(Cgly)y + KC) oy E»-(c,l,)z-m + KCgm )
_ . Clol. ) ,
In this case, according to the authors, the coordinated
tetrahydrofuran could not be removed without, decodiposi-
tion. These compounds are extremely air sensitive and >
the bonding is believed to be largely eleqgrostatic.

A common observation made in this field,
which is also apparent in the previous equations,
vas that the cyclopentadienide complexes cry.t;lllzod
from donor sOlvents invariably contained coordinated
solvent molecule(s). The Lewis base could only be
removed by heat treatment Endqa high®vacuum. This prompted
Fischer and Fischer to study the Lewis acidic behavior
of the tricyclopentadienide..27 The THF adducts,
H(CSHS)J'THF (M = Tb, Ho, and Yb), were readily isolated
by crystallization frqm tetrahydrofuran. The complex
Yb(C5H5)3-NH3 was prepared by direct reaction of liquid
ammonia with Yb(CgHg) ;. The ammonia addutt survived
sublimation, indicating very strong bonding interaction
between Yb and NH3. The ammonia adducts of the lighter
lanthanides however decompose upon sublimation.ISb The
reaction of triphenylphosphine with Yb(CSHS)3 in benzene
produced a crystalline product, Yb(CSHS)3'PPh3, which
could be obtained analytically pure by xontinuous

extraction with pentane affording large black crystals.

The final base used by these authors was cyclohegylisonitrile.
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Again, direc; reaction ofvthe base and the triéyclopenta-
dieqide derivatives in benzene followed by sublimation
’at 156-16p°é’produced the' corresponding M(CSHS)B'CNCGHll
complexes (M = Nd, Tb, Ho, Yb, and Y). Adducts~with
cycldhexylisi;itrile for the remainder of the lanthanide
series were prepared by Kanellakopulos and vbn Am‘mon.z8
Based on infrared data thé cyclohexylisonitrile is acting (>
a8 a o-donor (see discussion in Chapter I;I). This and the
-existence éf vibrational bands in the 600-60 cm-l region
assigned to ring-metal mgdes, lead Fischer and Fischer27

to conclude that there is some degree of covalence in-

the bonding of these complexes. Discussion of the utility

of infrared data in obtaining information concerningythe

bonding in these and other m-carbocyclic organolanthanide
complexes will be delaye ntil Chapter I1I.

As* can be. seen, the%nors studied include both
hardvand soft bases as classified by Pearson.29 This 1is
not the typical beha&ior expected for tripositive
lanthanide ions which normally prefer hard donors.z’s’29
Although the.synthesis requires anhydrous media employing

non-donor solvents (unless the desired base is used

as solvent) to avoid competition, the adducts so obtained
are quite thermally stable albeit still very susceptible
to oxidation awd hydrolysis. The range of bases has been

expanded to 1include pyridine,3o'31 (=)-nicotine,

N-methylpyrrolidine,31 tri-n-butyl phosphine,32 and diethyl



sulfide.32 The complex with diethyl sulfide " was not
(.

actually 1solaté/ adduct formatjon was ascertained onmly

1H NMR spectral study.

by
More exotic Lewis bases have been eméloyed by Crease
and Legzdips using the oxygen donor sites of metal-
carbonyl and metal-nitrosyl compiexes.33 Infrared data
were used as a measure of the acid-base interaction
between tricyclopentadienide lanthanide complexes and
[(CSHS)Fe(CO)zl2 COZ(CO)B' [(CSHS)Ni(CO)]Z, (CSHS)Cr-
(NO)2C1, apd (C5H4CH3)Mn(CO)3; whereas shifts in :
the proton NMR Spectra were cited as evidence for inter—-\

action with (n —C H )Fe(CO)3 and (CSHS)ZWH note that

27

in the last complex the tungsten atom is the ba51c site.
It has been found recently that pyrazine (NC4H4N)

produces the!dlmerlc complex u—pyrazine—bis[tris(cyclo-

pentadienide)ytterbium(III)], upon sublimation of the

crude reaction product.34 -
The foregoing paragraphs provide an overview of

the cyclopentadienide complexes of the lanthanide elements

and also give an indication of their strong Lewis acidic

behavior. Furthexr comments on the bonding in these

complexes are referred to part 3 of the Introduction.,

It will be seen Hn the following section that the use

of the cyclooctatetraenide dianion had a significant

impact on the further development of organolénthanide

chemistry.

12.
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ii) Cyclooctateraenide Complexes.

The synthesis of bis(cyclooctatetraenyl)uranium(IV),
"uranocene," in 1968 by Streitwieser and Miiller-Westerhoff>>
is credited with rekindling interest in the chemistry of
organolanthanides and organoactinides.36 It is significant
tovobserve that in 1963 R. D. Fischer37 had pre- |
dicted the existence og cyclooctatetraenyl complexes of
'the-aétinides and postWMated, especially for uranocene,
covalent stqbil&zation from the overlap of metal Sf
orbitals witlr symmetry-allowed combination of the highest
occupied M.0. of the cycloocgatetraenide ligand. -<Studies
On uranocene and related compounds were conducted to
test this postulate. Some of the investigations will be
mentioned further on..

Uranocene itself was prepared by the straightforward

reactlon of anhydrous uranium tetrachlorlde and dipotas-

sium cyclooctatetraem.de.35
UCl, + 2K,C.H, — S y(C.H.). + 4KCl (1-5)
4 2788 8872
Surprisingly uranocene is stable in degassed water. This

unexpected stability was somewhat reminiscent of the
ferrocene story, and so it was hoped that the cyclooctate-
traenide ligand would provide f-element metalltcene
derivatives similar to the corresponding cyclopentadienyls
of the d-transition series. The vast number of studies

that this lead to, for the actinide eerles, is beyond the



14.

scope of this introduction. Interested readers are
referred to the Annual Surveys in the Journal of

grganometallic Chemistry12d and to the reviews by Raymond

10 _ 38

et al. and Marks.

Shortly after the report by Streitwieser et al.,35

4
39 reported the synthesis of the cyclo-

Hayes and Thomas
octatetraenide complexes of europium (II) and ytterbium
(II). These were prepared by direct reaction of the.
metals with cyclooctatetraene in liquid ammonia and are
exceedingly air.sensitive compounds. ’

Streitwieser et al. coptinued their investigations
with the dianion of cyclooctatraene by preparing two series
of complexes with the tfipositive lanthanides. The
40a,11

first was the bis(cyclooctatetraenide) complexes

K[M(C8H8)2], which were prepared as follows:

THF
MCl3 + 2K2C8H8—————)-K[M(CBHS)Z] + 4KC1l (I-6)
M =Y, La, Ce, Pr, Nd, Sm, G4, Tb.

Attempts to prepare the europium and ytterbium derivatives
were unsuccessful. The second series was the monocyclo-
octatetraenide derivétives, [(C;HB)MC1°2THF]2, which

were prepared‘by the reaction of one equivalent of the
anhydrous metal halide with one equivalent of the cyclo-

40b,11 The derivatives for M = Ce,

octatetraene dianion.
Pr, Nd, and Sm were obtained. Mention 1is not made

whether the synthesis of monocyclooctatetraenide
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derivatives of othetr lanthanide ions was attempted.

Both 8eries of complexes are exceedingly air sensi-
tive, and, unlike uranocéne,éhey react violently with
water. Discussion of the chemical and physical properties
of these organolanthanides will be delayed until Chapters
II and III but suffice it to say that Streitwieser et
al.ll concluded that the bonding between the lanthanide
‘ion and cyclooctatetraenide ring is largely ionic.

Recently, Cesca et al. have synthesized some
interesting cyclooctatetraene complexes. The following

reactions summarize their preparations:41'42

CBHB' excess
Ce(O-l-C3H7)4-1-C3H7OH-+ SAl(C2H5)3 - s o
140°C
(I-7)
cp(rsnb)z + 5(C§H§2A1(0-1—C3H7) + C2H6 + 4c2H5
2Ce(0-1—C3H7)4-1-C3H7QH + 10(C2H5)3A1 + 3C8H8
100°
Toluene CeZ(C8H8)3 + 10(C2H512A1(0—1-C3H7) + (1-8)
2C2H6 + 8C2H5 ‘ .
-
C8H8’ excess
Ce (0O-i-C_H,) ,i~-C_.H.,OH + 4(C,.H_) Al >
37°4 377 27573 100°C Toluene
(I-9)
'(C8H8)Ce(0—i—C3H7)zAl(C2H5)2-1/4C7H8 + C2H6
+ 3C2H5

These are relatively novel compounds and as can be seen

L. _\//
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the products formed are quite sensitive to the stoi-

-~

Cchiometry of the reaction. Related to the cerium compound
obtained in Eq (I-8) are complexes of the formula
[M(Caﬂa)(oc‘as)zl[M(Csﬂs)zl where M = La, Ce, Nd, and
Er.l‘ These complexes were Prepared by the reaction of
metal atoms and cyclooctatetraene at -196°C follpwed by
Eaction with tetrahydrofuran. Some properties of these

A Y
last complexes will be discussed in Chapter 1v.

ex

iii) Alkyls, Aryls, and Others.
A short discussion will now be given pertaining
mainly to the alkyl and aryl compounds of the lanthanides
to draw attention to o-bonded derivatives of these
elements. This area-of organolanthanide chemiﬁtry is
undergoing significant expansion. ;/ : :
In 1968 F. A. Hart et al.43 reported the first
o-bonded derivatives of the lanthanides. By reacting
Phenyllithium with anhydrous metal halides‘two types of
c¢ompounds apparently were formed, egs. (I-10) and (I-11).

-THF/Ether

MC1 ——D-M(CGHS)3 + 3LiC1 (I-10)

+ 3LiC_H
3 6°5 0°C

M= Sc, Y
THF/Ether
A . . -11
MCl3 + 4L1C6H5 —~:;Er———>-L1[M(C6H5)4] + 3LiCl1 (I-11)
M = La, Pr

The compounds were thermally stable but insoluble pyro-

Phoric solids and as a result their full characterization
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was lacking. These difticultieabwerg overcome

by the synthesis of tetrakis(2,6-dimethyléheny14lutetiate
(III).“ This was the first well characterized c-bonded
lanthanide derivative and its X-ray structure unequiv-
ocally showed that the metal is surrounded by a tetrahedral
array of ligands, making it the first known example of a
four-coordinate lanthanide-cémplex. The analogous
ytterbium complex was also Prepared, however attempts to
extend the synthesis to the large{ lanthanides proved
unsuccessful. Nevertheless the importance of sterically
demandihg organic groups is readily apparent. Utilizing °*
this concept several trimethylsilylmethyl substituted
lanthanides have recently been synthesized.45 egs., (1-12),

(I-13), (1-14).

THF
MC13 + 3L1CH251Me3 ————;-M(CH251Me3)3(THF)2 (I-12)
+ 3LicCl
M = Tb, Er, Yb
2L
M(CHySiMes) 3 (THF), + LiCH,SiMe; — (I-13)

[Li(L)4][M(CHZSiMe3)4]

M =Y, Er, Yb; L2 = MeZNCH CH.NMe

2772 2
M =1Y; L = THF

. . THF . .
MCl3 + 3L1CH(SlMe3)2-—————>-[Ll(L)4][M{CH(SlMe3)2}3Cl]
+ 2Licl (I-14)

M = Er, Yb; L = THF
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A different approach was to use the cyclopentadienide

3

moiety to occupy coordination sites around the metal and

thereby reduce the reactivity of the o-bonded organo-

lanthanide complex. Thus Tsutsui et al.

46 synthesized

the compounds illustrated by eq. (I-15).

-
-

THF/Ether

(CSHS)ZMCI + LiR ——————————b-(CSHS)zMR 4+ LiCl (1-15)

-78°C

M = Ho; R = CECCGH5

M Sm, Er, Ho; R = C

3Hs

Once again the complexes were found to be thermally

stable, thus demonstrating that the alkyl- and aryl-

lanthanide bonds are not inherently weak.

Lappert et al. have extended the above reaction to

include an alkylaluminate as the alkylating agent, but

isolated interesting bimetallic derivatives instead of

the presumably anticipated alkyllanthanide complexes,47

eq.(I-16). :

1 .
5[ (CSHS)ZMCI] 5 + LiAlR

Toluene

——> [(CgHg) ,M(R,ALR,) ]

5) 2
+ Licl (I-16)

4

M Sc, G4, Dy/ Ho, Er, Tm, Yb; R = Me

M

Sc, Y; R = Et

L "

The ¢
wai est

crys

tron Jd-ficient dialkyl-bridge in these compounds

ed by 1H and 13

C NMR data and by single

-ray analysis of the yttrium and ytterbium
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~7

com'plexes.‘-"‘8

Somewhat analogous electron-deficient bridged species

were obtained by Marks and Grynkewich49

in_their synthesis
of lanthanide tetrahydrobgrates, eq. (I-17). The bonding
THF
(CSHS)ZMC1 + excess NaBH4 —

(I-17)

(C5H5)2M8H4-THF + NacCl

M = Sm, Er, Yb

mode of the tetrahydroborate moiety was assigned as
tridentate in the samarium but only as bidentate in the
ytterbium complex, showing once again the influence of
the lanthanide contraction on coordination number in
this area of chemistry.

Usina the bimetallic complex of eq. (I-16), Lappert
et al.so found an interesting new route to the (C5H5)2-
MCH3 complexes previously synthesized by Tsutsui,46
(eq. (I-18). However, as indicated in eq. (I-18), a

Toluene
2[(C5H5)2MMe2AlMe2] + 2py —mMm— kI-lg)
[(CSHS)ZMMelz + 2A1Me3;Py

M = Y, Dy, Ho, Er, Yb

single crystal X-ray study established methyl-bridged
T

dimeric structures for the complexes instead of the

monomeric formulation originally assigned by Tsutsui.

Although the formation of associated species is under-

standable in this case in terms of the desire of the
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lanthanide ion to achieve a high coordination number,
nevertheless the preponderance of electron-deficient
bridge formation in these alkyl complexes is, at first
sight, surprgsing. It indicates, perhaps, that the
chemistry of these organolanthanides will find closer
similarities to organoaluminum chemistfy than anticipated.
Bimetallic complexes containing direct lanthanide-
main-group element bonds have also recently been synthesized

by Schumann,51 eqgs. (I-19) and (I-20). These molecules,

THF

(CSHS)ZMCI + LiM (C6H5)3 —:;;:>-(C5H5)2M - (1-19)
\ .
M (C6H5)3 + LiCl
M = Er, Yb; M' = Sn
M = Er; M' = Ge
[ ’ b
THF N
Mc13 + 3LiM (C6H5)3 —3» MM (C6H5)3]3 + 3LiCcl (1-20)
M = Nd, G4, Er; M' = Ge
M = Pr, Nd, Gd; M' = Sn
S

like most other organolanthanides, are thermaliy stable
but extremely air sensitive materials.

The chemistry of the c-bonded ianthanide derivatives
just like éhe cyclopentadienide and cyclooctatetraenide
complexes, centers almost exclusively on the 3+ oxidation
state. A few attempts however have been reported concern-
ing divalent lanthanide ions. D. F. Evans et aZ.52 were

N\
first to synthesize such complexes. The direct reaction
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of lanthanide metals with alkyl and aryl iodides in
tetrahydrofuran resulted in the formation of RMI (M =

Eu, Yb) type species. Although characterized only in
solution, the"magneti§ susceptibility data, analytic
procedures, and typicaI‘Erignard-type reactions all
supported the above formulation. Somewhat better character-

'ized solid complexes. of sz+ were synthesized by Deacon
53 ‘

et al., eq. (I-21). The complexes are exceptionally
THF |
HgR, + Yb — R,Yb°nTHF + Hg+ (I-21)
R = C6H5; n = 4
R = CECCGHS; n=290

air sensitive and for the Phenylacetylide derivative an

[

&

. associated structure is postulated.

Athough not strictly in the realm of o-bonded
derivatives a recent report by W. J. Evans et al.s4
describes a very élegan; approach for the synthesis of
low oxidation state lanthanide complexes. These authors
describe the cocondensation of lanthaniée metals with

not easily reducible organic ligands, specifically

l1,3-butadiene énd 2,3-dimethyl-buta-l,3-diene, eq. (I-22).

M(atom) + diene — M(diené)x

-196° ¢
M = Er, Nd, Sm, x = 3 and diene = C4H6
M = Er, La; x.= 2Zgqand diene = (CH3)2C4H4
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and the La derivative appears to be the first paramagnetic

22.

organolanthanum complex. Althouéh.tho bonding and
structures of these complexes is far from clear it
appe;rs, based on these results, that a wide varieﬁy of
organic ligands not seriously considered in the past will

be able to interact and form isolable and highly unusual

organolanthanide complexes.

3. Comments on Bonding

It has already been indicated in reference to the
cyclopentadienide lanthanidé‘complexes that the meial to
ring bonding is largely electrostatic.ls-l? Although,
1’-‘ischer27 has suggested a significant covalent component to
the bonding in the tricyclopentadienides, this has not
been substantiated by other studies nor accepted by other
workers. Concerning the cyclooctatetraenide derivatives,
the bonding also appears to be largely electrostatic, in
contrast to the covalent bonding found in uranocene.11

In this section only a representative set of studies
will be included to illustrate the manner in-which f-
orbital contribution to bonding has been considered.

First, let us look at uranocene and related compounds.
In the girst preparation of uranocene it was proposed that
the interaction of 5f-orbitals with ligand n-orbitals is
responsible for the charge-transfer spectra observed
in the visible region, and for the stability of the

molecule toward weak acids and degassed water.35

In support of this proposal Streitwieser
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and Harmon prepared uranocene with hydrocarbon substit-
uents on the rings and noted shifts in the visibile
spectra as a function o‘ olcctrén donating ability of

the alkyl substituentl.ss 56

Edelstein et al. examined
the magnetic data for uranocene, the analogous neptunium
and plutonium complexes, and some alkyl substituted
uranocenes op the basis of molecular orbital calculations
which involved substantial mi‘ing'of ligand n- and metal
f-orbitals. Similar conclusions were reached by Edelstein
et aZ.S7 bagsed on the 1H NMR spectra of Qranocene and
its tetramethyl substituted analogue. The large upfield
shifts in the spectra were shown to be the'resu!% of
large positive net contact shift for which the most
pPlausible mechanism was assigned to charge transfer_ from
filled ligand m M.O.'s to vacant.metal f-orbitals.
Finally, there is data from the photoelectron speézrum of
uranocéne. Its intgrpretation by two groups suggests
f-orbital involvement and also, previously not considered,
involvement of 6d-orbifals: r39

Similar approaches to the above have been used in
looking at various organolanthanide complexes. The use
of absorption spectra in determining the ability of
the ligands to split the 4£" multiplet terms has
60

received varied interpretation. Fischer and Fischer

interpreted the large 4f12 multiple?"éplittings in the
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room temperature spectrum of TI(CSIS)’ as being the result
of direct involvement between the 4f-orbitals and symmetry-
allowed combination of ligand M.O.'s. HNowever,

Pappalatdosl

examined the spectra of the same compound
down to liquid helium temperitures and concluded that
the splittings found for 'rm(CSHS)3 were not exceptional

but nevertheless were larger than usually observed in
o
aquo systems. In addition Pappalardo et al. have also

62

looked at the tricyclopentadienides of erbium and

ytterbium63 (and base adducts) at liquid helium tempera-
_tures enabling them to reach the conclusion that the " ’
electron configurations of the tripositive ions are
relatively unperturbed and that the bonding is largely
electrostatic: Nevertheleés, there were some relatively
large splittings that could involve weak covalency; and

for the ytterbium complex an electron transfer band in

the visible regioq‘was assigned as a ligand-to-metal

charge transfer which would indicate at least some degree
of overlap of ligand and metal orbitals.

Another feature of the absorption spectrum used to
assess f-orbital par}icipation‘in bonding is the pOsition
of the J levels relative to those in the aquo ion. The
changes in band position (or nephelauxetic effect) can be
related to covalency in the metal-ligand bonding as they

reflect changes in interelectronic repulsion parameters.64

65

Based on the small shifts Nugent et al. concluded that
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AL

the degrge of covalency in the metai4ligand bonding of

all tricyclopentadieﬁldg derivatives @f the lanthanide

metals is at most 5% mofe than in SP‘ correspondiﬂg aquo ions:
Other evidence suggesting a ﬂ?gh degree of electro-

static character in the bonding comes from magnetic data.

For the lanthanide tricyclopentadienides the effective

magnetic moments were found to be very close to the

free ion values and temperature independent.15 Also the

mono- and bis (cyclooctaterenide)lanthanide complexes

were observed to have moments only slightly reduced ffom

11

the free ion value. No attempt was made to attach

significance to these small differences. A molecular

orbital approach was used twice by Warren66’67

to interpret

the limited magnetic dath for Ce(Cyg In both

Hg) 5 .
calculatiézs the 4f orbitals appear .to have little involve-
ment‘with the ligand n-orbitals, while in the second
calculation there is some indication of utilization of

5d orbitals.

Thus, the spectral and magnetic data are in accord
with thé idea of well shielded 4f-orbitals unable to
participate in metal-ring covalent interactions. However
there is gathering evidence, based on molecular orbital
calculations, that these complexes midht possess small,
but significant, covalent bonding components through
ligand-5d orbital mixing.

The reactivity and physical properties of organo-

lanthanide complexes as shown here also support the
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. largely electrostatic bonding formulation in contrast to
the actinide(1V) complexes‘discussed. As can be seen,
the degree of covalent bonding in organolanthides is
difficult to assess. The 4f-orbitals do not appeal to

. ’
be sgrongly involved in bonding, on the other hand,

these orbita}s contain the electrons whose propertie

are most readily observed and from which bonding c*b—
clusions are in turn drawn. Thus, the synthesis of ne
compounds will allow comparison of chemical and physical
properties with existing compounds giving a greater basis
from yhich to draw information; possibly produce

comp‘es with new and interesting chemical and physical
propertiesh(VOlatility, reactivity, etc.); and provide

a more complcrte understanding of organolanthanide chemistry.



CHAPTER TWO

SYNTHESIS AND PROPERTIES OF THE
MIXED SANDWICH COMPLEXES (CSHS)M(CBHB)’
1. Introduction

From Chapter I it‘is c ;f that a wide variety of
organolanthanide cémplexes Zjn be obtained employing the
cyclopentadienide and cyclooctatetraenide ligands. It
is evident that the organometallic chemistry of the
lanthanides can be further explored with the synthesis
of neutral mixed sandwich complexes involving the two
classes of ligands.

In this chapter the synthesis of (cyclopentadienide)-
(cyclooctatetraenide)lanthanide (1II) complexes for
representative members of the lanthanide series an
yttrium will be described. The properties gf the complexes
will also be compared to the analogous titanium and
scandium derivatives, which are the only othé&® compounds
known to contain both the nS—CBH8 and nS-CSHS ligands,

and to the organolanthanides containing the individual

ligands.

2. Synthesis
The two general routes employéd for the synthesis/bf

these mixed sandwich complexes are givén by equation (II-1).

27
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K Cglg (II-1a)
(csus)uc12-3'mr - THF ,-30° ,
M = Y, Sm, Ho,” Er, Lu
> {C.H,)M(C.H.) - THF
2NaC_H 8’8 575
5 5 Q\‘
[(caﬂa)mm-z'rn?]z THF,-30° (II-1b)
‘M = Y, Nd, Sm
} vacuum
(C,H,)M(C_H_) *THF - —3 (C,H,)M(C_H_) (II-2)
88 5°5 50°,1-2 hr 88 55 ‘

' Y
2

It was necessary to utilize the reactions shown in

both eq. (II-la) and eq. (II-1b) as a result of

the availability of the starting materials. 1In

Chapter I it was ﬁoted that Dubeck\et al.17 were unable

to synthesize,ﬁCSHS)MCIZ complexes; Eq (II-la), for the
larger lanthanide elements which precede samarium. Their
report did not include yttrium, but the similarity of

the ionic radiu§ of trivalent yttrium compared to tri-
valent holmium (see Table I), and the general similarities
of lanthanide chemistry compared to that of yttrium
suggested the preparation of (CSHS)YClZ; the preparation
proved to be successful. Similarly, Streitwieser et aZ.ll
did not indicate whether their synthesis of (C8H8)MC1
complexes could be extended to the later lanthanides.
The preparation of the yttrium mixed sandwich complex

was undertaken via Eq (II-1lb) by the in situ reaction of
s

(C8H8)YC1 with NaCSHS‘ The success of this route indicates



that“similar (CBHB)MCI complexes could be obtained
for other heavy lanthanides. Complete experimental
details will be found in the final Chapter of this thesis,
only an outline of the synthetic method will be given
belo;. .g

All the mixed sandwich.compounds prepared in this
‘study are pyrophoric and eXceedingly water sensitive.
This?necessitated rigorous exclusion of air and w;ter
from solvents and the reactants employed. It was also
necessary to work under an atmosphere of scrupulously
purified nitrogen employing standard‘Schlenk techniques.71
A douﬁle manifold (vacuum/ni;rogen) wés also standard

in order to facilitate manipulations. Modification of

any procedures to enable handling these very air sensi-

tive compounds will also be discussed in the final Chapter.

For preparation according to eq. (II-la), a solution
of dipotassium cyclooctatetraenide was added dropwise
to a tetrahydrofuran golution of the appropriate dichloro-
(cyc10pentadienide)lanthanide(III) complex at about
-30°C. The temperature was maintained near -30°C for
1-2 hrs after addition was complete and then allowed to
slowly warm to room temperature. After a total reaction
time of 15-18 hours (he precipitate; potassium chloride
was removed by filtration. The clear filtrate was then

concentrated in vacuo to the point of crystallization

and hexane was added. Cooling at —?O°C for up to 36 hours
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produced well formed crystals..hich were isolated by
filtration and identified as the tetrahydrofuran adduct
of the neutrai mixed sandwich complex. .This indication //}
of Lewis acid béhavior provides the subject matter
for Chapter III. The tetrahydrofuran is readily removed
by vacuum drying at lO‘.3 ‘MmMHg  ang 50°C }.ea:ing the
unsolvated, neutral mixed sandwich complex. Employing
essentially si?ilar experimental procedures but start-
ing with (CBHBXMCl, EqQ (II-1b), mixed sandwich complexes
of the early lanthanide elements also became accessible.
Although the reactions represent simple metathetical
displacement of the chloride.by the anionic carbocyclic
ligands, the pPreparations are Plagued with undesired
side reactiono Oor possibly disproportionation of the
(CBHQ)M(C ) THF complexes (for instance M(CSHS)3 was
sometimes obtained). A thorough discussion of the
problems associated with the preparation will be given
in Chapter 1V. Suffice it to say here that the isolated

yield of pure, unsolvated complexes is poor (of course ¥

)‘..
the removal of the coordinated THF molecule is quantita-
tive). The yields are in the 35-48% range for Y, Ho,

Er, and Lu, while for samarium, a particularly trouble-

oome metal, only after several crystallizations could

the pure (CBHB)Sm(CSHS) be obtained and then only in

about 6% yield. Furthermore it was also noticed that

the isolation procedure was more difficult and final
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yields even lower when the preparative method of Bq (II-1b)

was employed. This method thus was abandongd

a4 preparative route to the mixed sandw cp complexes of
the heavier lanthanides.

The formulation of these organolanthanide complexes
as indicéted in Eq (II-2) is sSupported by a combination

of spectroscopic metﬁods, mass spectrometry, and elemental

analysis.

3. Results and Discussion \

i) Physical Properties

Itlappears from the representatijve compounds syn-
thesized that the (cyclooctatetraenide)(cyclopenta—<
diehide)lanthanide(III) complexes could be prepared >
for any member of the lanthanide series as well as for
yttrium. As already mentioned, all the complexes are
very air and moisture sensitive, and Lewis acidic
behavior 1is suggested by virtue of isolation of tetra-
hydrofuran adducts. The THF, however, can be readily
removed‘by vacuum drying. Quali%atively it appears that
the removal of coordinated THF is more facile than in
the case of the M(C5H5)3-THF complexes. All the compounds
are thermally stable up to 120°C in vacuo. Furthermore
the yttrium and lutetium complexes can be sublimed

readily, the former at 100°C and 10-3 mmHg and the

latter at 115°C and ;0_4 mmHg . These are not the
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minimum conditions for sublimation since slow sublimation
at 80°C and 10™* mmig has been found to yield well
defined crystalline products for both confplexes. Pro-
longed heafing, hoveve?, does result in significant
decomposition. None of the-other complexes could be
sublimed, though rapid sublimation up to 215°C were
attempted. This behavior is in contrast to the tri-
cyclopentadienides of Birmingham and Wilkinson15 which
were sublimable typically at 200-230°C and 10”4 mmHg .
Whether the considerable ease of sublimation of the
yttrium and lutetium mixed sandwich compounds is reflected
ih:solid State structural differences compared to the
M(CSHS)3 and the other (CBHB)M(CSHS) complexes will

have to await X-ray structural determination. On the
other hand, thermal stability and even volatility cannot
be taken as sole evidence for significant covalent metal- ,
ring interaction. As noted the M(CSHS)3 complexes do
sublime but have been shown to be largely ionic. 1In
addition, Streitwieserll has shown that K2C8H8, a

most assuredly ionic compound, can also be sublimed.
Finally, the mixed g@ndwich complexes are moderateiy

soluble in basic solvents such as pyridine and tetra-
hydrofuran from which the base adduct can be crystallized,
exhibit low solubility in toluene and benzene, and are

insoluble in hexane. The complexes are decomposed by

’methylene chloride and carbon disulfide.



- B e e 1 S A S s S % B g = T

ii) Infrared Spectra

Infrared spectroscopy has proved to be a valuable
tool in examin}ng the mixed sandwich complexes. The data,
as will be shown, can be used to obtain information
concerning the mode and type of bonding that exists
between the two carbocyclic rings and the central lan-
thanide ion.

In Figure 1 the spectra in the 600-1600 cm_1 region
for an early (neodymium) and late (holmium) lanthanide
complex along w;;h that for (CBHS)Y(CSHS) are given.
Table 3 lists the infrared absorptions in the same region
for all the compounds studied. Inspection of Figure 1
and Table 3 shows a good correspondence in position and
relative intensity of the absorption bands for“the
members of the lanthanide series and yttrium indicating
that the overall molecular structure of all the complexes
are closely related. The significance of the number,
position, and intensity of the bands will now be dis-
cussed.

A substantial amount of data has been collected by
Fritz relating the number of bands and band positions
.in the infrared spectra of metal complexes of carbocyclic
rings to the mode of bonding bet;een the Can ring and

3

the metal.7 The approach suggested by Fritz has been

19,69,72,74,75

utilized by a number of investigators and

has also been recently reviewed by Maslowsky76 who also

*
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Figure 1: 1Infrared spectra of (CSHS)M(C8H8) Complexes;

M =Y, Ho, N4. Recorded as mineral 01l mulls.

*
mineral oil.
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considered the relevance of new data.

Let us first consider this approach in relation to
the C5HS ligand. The cyclopgntadienyl ligand can bond
to a metal iw a monohapto(nl-csﬂs)'or'pentahapto(ns-csﬂs)
fashion. 1In nS-CSHS complexes we can further distinguish
ionic and covalent bonding .between the cyclopentadienyl
moiety and the metal. 1In purely ionic qupounds one can
reasonably approximate the ligand as free CSHS- possess-
ing D5h symmetry. However, when complexed to a metal
with strong covalent interactions, as (nS-CSHS)M, the
whole CSHSM f;agment must be considered and the s mpQtry
is reduced to CSv' It is of course logical to asZ::}
that for a real molecule the spectral features expected
for the covalent MCSH5 model will be displayez;more

strongly as the covalent nature of the metal-C_H bond

5°S
increases. In complexes where the actual symmetry may
differ from CSV' the local symmetry of the (nS-CSHS)M
moiety (i.e., C5v) is applied to the discussion of the
infrared spectra.73'76

| For DSh symmetry there are four normal modes of
vibration which are infrared active for the cyclopenta-
dienide anion. These are the asymmetric C-H stretch,
va(C—H), the asymmetric C-C stretch (or ring breathing
mode) , va(C—C), the in-plane C-H bending, §(C-H); and
the out-of-plane C-H Lending, Y(C-H). Vibrational data

for typical ionic cyclopentadienide complexes are collected

in Table .4.
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Table 4. Infrared Active Modes for Some Ionic Cycg‘ég;?;
. pentadienide Complexes®’P "fff .
Normal Mode KCSHS nbcsns sr(csus)u » BA (( Sn’s’a"f'
T
Vg (C-H) 3048 3030 3077 3065 -
v, (C=C) 1455 1501 1435 B 1435
8 (C-H) 1009 1011 1008 1009 ’
Y (C-H) 702 696 739 .fjs'i

T -

H

a . . -1
. Frequencies jn cm

b Daia from Ref. 76.
A
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As the strength of the metal-ring interaction increases

the metal and the CSH5 ligand must be considered together

as the (nS-CSHS)M fragment. The symmetry is CSV and

the CgHg moiety will give rise to seven active normal modes
in the infrared. These are, in addition to the four

modes already mentioned for the ionic cyclopentadienides,
an additional out-of-plane C-H bending,’ y(C-H), a symmetric
C-H s?retch, vsCH, and a band near 1100 assigned as a
symmetric C-C stetch, vs(C—C), by Maslowsk‘y76 or as an
out-of-plane bending vibration, y(C-H), by Fritz.73 Thus
based on the number of strong vibrations observed in a
metal-cyclopentadienyl complex, Fritz deseribed the
metal-ring bqnding as ionic or covalent. In the C5V
covalent c~mpounds he has also made further. distinction
between "centrally-o-bonded"” complexes and "genuine
n-complexes”. Tables 5 and 6 give some examples of the
complexes that Fritz assigns to the above two classes.
It seems that a more appropriate way to look at the

P

infrared data in Tables 4-6 is to assign Rb(CSHS) as
representing the extreme of ionic bonding and to take
Ru(CSHS)2 as the extreme for covalent bonding with the
remaining complexés comprising a gradual, more or less
continyous variation in bonding betweenlthe extremes.

It is apparent from the Tables that although the majority
of the vibrational modes vary in a relatively‘narroﬁ

-

Yange, three of the bands change-in a systematic way with

4



Table 5. 1Infrared Active Modes for Some "Centrally

o-Bonded"” Cycloﬁentadienide Complexesa'b
Normal Mode LiC_H.2 NaC_H_P Mg (C.Ho) P ca(c.H.).C
575 575 5752 5752
va(C—H) 3048 3048 3067 3078
vs(C-H) 2906 2907 2913 2963
va(C-C) 1426 1422 1428 1433
vs(C—C) 1120 1144 1108 1122
8 (C-H) 1003 998 1004 1909
Y (C-H) - - 779 780
Y (C-H) 746 712 758 751
a 1 :

Frequencies in cm .
b Data from Ref. 73.

¢ Data from Ref. 77.



Tdble 6. Infrared Active Modes for Some n-Bonded

Cyclopentadienyl Complexesa'b’c

Normal Mode (C.H.)Ticl, (Cs¥8)™  Fe(c_H.), Ru(C.H)
5°% 3 5752 575’2
V(C,H,)

v, (C-H) 3058 3039 3086 3097

vg (C-H) 2941 29089

v, (C-C) 1435 1421 1408 & 1410

vg (C=C) 1124 1108 1104 1101

*

§ (C-H) 1017 1012 1001 1002, .
Y (C-H) 816 818 854

Y (C-H) 797 803 814

a Assignments made for C5v local symmetry.

. . -1
Frequencies 1in cm .,

c Data from Ref. 73.
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the nature of the metal-ring bond. As the ionic character
of éhis bonad increasé; the y(C-H) frequency falls and is '
found below 800 cm-l, af?the same time the va(C-C) vibra-
tion appears to increaseiﬁﬁ frequency although the change
is not as reqular as the variation in Yy(C-H). The other
important feature is the band near 1100 cm-l, absent by
symmetry for the D5h ionic extreme, very weak in largely
ionic compounds it is a strong featureﬂin complexes
such as ferrocene. The diagnostic value of these frequencies
is clearly indicated. However, the form of the correla-
tion between percent ionic character and band position
and intensity is not known. Only qualitative arguments
can be drawn concerning the bonding based on infrared
data.

It is to be noted that the data given in Tables
4-—6“&3 for the main bands in the Spectra. There are
‘additional weaker bands which can arise from solid state o
effects and also from coupling of vibrations in the .
complexes with more than one ring. Nevertheless, the
observation of a simple infrared‘spectrum featuring only
a few strong band; can be taken to indicate symmetri%?l
bonding expeéted for an nS—CSH5 ring. Contrary tokthis
an (nl—CSHS)M system, which can at best have Cs symmetry,
is known to have a very rich and complex spectrum, there

are twenty-four allowed normal modes of vibration from
LS

the CSHs group itself. The distinction between ns- and
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nl-CSH5 is a relatively easy task indeed. Caution should
-be exercised however when solid state structural infer-
ences are made from infrared data. A case in point is
the tricyclopentadienide derivatives of lanthanides.
Table 7 lists the complete spectra. Although soﬁewhat
co licated, the simple v (C-H) region, the absence of
a relatively strong v (C=C) band and the appearance of
strong absorptions in regions previously ascribed to
pentahaptocyclopentadienyl ring vihrations can be taken
as evidence for predominantly symmetric metal-ring inter-
action. The largely electrostatic character of this
bond is suggested by the low frequency of the y(C-H) vibra-
tion; and the weak vs(C-C) band at 1120 cm-l, a conclusion
which is in accord with the magnetic and electrenic
spectral data and the reactivity of the complexes discussed
in Chapter 1. However to suggest that the data is
consistent with a solid state 7tructure comprising iso-
lated M(nS-C5H5)3 molecules of D3h symmetry would be

foolhardy at best. Indeed the structure of tris(methyl-

cﬁclopentadienide)neodymium(III) has been determined.78

Each Nd+3

ion is surrounded by three nS-C5H4Me rings and
an nl-C5H4Me moiety which is simultaneously ns-bonded to
another neodymium ion thus bridging two lanthanide ions
together and creating a polymeric solid state arrangement.

That the nl-ring-metal bonding is due primarily to ionic

rather than covalent bonding is suggested by the equivalence
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Table 7. Infrared Spectra of M(C5H5)3 Complexes

a,b,c

44.
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M= Tb Ho Tm Lu Assignment
3077w 3077w 3072w 3072w v (C-H)
2941w 2941w 2915w 2937w
1658w 1656w 1656w 1669w
1443m 1443m
1435m 1435m 1439m 1438m v, (C-C)
1351w 1351w 1353w 1357w
llZPw 1120w 1119w 1119w
1063m 1066m 1065m 107 2m

1057m
1006s 1005s 1009s 1007s 8§ (C-H)
887m 887m 890m 890m
842m 841m 84 5m 855s
798s,br 792s ,br 794s,br 800s,br
770vs,br 771vs,br 774vs,br 776vs,br Y (C-H)
622m 621m 625h 620m

a

b Frequencies in cm-l; abbreviations, see Table 3;

br = broad.

C spectra recorded as mineral oil mulls.

values from Ref. 19



of the carbon-carbon bond lengths of the the cyclopenta-
dienide rings. Thus, as the authors point out, there
appears to be no significant'changes in the delocalized
electron system of the. cyclopentadienide rings which
might be manifeséed in bond length changes. Hence, the
app}ication of local C5v symmetry to the major infrared
bands is retained. The nl-coordination is ascribed to
the desire for neodymium to complete its coordinaiion
sphere.

A similar symmetry analysis can be applied to the
Caﬂa ring though a much more limited data set is avail-
able. Hocks et al.74 examined the vibrational spectra
for the bis(cyclooctatetraényl) compounds of uranium and
thorium. Thcugh uranium and thorium have been shown to
possess the DBh structure in the solid state the spectra
are again more complex in the 600-1600 cm_l region than
for the D8h cyclooctatetraene dianion as approximated
by the dipotassium salt (see Table 8). The out-of-plane
C-H deformation again seems sensitive to the metal-ring
bonding character. It was well established for uranocene
that a substantial degree of covalent character exists
in the bonding.

In the light of the data in Tables 4-8, the data
for the mixed sandwich complexes of Table 3 c3n be
re-examined. The assignmentsy listed in the Table appear

to be most reasonable based on the positions and

45.
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Table 8. 1Infrared Spectra for C8H8_Comp1exesa
-
xzcauab U(CgHg) , KICe (Cghg) 3¢ K[Y (CgHg),1% Assignment
—h
1431m v, (C-C)
1320m 1280w
1070w 1048s
1000w
880s 900s _  875m 892s § (C-H)
845w 880s
792m 790w
730w 740s
720w 706m,sh
684s 777m 670s 684s Y (C-H)
746s 662s

a Frequencies in cm_l; abbreviations as in Table 3.
b Data from Ref. 73.
Data from Ref. 74.

Data from Ref. 11.
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intensities of the corresponding bands of the model
compounds appearing in Tables 4-8. They receive further
support from the analogous (CBHS)M(CSHS) (M = Sc and Ti)
complexes where essentially identical assignments for

69,72 The structure

the major absorptions were made.
of the titanium complex is known to consist of two
parallel symmetrically bound carbocyclic ligands.79 As
expected from this structure, the infrared spectrum is
simple, being essentially a superimposition of the bands
expected from (nS—CSHS)M(CSV symmetry) and (n8-C8H8)M
(C8v symmetry) molecular fragments. The symmetry of

the whole molecule is of course less than the local

symmetry of the individual fragments which might explain

the appearance of some additioAal, mainly weak, bands.
Nevertheless, it is apparent that the local symmetry
approximation is largely valid in this case. A compari-

son of the infrared spectra for the titanium mixed

sandwich complex with those of the analogous lanthanide

and yttrium compounds quickly reveals substantial similarity
in the number of observed bands, implying that the
lanthanide mixed sandwich complexes also possess two
symmetrically bound carbocyclic ligands. Whether the
appearance of extra bands in the spectra of lanthanide
complexes is due only to the slight breakdown of the

local symmetry approximation, as mentioned for (C8H8)Ti-

(CcHg), or it is diagnostic of more severe solid
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state structural changes similar to the associated
structure found in Nd(C5!<I4CH3)378 must await the results
of X-ray structural work on representative coﬁblexes.

The major differences seen in the infrared spectra
when comparing the titanium complex to the lanthanide
mixed sandwich derivatives can be traced to the bands
that were shown b;fore to be diagnostic of the metal-ring
bonding, ionic or covalent. The absence of a vs(C-C)
band around 1100 cm—l, the low frequency observed for
the out-of-plane C-H bending mode in the lanthanide
and yttrium complexes are both suggestive of a substantial
electrostatic component in the ligand to metal inter-
actions. However the bonding may not be totally devoid
of covalent character. As can be seen in Table 3, the
out-of-plane C-H bending mode of both CSH5 and C8H8
ligands are split into two strong components indicating
perhaps a relaxation of the DSh and D8h selection rules

that would govern free ionic CSHS- and C8H82- moieties,

*
thereby suggesting some covalency. The frequency of
*

We cannot strictly rule out solid state effects as being
responsible for this splitting, the fact that they are
observed in both Ti and Sc complexes seems to mitigate
against this. Nevertheless, it should be noted that-split-
ting of the y(C-H) band was observed in M(C_.H_)

57°5°3
of the lanthanides, Table 7, which are known to have poly-

complexes

meric structures. Solid state association of the mixed
sandwich complexes also would be expected based on their
Lewis acidic character. The need for structural work on

these complexes is clear.
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Y
this mode for the C8H8 ring is, as expected, higher than
in the anionic M(C8H8); lanthanide complexes, Table 8.

80 shows it

The crystal structure of the cerium compound
to consist of two planar, symmetrically bonded eight-
membered rings. Although the properties of this and
related compounds were taken by Streitwieser to indicate

67 have argued based

largely ionic bonding, Clack and Warren
on M.0O. calculations, that there is some ligand-to-metal d
orbital mixing in the metal-ring interactions. Accepting the
validity of ‘he calculations, based on the infrared results
it is likely that orbital overlap between the metal and the
C8H8 r}ng is also occurring in the mixed sandwich complexes.
Another interesting piece of information that has relevance
to the bonding, comes from the variation in frequency of
these out-of-plane bendihg modes on going from Ti to Sc

to the lanthanide mixed sandwich complexes. It is

apparent from Table 3 that for the CSH group vibration

5
there is no change from Ti to Sc and then only a relatively
small drop in frequencies for the lanthanide derivatives
(although one of the components of the band experiences

a larger decrease at least for the lighter lanthanides),
whereas for the C8H8 moiety there is a more substantial
dr‘% between Ti and Sc but thereafter the band 99§£fi°n
remains remarkably constant. A speculative rationale

for this trend can be obtained by ’ooking at the bonding

81,82,83

and electronic structure of (CSHS)Ti(C8H8) and
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(CSHS)SC(CBH').B‘ Figure 2a shows the M.O. diagram for

the titanium complex according to de Liefde Meijer,a‘

while Figure 2b shows the most probable metal-ligand
interacaon'f ‘Also shown in the Figure is the symmetry allowed

metal f orbital—CBH8

82

interaction. Based on photoelectron

spettral data Green has concluded that the M.O.'s of §

symmetry are of major importance for the bonding between

early transition metals and C8H rings (overlap of metal

8

dx2—y2' dxy and ring e, orbitals) whereas for the bonding

2

between five-membered rings and the metal the most
important contribution comes from M.O.'s of n—symmetiy

(e1 orbitals of the CSHS ring and metal d dyz orbitals).

\

They have also concluded that these m orbitals are mainly

xz'’

ligand g character. This of course is apparent in the
M.O. e of Figure 2a which shows the C8H8 e, orbitals
closer in ehergy to the metal orbitals than the e,

orbitals of the C5H5 ring. Thus a change in metal orbital

energy will have a greater effect on the charge of the

C8H8 ring than on the charge of the CSHS ring. This has

been verified by de Liefde Meijer'et al. from ESCA measure-

81

ments on the Ti and 5084 complexes. They find that

whereas the charge on the C ring remains the same,

sfs
the charge on the C8H8 moiety has increased on going
from Ti to Sc. This is exactly the effect that would

have been predicted from the infrared data, i.e., apparently

no bonding change between the metal and CSHS ring but



Sl.

.

op,, ™M (M=)
®

-2 . —— ‘
-— P
> -4+ et
© 3d____ .
— .6k = o +
p S 45 —l L. ‘“ﬂ'
S -8F e
g aof Tt
w — - ---- Y

-12F SL —

14k a

14 - e

\}
b)
@ ’ v
u®
ilf‘gond -°’l:' . ‘_», Ligon& % Ligand oy
Metal dxz, dyz Metal dx2-y2, dxy Metal fz (xz-yz),fxyl

Figure 2. a) Qualitative M.O. Diagram for a Transition
: | Metal (CSHS))‘!(CBHB) Complex.
b) Symmetry Allowed interactions between
~ Metal d- and f-Orbitals and Highest Filled
Ligand Orbitals.



increased ionicity of the nul-c.l. bonding. 'hot;mg
this correlation can be extended to the lwtm1“”xd
-and;;ch Complexes is not known. Indeed the lliéht .
decrease in the y(C-H) vibration of the Csns ring on
going from Sc to the lanthanides and the rise of one of
the components of thig frequency on proceeding from Nd
to Lu while the C8H8 ring frequency remains .constant'
already point’out some difficulties with the simple mod;l.
Furthermore it is not our intention to imply that the
bonding in the lanthanide mixed sandwich coqplexcs is
éven as covalent as in the scandium compound. However

it will be shown ;Qat further spectral pProperties of these
»

complexes seem to.h..ln accord witﬂ\tgf gteatﬁf i lve-

L4

-

ment of tho :}ng orbitals with the lanthanide®™ons

as compared t&e interaction with the CSHS ring orbitals.
Of, course greater involvement need not mean less polar
M;Caua bonding. 1Indeed, as will be observed, the reactiv-
ity of these complexes points, not unexpectedly, to
greater charge density on the C8H8 ring than ‘n the CSH5
moiety.

In conclusion ghe infrared data indicate that
(CSHS)M(CBHB) complexes are sandwich type molecules
comprised of symmetricall} bonded planar five- and eight-
membered rings. The bondingfbetween the lanthanide jion
and the rings is largely ionic. Althowgh the evidence

is indirect the bonding seems nevertheless to possess some



covalent contribution most Probably through metal d ‘and

ligand orbital mixing.

iii) Mass Spectra

¢

o
As previously mentioned the yttrium and lutetium

complexes are readily sublimable, the other compounds
are volatile and stable enough to exhibit parent ions
in their mass spectra. The Observation of the parent
ions for all the mixed sandwich complexes provided
unequivocal evidence for their formation, and functioned
as an indirect measure of pufity with respect to volatile
by-products especially in regard to M(CSHS)3 complexes
which, as mentioned, sometimes contaminated the original
crude products.

Table 9 lists the fragments for the most abundant
metal containing ions and Figure 3 gives a paftial

fragmentation scheme for the holmium comélex supported

L

by observation of appropriate metastable peaks. A complete

listing of fragment ions will be giﬁen in the final
Chapter for some of the complexes.

The data in Table 9 suggest some differences in the
decomposition pathways for the mixed sandwich complexes
within the mass spectrometer. It is immediately apparent
that the relative abundance of the parent ion for the
neodymium and samarium complexes is substantially lower

than for the other members of the Table indicating lower

Lo + . .
stability of the C13H13M ion for thecfarly lanthanides.

53.



YL

Y L,

R

54.

‘uaA1h 3ou @anjexadway 30INOS g9 33U wWoaj eled

‘AD

0L = °@bejtroa mcﬁNﬂ:oHo

q

‘uUaATb jou @anjeiadwsl SOINOS (69 °JBY woIy e3eq,

- Vi A L 01> L1 00T gt
- 0z 81 S6 87 L 00T oS
eS0T ’ 81. LL 1L 0T 01 001 n
oSTT ¥4 1°6 16 144 b 001 13
00ET 92 01 LS 9¥ 0t 00T OH
0S8 9°8 9°8 €€ vy z°8 00T A

00S T 12 S 00T 0°¢ - sz ws
00LT 0z 11 00T 18 o> LY PN

P .mﬁoauwou:omg . JH wi® +zm=mu +zwmmo_ +zZ=:u +..z§:20 W
waxwamEou »m:muvzﬁmmmuv 30

v1309ds SSVW @9yl

U} s3udwbeli DBUFUTEIUCD TWISN IOfWW IO0F JDoUWpUNQY SATIBTI "6 STqRL



3 - .
. s J-M_—
. k] *

55

Ce

m* = 171.7 m* = 196.6 B8 8

Figure 3. »Par::.lal Fragmentation Scheme of (CSHS)HO(CBHB).
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Also, for M = N4, Y, Ho, ind Er there is no significant

+
gligh

fragments within each spectrum in contrast to M = Lu,

difference in the abundance 6:,{:}:. CJ;M*,and C

Sc, and Ti where CSHSM+ is relatively more abundant.
This difference is in keeping with the larger sizes of
Y and the lanthanides which would be expected to favor

bonding to the larger ring. The CSH M* ion is also much

more abundant in the samarium complex compared to Csuaut._

However, this may reflect the well known stability of

the 2+ oxidation state for the element, thus, decomposi-
tion via the neutral.CGHBM moiety w?uld be favorable,
and in the CSHSM+ fragment the samarium is formally in
the 2+ oxidation state. The same behavior will be seen

in Chapter ITI for the base adducts of the yttetﬁium

el

complex which also has a relatively stable 2+ oxidation
state. .
The differences noted above seem to point to a slight
gradation in properties as one proceeds from neodymium
to lutetium such that the decomposition pathway for the
relatively small lutetium 3+ complex more nearly resembles
that for éhe titanium and scandium complexes. The infrared
data might also be taken to suggest a similar variation when
looking at the out-of-plane bending vibration for the cyclo-
pentadienide moiety, Table 3. The frequency is lower for

the lighter lanthanides (Nd, Sm), and approaches the position

of (CSHS)SC(CBHB) in the lutetium mixed sandwich



complex.

The partial fragmentation scheme shown in Figure 3
also shows differences in proceeding from neodymium to
lutetium. The scheme in Figure 3 is identical for yttrium,
holmium, erbium and lutetium as indicated by observed
fragment ions and metastable peaks. However, for lutetium
the metastable peak for loss of C.H. from the parent ion

575
. . .. 69 68
18 considerably weaker. In the scandium

and titanium
complexes no metastable peaks are observed for loss of
CSHS from the respective parent ions. For neodymium
and-samarium the low abundance of the CllﬂllM+ fragment
suggests that decomposition in the mass spectrometer vig
loss of acetylene as shown in Figure 3 is less favored
for the early lanthanides. Also%,only metastable peaks
for loss of C8H8 and for loss of CSHS can be confidently
assigned. 1In Chapter III additional mass spectral data
will be considered to see if this difference in decom-
position pathway is still observed. Nevertheless, from
the limited data here coupled with the infrared data it
seem® reasonable to Suggest that the overall degree of
electrostatic charaQser in the metal-ligand bondihg for

the early lanthanides is somewhat higher than for the

later lanthanides and yttrium.

1v) NMR Spectra

Attempts to obtain 1H NMR spectra for the unsolvated

complexes of neodymium, samarium, holmium, and erbium have

57.
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so far proved unsuccessful. This is attributed to problems
caused by low solubility of the complexes and the presence
of, the paramagnetic center within the complex. To date

spectra have only been recorded for the yttrium and

lutetium compounds,. The data obtained are presented in,
Table 10 along with that tﬁg the scandium complex.éﬁiﬁ

A

example of the ly NMR iﬁgcyrﬁm.obtainable/for the diamag-
netic complexes is shbwn;in'Fiqure 4. The appearance of
two sharp singlets is consistent with an nB-Csﬂ8 and
ns-CSH5 ligand bound to the metal. The chemical shifts
for the carbocyclic ligands in both the yttrium and
lutetium complexes are essentially equivalent and are
in the expected region as quged by thelscandium data.

The 13C data obtained for the (CSHS)Y(CSHB) complex
deserves a few comments. As expected two resonances in
an approximately 8:5 £atio were observed for thiS'éompound,
the assignment of the resonances to the C8H8 and CSHS
rings being further secured by selective proton decoupling.
It was noted however in tﬂe original spectrum, recorded
at 15.08 MHz, that the signal due to the eight-membered
ring was a doublet, the five-membered ring being observed
as a sharp singlet. Since the yttrium n%cleus has a
nuclear spin of 1/2 in 100% natural abundance, the origin
of the doublet was assigned to 89y _13¢ coupling. To

verify this assignment the spectra were recorded gt 22.6

aiﬁw100.6 MHz. The doublet splitting remained constant

.
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Table 10. NMR Data for (CSHS)M(CSHS)"’b
M i NMR(ppm) 13¢' MMR (ppm)
Solvent ,Csﬂa CSHS “Cana CSHS

Y Tol-dg 6.25s 5.348 93.44° 108.1a€

Lu Tol-dg 6.248 5.298

scd cs, 6.37s 5.13s
aChemical shift relative to TMS.
bs = ginglet, 4 = doublet.
c - =

(8) (5)

d

Data_from Ref. 69.
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at 3.6 Hz. However, at 100.6 MHz the cyclopentadienide
resonance was also a doublet with 1.5 g2 sPlitting. fThijs
is a very Small value which isﬂreyond the resolution of
the other instruments and as a result ghe resonande\appeared
only as a singlet in the Previous spectra. The coupling
between 89Y and 13C is clearly demonstrated by these
meéasurements. ¢ is interesting to noté that the magnitude

of J is greater than g It is tempting to say
8

Y-C_H
that this observation further sSupports the Speculation,

Presented in the infrared section, concerning the greater
involvement of the C8H8 as opposed to the CSHS ring M.o.'s

with the metal ion. That the extent of metal-ligand

known J - The value ig 28 Hz in [Li(THF)4][Y(CH2—
SiMe3)4]45a which cobntains an Y-C o-bond, decreases to

. 47
12.2 Hz for the JY—Me in [(CSHS)zYMeZAlMeZJ where electron

deficient Y-C-al bridge bonding exists, and is barely

region expected for largely ionic cyclopentadienide and

cyclooctatetraenide moietijes.
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4. Conclusion

The low solubility of the mixed sandwich complexes
of the lanthanides and yttrium has limited investigation
of their chemistry mainly to work iffi donor solvents which
will be fully discussed in the following chapter, but
from the dat; obtained it is possible to gain some insight
into these compounds.

From the infrared and mass spectral data there
appears to be an indication that early members of the
lanthanide series differ from the later members and
yttrium. This is also suggested by the greater difficulty
in preparing the neodymium and samarium complexes.

Similar difficulties were encountered by Dubeck17 et al.

when they were unable to synthesize the (CSHS)MCI + 3THF

2
complexes for the early lanthanides. It has been mentioned
that the lanthanides have a strong tendency to obtain

high coordination numbers so it is not unexpected that

as the early, larger lanthanides are approached the
balance - of mainly electrostatic interaction and maximiza-
tion of coordination number may become more delicate.
Nevertheless, mixed sandwich complexes of the early and
late lanthanide elements and of yttrium can be synthesized.
The complexes appear to contain pentahaptocyclopentadienide
and octahaptocyclooctatetraenide rings similar to those

found in the analogous titanium and scandium complexes.

Although, the solid state structure may involve additional,



63.

mainly electrostatic, interactions such that well separated
monomeric units are not obtained. However, as shown by

the structure of the Nd(C5H4Me)3 complexes, these inter-
actions should not significantly perturb the ns- and ns—
bonding nfedes of the carbocyclic rings. Should this
assumption be valid for the mixed sandwich complexes also,
it seems reasonable to say that the data suggest a slight
decrease in the overall degree of electrostatic character
in the metal-ring bonding as one proceeds from the larger
Nd3+ cation to the smaller Lu3+ cation.

The properties obseYved for the mixed sandwich
complexes are quite similar to those of other organolan-~
thanides containing these carbocyclic ligands and are in
marked contiastl to those of uranocene. Although our
data has been interpreted to suggest some covalency in
tge bonding, there is, as yet, no evidence for significant
metal-ligand covalent interaction in organolapthanides

similar to the one which has been established for uranocene.



CHAPTER THREE

LEWIS ACID CHARACTER OF THE MIXED
SANDWICH COMPLEXES (CSHS)"(CBHB)'
1. Introduction
The ability of the mixed sandwich complexes of the
lanthanides and yttrium to function as Lewis acids was
indicated’in Chapter II by the initial isolation of
tetrahydrofuran adducts prior to vacuum drying to produce
the unsolvated species. This Lewilis acidic behavior was
not discussed for the analogous scandium and titanium
complexes, but has been found and investigated for the
tricyclopentadienide derivatives of the lanthanidesz-l'ze’:m-34
It was thus of interest to investigate the scope of
the Lewis acidic properties of the mixed sandwich com-
plexes. In this chapter we will report on the range of
Lewis bases that have been coordinated successfully to
(CcHg )M (CgHg) complexes and on the effect of adduct forma-
tion on the physical properties of the base free
complexes. A comparison between the Lewis acidic behavior
of the tricyclopentadienide and mixed sandwich derivatives

of the lanthanide metals also will be given.

2. Synthesis
The preparation of the Lewis base adducts 1is straight-

forward as shown by the general equations.

64
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R \ .‘" ) H " -
C - -
" ‘,,, . .
i Toluene "
( ll \ﬂfC'Ha) + oxcou . ———RJ-T——-> .
‘tlx A . | (111-1)
*\ ’ \ &
to Toluene °*
(CSHS)M(C H ) THP + excess L —W—_>

(111-2) &
(csﬂs)n(caua)-n + THF

Direct reaction of the Lewis base (L)‘gn toluene with the

unsolvated mixedjpandwich complex in toluene at room

temperature produces the base adduct which can then be isolated

by low temperature crystallization. Occasionally however,

this yielded powdery or microcrystalline products in,tead

of well formed crystals. 1In this manner represéntaﬁlve

compounds were prepared with the followiqg bages: tetra-

hydrofuran (THF), pyridine (py) ., pyridiﬂé-dsy(py—ds) [as

an aid in spectral identification], Gyclohexylisocyanide

(C¢H,NC), and 1,10-phenanthroline (l,lolphen){; Oﬁhér

bases attempted by this routé that did nob'yield isolable .

adducts were: 2,3-dichloropyridine, triethylamine

(NEt3), diethylamine (HNEtz), tri-n~buty;'phosphine

(P(n-Bu)a), triphenylphosphine (PPh3), dicyclopentadienyl-~

tin (Snsz), and triphenylphosphonium cyclopentadienylide

(¢3P CgHy) - ' AN
Another base which has been investigated was ammonia.

Dry ammonia was condensed onto the unsolvated mixed

sandwich complex at liquid nitrogen temperatured7hd the

formed slyry was then kept stirring at -50°C fdr one



as

to twg hours. The excess amonia was boiled off leaving

the base adduct which was further dried by passing a stream

of dry nitrogen over the complex. *

It was later found that the THF displacemqnt route,

eq (III-2), could‘equally well be applied to the synthesis

of base adducts of the mixed sandwich complexes. This

reaction also, works only with those bases which gave isol-

‘able adducts via eq. (III-la). Although it was more con-

venien 0 work with excess ligand, the reaction with
isogfanide and pyridine was carried out in seQeral inntaneea
with stoichiometric amouﬁts of the bases. The same adducts
were isolated in these cases too. Thus the THF‘dilplacg-
ment is genuine and represents &nf]pparent preference of
the mixed sandwich complex for isocyanide and pyridine over
the THF molecule, This is probably true for the other bases
as well.

¢

Because the THF adduct is now both precursor to the

base free mixed sandwich complexes and starting material in

. the base displacement reaction (eq. III-2), the synthesis of

this adduct was extended to the lanthanum, praseodymium, and

ytterbium metals in addition to those listed in Chapter. II.

It was in the ytterbium reaction that a by-product formulated

as Yb_(C_H,)., was also isolated. This will be discussed in
2'°'8°8°3 )

Chapter 1V. Due‘.g the very low solubility of the sz(c8u8)3

complex it was readilw separated from the des%ted (CSHS)Yb-

-4
(CBHB)'THF. In the praseodymium and lanthanum reactions it

became increasingly difficult to separate the degired mixed
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sandwich species from the by-products, and for lanthanum it

was not possible to completely purify the mixed sandwich

conplex( A similar problem w early lanthanides was
low yields of neodymium
and especially samarium mixed sand®ich derivatives were

alluded to in Chapter II whe

mentioned. Nevertheless, the complexes can be prepared with
varying degrees of difficulty in their purification.

The formulation of the base adducts as the ;ono-
ligand derivative (CSHS)M(Caﬂa)-L is supported by elehental

analysis, and in favorable cases by NMR data.

3. Results and Discussion

The Lewis acid-base adducts are, with the exception of
the 1,10-phenanthroline adduct, moderately soluble in
toluene. With 1,10-phenanthroline the ,maroons holmium add?ct
and green praseodymium cqulex precipitate from solution ;nd
are insoluble in all common organic solvents. Qualitatively
the adducts appear to be somewhat easier to hqndle in the
solid state than the base free mixed sandwich complexes but
this is most probably due to the well formed crystals
obtainable for the adducts which decompose ere slgtl; than? ;
the microcrystalline or powdery base ffee complexes. The
adducts are generally darker colored than the corresponding
base free complexes (colors and analytical data will be
found in Chapter VII). The change in color of the (CSHS)Yb_*
($H8) complex from deep blue to dark green upon formation

of the cyclohexylisocyanide adduct is the most vivid example

of this behavior. .



i) Vibrational %pectra

It is clear from the detailed discussioh given in
Chapter II that the most significant features }n the
infrared spectrum of this type of complex are the appear-
ance of three main bands in the 600-1600 cm-l region
assignable to the asymmetric C-C stretching hs(C-C)],the
in-plane C-H bending [§(C-H)], and the out-of-plane C-H
bending (Y (C-H)] modes of the CS"*S aﬂ‘ C8H8 rings. The
complete spectra will nog‘be given here but only Fhﬁ
bands noted above and pertinent vibrations arisingbfrom

the base. Some complete spectra will be given in the

4Expekimental section of the final chapter for identifica-

P l?’ . )
»t®oOn purposes.-

We first consider the tetrahydrefuran adducts.
Lanthanide complexes as well as their yttrium analogue§
‘readily form adducts with oxygen donors,2 thus it is not
surprising th;t the mixed sandwich complexes form
THF adducts. In Fiqure 5 the spectra for holmium,
yttrium, and neodymium complexes are compared. The
géﬁeral'similarity between the earlysénd late member of
the lanthanide series is again appareft. The close
correspondence for the yttrium complex again demonstrates
its structural relation to these organolanthanide complexes.
A co%parison to Figure i shows that tHe spectra are very
similar to the unsolvated complexes, the differences

residing only in the appearance of additional bands due
i .

¥



o) {CsHs)Ho(CqHg) - THF

b) (C5Hg)Y (CyHy): THE

T/

L 1 1 1 )| J
1600 ' 1200 800 600

cm’!

Figure 5: 1Infrared spectra of (CSHS)M(CBHB)'THF Complexes;

M = Ho, Y, Nd. Recorded as mineral oil mulls.

+ . .
mineral oil.
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c) (CsHs)Nd(CqHg)- THF " %
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to the base and small chaﬁges in the position of tho:e’
bands thatdare sengsitive to the metal-ring ihteraction.
For this reason the spectra again indicate an ns-qsus
and na-caﬂ8 bonding mode for the carbocyclic rings.

Table 11 lisés the position for the assigned frequencies
®plus two characteristic vibrations due to the tetrhydro-
furan ligand. |
‘ The'difficulty in purifying the lanthanum derivative
was mentioned above and leads to difficulties in obtain-
ing a clean spectrum. By recrystallizing the complex
from tetrahydrofuran the bands assignable to by-products
decreased in intensity but could not be eliminated: The
Yy(C-H) region for the CSH5 ring always ' ared toé
strong and too. brcad, thus the band pos:ﬁs fo'r the
lanthanum complex are not given in Table 11. |
For the remaining complexes no such problem occurred.
Having made the conclusion in Chapter II that there N
is a substantial electrostatic component in the metal-
ring bonding whi¢h is reflected in the low frequency of
thecout-of-plane C-H bending mode for the rings, it is
now possible to consider the effect of coordination of
THF on these bands. It would be re&sonable to assume
that as the mixed sandwich complex forms a Lewis base
adduct the amount of electron Zensity required from the

other ligands to satisfy the electronic demand of the

metal ion should:decrease resulting infhaté)ionic metal-ring
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bonding.“ Comparison of the data in Table 11 with that

for the respective unsolvated complex in Table 3 generally

reflects this expecta.tion. It' is le;n that, with the

exception of the lutetiu‘;n derivative, the frequency. of

the &xt—of-plane C-H bending mode of the COHB ring decr;ases

by approximately 15-20 cm *“upon adduct foma‘tion.

Interestingly however, the analogous vibrational mode

for the CSH5 ring remains relatively constant.

1t tfs appears that the bonds' between the metal and

the cyclic ligands retain their ionic character and if
”.'anything, onr the conﬁ#es up to erbium, are more ionic!

in the THF adduct than i‘n the base-free mixed sandwich

complex. This same effect of increasing degrees of ionic

character Gpcn add':?c.t fofmation with a’iwis base was

demonstrated for Ca(CSH_,’)2 and its THF adduct.77

It is
interesting that the spectral changes and the implied
charge variations on the rings are what would have bggn
predicted based on the speculative ideas presented in
Chapter 1II concerning the bonding in these complexes. It
was shown .that the 'ost probable metal-ring interactions
are between the metal 6d (dxz—y2' dxy) and the e, M.O.

of the C8H8 ring. Adduct formation should perturb this
interaction the most causing electron density to flow
back onto the CSHB ring, the charge on the CSH moiety

5
being less affected.
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The bands shown in Table 11 for 'rar are attributed
to ring stretching vibration’’’85 and are the most sensi-
tlve to coordination. They occur at 1067 and 908 cm =1
respectively in. free THP. THe decrease in frequency of
thege vibrations in the adducts represents a significant
but relatively weak M-0 interaction. The highest frequency
band usually shifts by 6-100 cm'l, the value observed
here of.ga‘_ 40 cm~1 b.gg at the lower end of this range. &
These ban ‘!‘ in the praaeodymlum and nesdymium complexes
‘ appear at lower ‘ quency than for the éeter lanthanides
and yttrium as seen in 'l'cble 11. 4!‘3}:13 gre‘et;r pre¥erence
for the oxygen ligand in the‘ early lanthanide members may
reflect increased hardness of the metal center relative v
to the later entries of the Table some strectural
change, or it may simply be a reflectlon of the decreased
ligand -ligand repulsion Created by the larger size of the
lighter lanthanides. Unfortunately the frequencies of these
vibrations are not generallly available for the THF adducts of the

)
tricyclopentadienide derivatives of the lanthanides which

would permit a c*a”the Lewis acid strength for

?
the two ‘types of organclanthanide complexes. However

in the Cp3Yb-THF24'27 coﬂalex the bands at 960 and 838

cm  are apparently aﬂ to THF. This would indicate a

»

stronger Yb-0 inter‘ion than+in the enalogous mixed sandwich

complex where the bands are at 1033-and 880 cm-l. This
of course is not sufficient to make a general statement
about the relative strengths of the two classes of Lewis

Y

acids. Although. the relatively easier removal of

4

r—
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coordinated THF fro? the mixed sandwich cénplexe- is in
accord with the above conclusion. It should be possible
. to get this information by extending the data to additional
bases common to the two series. Because Eq (III-2) shows
that some bases can readily replace THF the data should
also reflect this greater base strength relative to THF
by further lowering the frequency of the out-of-plane
C-H ben@ing modes. I
In.'rable 12 arecollected the data for the cycld'- . '
hexylisocyanide, pyridine, ammonia and 1,10—phenan€ﬂrqline
adducts. This represents the types_?prgse aﬁdﬂezrﬁ; ati;
have been isolated and will -be further discussed below
when considering-the reactivity of the mixed sandwf?&%{

L]

conpliexes, .

The ¢yclohexylisocyanide adducts were also'exteqsively
fnvestigated. The reason for this ig twofold. The adducts
represent interesting examples of organolanthanide complexes
because there exists a lanthanide to carbon o-bond in 4
addition to the symmetrical metal-ring Ponding. Further-
more the base hés been found to complex strongly to the
tricyclopentadienide derivatives of the %anthanides and

yttrium.27'28

Since the infrared spectra of these adducts
have been reproted, a meaningful comparison of the Lewis
acid strengths of the tricyclopentadienide and mixed sand-

wich complexes of the lanthanides is also possible. The
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. strength of adduct formation with the H(Csus)a‘CNCSHI1
complexes is evidenced by their ability to sublime
unchanged at 150-160°C. Within the mixed sandwich com-
Plexes it is found that the cyclohexylisocyanide can be
removed by vacuum drying below 100°C, and that none of
the complexes sublimed as the cyclohexylisocyanide
adduct. 1In the samarium case vacuum drying for 18-20
hour.’at room temperature removed the base as evidenced
by disappearance of the C-N stretching frequency, v (C-N),
at 2180 cmﬁl. Stronger metal-isocyanide bonding in the
case of the tricyclopentadienide complexes is clearly
indicated by these observations.

A different way of assessing the relative strength
of metal-isucyanide interaction comes from the analysis
of the'anfraned spéctra of the complexes in the C-N
stretching region. One way this can be understood is to
consider the free ligand to be a hybrid of forms A and

B. Although the free isocyani is ben} indicating a

§=C: + -
R R—N = C:

A B

Predominance of form A, upon coordination to a Lewis acid

. . . . : 8
form B and a linear 1socyanide moiety is usually favored. 6
In the absence of complicationsfarising from strong back

donation from the metal into empty n* M.0O's of the base, Q

the increase in v (C-N) upon adduct formation thus reflects
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the increased importance of form B and consgquently gives

_ 87
a measure of the strength for the metal-CNR interaction.

78.

For Lewis acids containing boron, aluminum and the _lan-
thanides, the isocyanide is expected to behave as a pure
0 donor and the simple correlation just mentioned between
v(C-N) and metal-CNR bond strength should hold. Fischer

and Fischer27

in their study on (C5H5)3M-CNC6Hll complexes
have treated the interaction as one due to purely o-
donation from the base. This study was extended by
von Ammon and I(anellakopu10528 to include, with the
exception of promethium, all lanthanide tricyclopenta-
dienide complexes. The variation in v (C-N) ih the

v,,

5)3M'CNC H | complexes can be seen in Figure §\ The

observation of the so called tetrad effect is interpreted

CSH

by von Ammon as an indication of partial covalent char-
acter of the M-C bond. In addition an-an;i}sis of thg
paramagnetic shifts of the Csﬂll protons apparently
indicates a small bending of the isonitrile group. Based
on these two observations the possibility of £ + n* back
bonding in these adducts was raised by these two research-

~

ers. However, a single crystal X-ray diffraction study

for the praseodymium88

complex indicates an essentially
linear isocyanide, C-N-C angle of 177.8 (1.6)°, with C-N

° o « . -
bond length of 1.11 A which %s consistent with the presence

5 AT -, e "-“vu - Fc',
) ;§§ture~WArly favors form
V% o .
idn ng,as a pure g~donor group..

» e

. * A s
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Figure 6: Stretching Frequefcy, U(NC)

cyanide Addurts:

("]°CNC6H11

[M] = M(C.H ; represented.as o§;'

a
53
[M] = (CgH IM(CgHg); represented as @

) . - -1
Free C6H11NC, V(NC) 2138 cm

a) Data taken from and displayed as in Ref. 28.
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Irrespective of the minor lubtlofiol in -otal-carbon\\\
bonding it is evidmnt that the base gn:actinq primaril N
as a q-donor, thus the relative acfd itronqth of tho;o \
organolanthanide complexes can be obtained based on the |
v(C-N) frequency of'the isodyanide ligand in the adducts.

The C-N stretching toquenc::a of the mixed iandvicﬁ‘

adducts are also presented in Figure 6. The frequencies

in every case are lower than those for the corxesponding

'tricyclopentadienide adducts. This 'gain indicates a

stronger lanthanide to isocyanide carbon bond in the
' /

latter complexes.

-

An examination of Fiqutc 6 also rovarls an interest-
ing variation in v(C-N) as the lanthanid® metal is

changed. Although our data are not as extensive as for

the(CSH M-CNC_H complexes and it is not yet appaﬁent

5)3 6711 |
o4 -
whether a variation paralleling that observed by von Ammon,

t 4
28 will be obtained, it is clear th,tfthe increase
*.

ip stretching frequency upon proceeding froff praseodymium

et al.

to lutetium is broken at samarium and ytterbium. A ‘
possible explanation for this may lie in the availability
of the relatively stable 2+ oxidatien state for these
lanthanide metals. The presence of reduéing carbocyclic
iigands coupled with the easily accessihle 2+ Pxidation

state can be said, in a simplistic and qualitative analysis,

-

to produce more M(II) "character” of the lanthanide ions ¢

8
in the Sm and Yb complexes than in the other compounds.

-

X

)

~
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Since the M(II) ion is le;g polarizing than the M(III)

ion the resulting metal-ligand inteéractions are expected _

' ‘“té'iq-weiker. 'This is reflected in the low v (C-N)

isocyaniae frequencies. The lower than 'exﬁected‘ values
-that are often, although not consistently,-oblerved for
the out-of-plane C-H benQ}ﬂg modes for the C.H and CgH é
rings with these two metals (Tables 11, 12} algo tend

to support the above suggestion, ’

Inspection of Tables 11 and 12 also reveals that,

~.as observed in Chapter II, there seem %o be increases

in - the frequency of the out-of-plane C-H° bending modef

of both C8H8 and. C5 5 rf;gs proceedlng from praseodymlum

to 1utet1um‘“br more apprOprlately it may be said that

the frequency of theso?v1bratlons on the whole is lower

for the lighter lanthgnide'fomplexes'(Pr, Nd, Sm)

than for the heavier lanthanxde mlxl//:::EY1ch derl"\\(\/f\\
tives (Ho, Er, Yb, Lu). Thls, as sugg ted in Chad!

}I, is in keeping with the expecté& sllght decrease in '

“the overall electrostatic‘character of the metal-ligand

bonding for the létter compounds.

The last point to consider for the isocyanide adducts)
relative to the respective tetrahydrofuran adduEts is .
whether the infrared data in Tables 11 and 12 cofrelate
with lheir apparent differences in base strength toward

the mixed sandwigh complex. Since the THF was Teplaced .

by the stronger o-donor, C6H11NC in this case, the



N

d ity\ fh the ring, decreasing in frequency as the

'lanthanide ion requxre- les..electron dfﬁ)ity from the

carbocycllc rings in the isocyanide adducts and th1- should

be reflected in lowér values for the out-of-plane C-

‘bending modes. This mode {empirically de-onstrated in

Chapter II;73 is.sensitive to the amount of electron

ectron dens1ty 1ncreases. Reference tp Tables 11 and 12
& -

shows that, although thisg seems to be: borne out in qeneral

(Y (C-H) for the CoH, ring'of Pr and Yb being the

exceptions), the changes in frequencies are rather e

E

small and at the threshold of chemical significance.

.

This of course is not Gery surprising. We have already

\

observed that the changes in the y (C-H) modes upon THF

. %

adducti formati:R althoudh detectable for the CBHB

wete finimal for the cyclopentadlenlde moiety. Since

ring

adding a base to the unsolvated complex certainly produces

.4 more drastic electronic change in the complex than

replacing one base by another, the changes in~¥requency of
the vy (C-H) modes for the rings are expected to be smaller
for the latter case. This is seen from the data in Tables
I and 12. It is clear that because of the small changes, a
ranking of the bases according to their bagse strenéth toward
the mixed sandwich complexes based on the position of

these vibrations is not feasible. Inde;d it is interest-
ing to mote that an oxygen dohor function (THF) can be

displaced by carbon (CNR) and nitrogen (Py, NH 1,10-phen)

3'

o

-



pointl again to the inctoased softness of th. compl

when reducing. highly polarizable carbocyclic ligands

‘

are present.

The few nitrogen bAse adducts listed in Table 12
were prepared only in orde; to see whether some nitrogen
donor ligands coﬁld effectively compete for a ;oo£dina-
tion site on the mixed sandwich complex. A
detailed discussion of éheir infrared spectra, comparable
to that for THF and CNCGH, alilducts, will not be given
due to the paucity of data.

- .

The assignment of the characteristic hasg'vibrations
was done by comparigon to literature values. Gill et
aZ.89 have looked atT;he spectra of numerous-?yridine
complexes notlng that most of the bands remain conftant
in the 600 1600 cm -1 region with the exception of the
band in free pyridine at 1578 cm™! which shifts towards
1600 cm.1 upon comatex formation. The three bands shown
for pyridine vibrations in Table 12 are yoderately strong
to strong bands which are easily obse{hég and the band
near ’%00 cm | 1s typical of coordinated pyridine. For
the ammonia adducts.thg lig7kd y}péétions also are
as expected. The N-H stretching frequencies in free
ammonia occur at 34;4~and 3336 cm—1 and éxpetiencé a

4

\
. -, \
‘ 83
‘balga in the present cc-ploxdl. The preference ocho. |
hard lanthanide fonc for oxygen liqaqdl is well recoggizoq, i
" the pre.ent'obietvation with.the mixeg sandwich complexes ™~
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90 Thil.il aa'obccrv.d in .

decrease upon coordination.
both Nd and Ho complexes. Again thé remaining vibrations -

| 28 __—
are strong ligand vibrationg which permit gasy character-

. ization of coordinated ligand ds these appear in regions

typical of complexes involving a-on};.s}

Por l,lb-phon-
anthroline the bands due to. the ligand are too numerous
to list. .

| Examination of the charactgristic ring vibrations
listed in_TaPle 12 for these adducts reveal that although -
the band positions tend to suppogt the ¢onclusions so .
far reached based on ihfrared data, there are a few
anomalies relative Eo the trends we have tried to égtablish.
For all of the adducts)\the".t-of-plane C-H bending mode
for the CBHB ring is at lower frequency than in the
unsolvated Eomplexes,'Tabie 3. This is also true for

the CSH5 ring except in the neodymium complex with ammonia

where there is no change and in the pyridine adduct where

° the frequency is apparently-higher (799 br) than in the

base free complex (789/772). However in this last case

'the broadness of the band’ he pyridine adduct makes

comparison tenuocus. The higher y (C-H) frequency of the

C5H5 rin bserved in the neodymium .ammonia adduct.than

in the cogyresponding THF adduct also is hot as expected

based on’ihe displacement of coordinated THF by ammonia. Y
. . .

No explanation can be offered for these observations.
L J
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Ie might be good to emphasize at this point thne in
addition to thé above -entionod‘auo-.un a tw-oé«r
.xceptiono to the trends in the infrared data can also
be found in the ftoquoncies listed 1n :hCITCbICI. Some v

of these reflect subtleties of the unthenide ions them-

selves (Sm, Yb). ' Some argq unex cted (ex.‘low trequehcy .

.of the y(C-H) ndle in - the Er eoupounds) and for these

we have no explanatxon to offer. Noverthelels, we believe

that the great majority of the data lend credence to the

trends dlscussed.

To complete the picture obtainable from vibrational'

’ daéa, Raman spectra f‘£ the complexes could be informa-

‘tive. Raman data’ for organolanthanide complexes are not

extensive. This‘isvpartly due to the propensity of the

laﬁthaniges to fluoresce thus causing problems in obtain-
clear epectra. This problem was also encountered

Q:;/fﬂ/thls study for most of the lanthantde complexes. The,
compounds for which spectra were obtained are given in
Table 13 together with data for related compounds.

‘ The Raman spectra of the complexesxconsisé of two‘
strong bands at -1120 and ~750 cm ! in addition to a
compﬂmtated; multiple aesorption region from 300 to 200

* cm-l. The bands at 1120 and 750 cm‘-1 can be assigned
confidently to the symmetric ring bredthing modes.of the
CSH5 and’ C8H8 rings respectively.92'93'11 Aésig:ment in

the low frequency region is not possible. Reference to

the ruthenocene and uranocene data in the Table reveals
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that this region is associated with metal-ring stretching
vidbrations. The expcétation for an isolated (Cg4lig )H(c:is)
molecule wQuld be the appearance of the symmetric: pnd
asynngkric metal-ring stretch in this region. The actual ,
spectra contain several additional bands. The low frequency
Raman rfgidn of Nd(CSHS)3 is also éomélicated perhaps
because of assoeciation in the solid state which has

'eready béén mentioned. It is pogsible that ¢
complexity of the s'pectrml of the mixed sandwid) compound
is also related to such behavior. At any rate, the appear-
ance of bands in the region normally associateﬁ with

metal-ligand skeletal vibrations also suggests some

metal-ring covalent interactions.

ii) Mass Spectra

Table 14 displays the major metal containing fragments
ébserved for the base adducts of the mixed sandwich com-
plexes. The first-ﬁhinq to notice is that the parent ién
is usually not observed. This is not entirely unexpected
since the infrared data and pﬁysical ﬁroperties of the
compounds so f;r‘presented'did suggest relatively weak
‘metal-donor intefaction. As we have seen before the

——

C13813M+ ion, the fragment resulting from the loss of
~the Lewis base from the parent molecule, is more intense
for the heavier lanthanides than for the lighter members

of the series. It also appears that for the former
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89.
complexes, with the exception of Yb, Ehis beak i’-also
the most abundant metal containing fragment whereas for
the latter complexes it is the C8H8M+ or éSHSM’ ions !
that are the most abundant. The anomalous mass spectral
behavior of Yb is attributed to the relatively stable
2+ oxidation state of the metal, which favors fragmenta-
tion via the neutral C8H8Yb moiet;,and as the CSHSM+
ion where the ytterbium has the preferred 2+ forhmal
oxidation state. This then accounts for the weak CaHBM+
but very strong CSHSM+ ions in the mass spectrum of '
the complex. The weak C13H13M+ ion could also be a
-consequence of this tendency of Yb toward the 2+ oxida-
tion state. Similar arguements also hold for the base

free and THF adduct compléxes df samarium which also

has a stable 2+ oxidation state.

Inspection of the table also reveals that besides
the two metals mentioned above, for the remaining mixed

sandwich adducts both CSHSM"and CBHBM+ moieties are

important fragment ions, although there ate variati

in relative abundance of the respective peaks for which we
have no explanation. As pointed out in Chapter II

already this observation is contrafy to mixed sandwich

L. + . ,
complexes of the transition metals where the CBHSM .ion is

in considerably lower abundance than the CSHSM+ fragment.

Regarding the fragmentation patterns for the adducts,

-
they do not provide new decomposition routes when compared



N )
to tho';o.poéiiv‘ unsolvated complex. In particular the

cyclohoxylinocygnido adduct cxhibi(o the same metastable

-«
peaks as in Pigure 2 vith one additional -.taltqblo pegk

for the fragmentation below: -~ i
- =CNC H
. + S
(CSHS)HO(Caﬂa) CNCGHII R
mi=251.8 (X111-3)
+

?his was the first direct observation of the parent ion
for the base adduct. an additional demonstration that
it behaves as the molecular ion is shown in Table 15.
It is typical to observe the relative increase of the
parent molecular ion at the expense of the breakdown
fragments as the ionizing voltage is lowered.94 This is
aptly demonstrated by the data in Table 15 for the
isocyanide adduct of holmium and the pyridine—d5 adduct
of yttrium. |

He thus see that the mass spectra for the base
- adducts reflect the same differences between the early
lanthaﬁides and the later members of the series and
yttrium that were discussed for the mass spectral data
in Chapter I1I. That is, the interaction between the
carbocyclic rings and the metal appears to be stronger

for the later hi?bers of the lahthanide series.
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The lack of succese t.oattond in the previous C"M'to.t .
in recording the ly L spectra of many of the mined
sasvich complenss of the lanthanides persisted with the
base adducts also. In addition to the diamagnetic coma-
plexes of Y and Lu, the only paramagnetic derivatives

that gave recoghizable signals for the carbocyclic ligands
were those of Nd and Sa.

' The data obtained are collected in Table'lé together

Qith the unsolvated complexes for comparison. As shown

in FPiqure 7 the resonances observed for the diamagnetic
compounds were always sharp singlets and remained invari-
ant over the temperature range -40 to +60°C, which is
consistent with the symmetrical octahapto and pentahapto
bonding modées for the CBHB and CSHS ’ings rospcc':tively.
Although the 1H NMR spectra of the THF siducts were
obtained in pyridine-ds, thus displacing THP, th; spectra
nevertheless provide convenient verification for the
presence of one THF molecdle.in these complexes.

Thig is shown in Figure 8 which includes the integration
of the respective peaks and also by the relative inten- -
sities of the ligand resonances listed in the table. A
reference to the table shows that the relative intensities

for the isocyanide ligand are slightly larger than
»

expected for one coordinated ligand molecule. This is
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attributed to the difficulties experienced in handling these
adducts. It was pointed out that vacuum dfying is capable
of removing the coordinated base. Thus, the isolation

of the base adducts often involves filtration and drying
under a stream‘of nitrogen. Since cyclohexylisocyanidé

has a high boiling point, residual free ligand could

remain with the desired product causing the errors in

the integrations. ‘

The chemical shift data of the diamagnetic compounds,

although potentially eful in obtaining information

o
about the charge dens& on the carbocyclic rings, has
proved difficult to interpret satisfactorily. Beforé
commenting on the data a brief summary of the lH NMR
data in predominantly ionic cyclopenfadienide and
cyclooctatetraenide complexes will be highlighted.

In a careful NMR study Jackman et aZ.95 havle invest-
igated the effect of ion pairing of carbanions on their
chemfcal shifts. Fér contact ion pairs it is anticipated
that the chemical shift of the anion will be at highest
field with the largest catioﬁ since this is the case
where the effective charge on the anion is the largest.
Although for the alkali metal cyclopentadienides the
chemical shifts roughly followed the above expectation
in ether solvents and thus gave indication of the

existence of contact ion pairs, the situation was com-

plicated by the dependence of the chemical shifts on
A
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(NaC H,

for a 1.0 M solution and 5.&3 when the concentration is

temperatuxe and concentration in THF, §5.57

) ! ,
reduced to 0.01 M). Concentra§1on dependent! aggregate
formaéion and/or equilibria between contact and solvent-
separated ion pairs were postulated to account for the

1

complications. The "H NMR spectré of Ca(CSH and

s)2
Mg(CSHS)2 were not concentration dependent: the slight
change of the chemical shifts in THF, §5.75 and

65.82, on going from Na to Ca and then to Mg is

in apparent accord with the presence 6f contact ion
p?irs.77 This argument could also be extended to Lu(CSHS)3
whera the higher effective nuclear charge on the metal
would predict an even lower field absorption, the

observed value of §5.90 in THF is in line with this.
However, there are some unexpected results. Allan et

aZ.77 have found an unexpectedly large downfield shift

of the cyclopentadienide resonance in Ca(CSHS)2 when
dissolved in pyridine (§6.29), specific interaction

between polar solvent and solute was given as a reason

for the observation. The chemical shift of Lu(CSHS)3

however did not change with solvent, §5.83 in THF and

5.90 in C_D_.

6 6
The lH NMR spectra of alkali metal cyclooctatetraenide
complexes were recorded by Cox et al.97 In diethyl ether

the protons were shielded in the order Rb > K > Na > Li,

suggesting the presence of contact ion pairs, whereas in
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in THF the order Rb(5.70) > jLi(5.73) > K(5.75) > N&(5.80)

was taken to indicate contact ion pairs with Rb, K, and
Na but the possibility of a small fraction of solvent-
separated ion pairs with Li. ‘Applying this idea to
cycl&octatetr;enide é:mplexes of the lanthanides, the
chemical shifts in THF for Y(CgHg),” (85.75)%1 and
La(CgHg) ;" (§5.90)11 would imgly more solvent-separated
ion pairs with yttrium.

Returni;g to the mixed sandwich complexes, we see
that with the unsolvated compounds the resonance of the
CBHB ring has ekébriensed a_downfield shift from its
‘position in the corresponding alkali metal and anionic
bis (cyclooctatetraenide) complexes. This seems to be
in accord with the simple polarization arguments
expressed above and would indicate 3’smaller effective
electron density on the C8H8 ring in the neutral mixed
sandwich complexes. However, surprisingly,
the resonance of the C.Hg ring has suffered an upfield
shift, its position being at hfgher field than in glkali
%metal cyclopentadienides. Since it does not seem reason-
able to assume higher effective charge on tbe C5H5 ring
in the present complexes than in alkali metal derivatives,
some qther factors must be responsible for the upfield
shift. Although by no means certain, a possible rationale

Gould be the "ring current" effect of the C8H8 ring on

the cyclopentadienide protons. The structure of the
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mixéd sandﬁiéh complexes in ;olution could very well
app;oach that of (CSHS)Ti(CBHQ)79 which is known to
contain two planar‘and parallel carbocyclic rings. 1In
;uch a structure the protons of the smaller five-membered
ring are somewhat over the elénsfon.cloud of the

larger eight-membered moiety, in the shielding region,g.8
and might experience some upfield shift. Another puz-
zling observation comes ggom the lB NMR:datQ of the
adducts. Reference to T#ble ;6 shows that di;solving

the Lu and Y complexes in pyridine-d5 or recording the
spectrum of the isocyanide adduct in toluen%z>8 has
resulted in a downfield shift of approximately 0.2 ppm °
for the cyélopéntadienide ring protons whereas the
resonancejposition of the C8H8 ring has remained constant.
ﬁased on the discussion in Chapter Il concerning the
involvement between the lanthanide ion and the carbo-
cyclic rings in these complexes we might iﬁ§e anticipated
greater changeg in chemical shifts of the C8H8Vprotons
than those of the CSH5 ring. However, we have already
noted a large downfield shift in qa(CSHS)Z when dissolved
in pyridine, a result which has no ready explanation.

Also in the unsolvated mixed sandwich complexés it appears
that more than one factor is controlling the observed
chemical shifts. ‘Thus it may not be surprising that

the simple trend in chemical shifts upon adduct forma-

tion, that we expected (hoped for) is not actually observed.
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We have no explanation for this NMR behavior.

The lﬂ NMR Spectra of .the paramagnetic lanthanide

.complexes differed from the-didﬂagnétic\unaloguol in that

the peaks dQue to the carbocyclit rings were broadened
and their position shifte erF gﬁe diamagnetic values.
Both of these‘observatioqs are typical of pafamagnetic.
complexes. In th: a!bs;nc; £ s'tru‘ctural information and
temperature—dependent NMR studies it’is impossible to
coﬁment upon the siénificance of the magnitude of these

shifts. )

iv) Electronic Spectra
w

The electronic spectra of the mixed sandwich complexes
offer an additional probe for observing solution propertiés
of’ﬁhe;e cbmplexes. However, due ﬁo their low solubility
in non-dbhor solvents it Qi‘} only be possible/to obtain
data for the base adducts. Furthermore, we have only
recorded the spectra at room temperature and the objective
here is not to make guantitative but only gualitative
comparison with the existing data on the "free" lanthanide
3+ ions and, where appropriate, with the corresponding
organolanthanide derivatives. |

Complexes of the lanthanides typi ’lly display
rather sharp, weak electronic absorptioh spectra. These

are attributed to f-f electronic transitions mainly

occurring in the visible region and being responsible
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for the color of the ions.2 Of course Y3+ Aand La3+

possessing no f-electrons and Lu3?t

having a completed
shell of f-electrons will not be capable of displaying
such f-f transitions. As was discussed in the intro-
duction, the éenerq} scheme is to compare the data

?or the f-f transitions to that of the respective aquo
ion. , The changeg in line position and intensity, the
splitting of the bands, and the positions of charge
gransfer bands give some idea of the ability of the
ligands to perturb the electronic transitions of what
is coﬁsidered the relatively unperturbed f levels of
the aquo ion.

In Figure 9 portions of the spectra are displayed
for the neodymium, hclmium, and erbium mixed sandwich
complexes in tetrahydrofuran. As expected, there are‘
a number of sharp, weak lines in the visible region of
the absorption spectrum. There is also a strong band
at the high energy side of each spectrum, and in the
holmium complex it appears to be partly responsible for
the broadness of the band a£ 432 nm. More complete
spectra are collected in Table 17 for these complexes
and the ytterbium analogues. The data in Table 17 are

arranged in band groups which were obviously separated
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Footnotes for Table 17.

‘Havelcngth in nm, error in the molar extinction

(4

coefficient, ¢, approximately 15%,.
bBaricenter of the bands as reported in Ref. 99.
cApproximate value from graph in Ref. 100.

dNo f-f transition in the visible region; aqueous data

from Ref. 101.
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99-101 with

from one another. The data for the dquo ion
its assignment is then placed next to the band, or region
of a more extended grouping, baooa on similarities in
wa&velengths. Only the baricenter of the band is reported
for the aquo complexes. As this requires knowledge of

the ground and excited state splittings, which is not
available from these room temperature spectra of the

mixed sandwich compo 11 the observable bands Lo

possible vibrational struct\re or the splittings of the
levels is possible without detailed spectral analysis.
First, looking.at the neodymium, holmium, and
erbium data it is evident that a general red shift
occurs relative to the corresponding bands of the agquo
ion. Similar, albeit smaller, red shifts are also
observed when the comparison is extended to include the
tricyclopéntad;&nide derivatives. For instance, the
spectrum of Er(CSBS)362_shows absorpt&ghs for ‘S at
’H)) /12 at 530-499 nm, and for ‘r, )
494-484 nm; in the Nd(C5H5)3105 complex there are the
2

3/2

546-540 nm, for at

bands, ‘r9/2 689 (very weak)-671 nm,
) . 2
weak)-620 nm and G5/2' G7/2

shifts are a result of decreases in both the interelectron

H11/2 629 (very

596-574 nm. These red

repulsion among f-electrons and spin-orbit coupling in

the oomplexes,12b commonly known as the nephelauxetic

effect. It is considered to represent a tendency toward



.

 app————————r—er—
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more covalent bonding relative to the aquo 1ono.x°‘ The
general gonclusion, based on band position changes, that
the nephelauxetic effect is more pronounced ia the
cyclopentadienide complexes than in the aquo jons is
quite reliable since it follows from detailed studies

of the u(csﬂs)jzeo-anun(p. However, & more ccﬁsioul
interpretation is warranted for the shifts presented
above for the mixed sandwich complexes., As pointed out
before, the splitting of the ground state and assignment
of the excited state levels are necessary to exactly
deduce the appropriate value of the shift. Althouqh

not available in.the present complexes, the apparent
conclusion that the nephelauxetic effect increases in
the order "free icn® < M(CSIS)3 (v(CSHS)H(CaHB) is at
least in accord with chemical intuition and might even
be proven by detailed spectrogsopic studies on these
compounds.

In addition to the band position, intensities are
also of interest. Certain absorptions termed hyper-
gensitive transitions exhibit considerably énhanced
intensity as the ligand environment changes. Hypersen-
sitivity has previously been interpreted both as an
indication of the low point symmetry at the metal ion107
and as some measure of covalency in the metal-ligand

108

interaction. It is not possible here to assess the

mechanism of hypersensitivity, but the bands termed

~

107.
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hypersensitive can be identified. For neodymium it is

the 4GS/2 level that contains the hypersensitive band,

in holmiufm it /; the 5G6 level, and in erbium the °H

11/2
lével. It is ﬁhen interesting that these are the same
lgvels that contain the mosf intense bands assigned as
f-f transitions in Table 17.

The ytterbium complex deserves a few comments of
its own. For Yb3+ only fone band is expected for the
QFS/z + 2F7/2 transition. The spectrum appears to be
more complex in the f-f region than the aquo ion and in
addition displays two broad absorptions at -360 nm and
~-580 nm, the last band being responsible for the intensely
blue color of the compl The relatively high intensity
And the Kroadness (width at half-height for the band at
580 nm is on the order of 100 nm) of these absorption
bands indicate that tﬁey do not originate from f-f
transitions. It is inte;esting to note that the Yb(CSHS)3
'complex was also unique among the tricyclopentadienide
derivatives of the lanthanides in tﬁeSe regards. The
colors and spectra of the tricyclopentadienide lanthanide
complexes corresponds closely to the aquo ions in solution,
with the exception of Yb(C5H5)3. This intensely green
compound‘displays a number of absorptions over the range
870-1053 nm, many of which are suggested to be vibronic

in character, and exhibit two additional broad bands in

the violet, 379 nm (¢ = 260), and in the red, 649 nm
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(e = 9).63a For the-absorption in the red region Fischer30

has reported two bands at 610 (¢ = 36) and at 649 nm
(¢ = 46) for a benzene solution of the THF adduct. The
similarity between the spectra of the (CSHS)Yb(CBHB)
and Yb(CSHS)3 complexes 1is clearly apparent. The origin
of these broad absorptions is not totally clear. Calderazzo
et al.63b suggested that they may be due to either 4f - 5d
transitions or to/charge transfer from ligand-to-metal.
The fact that the bands are only observed in ytterbium
which has a readily available 2+ oxidation state would
seem to be more in line with the charge transfer mechanism.
Broad inténse bands have also been fﬁentified by Streitweiser
e; al.ll in the M(CBHB)Z- complexes. The metal deéendence
of the band maxima le ctreitweiser to postulate that
these bands were ligand-to-metal charge transfer in
character. The ligand dependence of the band positions
is also in accord with the above suggestion. As noted
above, with the exception of ytterbium, the tricyclo-
pentadienide derivatiwes do not display broad bands 1in
the visible region. Replacement of the CSHS- by the
more easily oxidizqd (more reducing) C8H82_ ligand should
move the ligand-to-metal charge transfer band to longer
wavelength.lo3 The broad bands in the visible region
for the M(CSHB)Z_ complexes reflect this expectation.

A similar shift on going from Yb(C5H5)3 to (CSHS)-

Yb(CgHg) should be observed if the band akound 600 nm

8
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is charge transfer in character. However, such a simple
corr;lation may not be expectgd due to the apparently
special circumstances which give rise to the bands 1in
the visible region in Yb(CcHg) 5. In the study of this
molecule, Jorgensen63a points out that the band at 649
nﬁ is too low in energy aonsidering the reducing power
of the cyclopgntédienide anion. Furthermore, should
this band be a’regqular charge transfer transition, the
corresponding absorption in Eu(CSHS)3 should be obs?rved
at longer wavelength since Eu3+ is more oxidizing than
Yb3+. In fact the reverse is seen. Jorgensen feels
that the unusually strong reducing character of the
CSHS- ligand in Yb(CSHS)3 is due to the small ionic
radius of Yb3+ which causes ligand-ligand repulsion.
The effeét of this repulsion is tb raise the energy of
the M.O.'s obtained from the combination of cyclopenta-
dienide m-orbitals, in particular the one having nodes
between each CSH5 ring. Transfer of an electron from
this high energy orbital to the metal is postulated to
give rise to the band at 649 nm. It is also felt that
the odd parity of this M.O. is responsible for the
unusually low intensity of this band. Transition fyom
the remaining ligand M.O.'s to the metal produces the

high energy band at 380 nm. According to Jorgensen,

ligand-ligand interaction in these M.O.'s 1s smaller and

thé band position 1s more representative for the reducing

110.
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character of a single cyclopentadienide ligand. Consistent
with the argument is the observation that replacement

of the CSHS‘ ligand by chloride ion removes the band at

649 nm. Assuming Jorgensen's analysis to be correct the
absence of broad bands below 649 nm in the spectrum of.
(CSHS)Yb(CBHB) is not too surprising. Replacement of

two CSHS- rings by the C8H82- anion should result in

the elimination of the latter band as observed in (CSHS)-

P,

YbCl2 and (CSH5)2YbC1‘ The appear&nce of a band at

.580 nm, some 200 nm displaced from the band position
expected from a."regular” CSHS- ligand, could iq fact

be construed as displaying the characteristic red shift
of a ligand-to-metal charge transfer band as the more
reducing C8H82_ ligand is added to the complex. Of
course the difficulty with this agnalysis is that it is
impossible to estimate with the present data at hand how
much of the shift is due to the more reducing nature of
C8H82- and how much to ligand-ligand repulsions similar
to the ones outlined for Yb(CSHS)BI In this regard a
comparison between the Yb and Eu mixed sandwich complexes
would appemr to be useful. Since the impértance of
ligand-ligand interactions is apparently smaller in the
Eu complex the shifting of this low energy band could
conceivably give an indication of the relative reducing
power of the C8H82- ligand. It 1is also interestiﬁg to

w

note that, consistent with the removal of the special



nodal preperties of the highest ligand M.O. present in

Yb(C5H5)3.vthe intensity of the low energy band in

(CSHS)Yb(CBHB) has increased significantly. This lends

further support to the cyclooctatetraenide-to-metal
charge transfer'character of this band.

Concurrent with the changes in the low energy
absorptions, the violet region of the spectrum has also
undergone noticeable transformations, the exact extent
being difficult to assess. The three bands at 338, 375,
and 410 nm are less intense in the mixed sandwich com-
plex than the band at 379 nm (e = 260) in Yb(CSHS)B‘
However, these bands are actually sitting on the pail
end of a more intense absorption that originates in the
ultraviolet. It is possible that the charge transfer
band observed in Yb(CSHS)3 at 379 nm i§ in fact in the
near ﬁltraviolet in the (CSHS)Yb(CSHB) compound. Should
this be the case, a plausible explanation would be that

AN
the presence of the CBHBZ anion has rendered the CSHS

ligand less reducing in the mixed sandwich complex than °

in the tricyclopentadienide derivative.

It also appears that the spectral features of the
ytterbium mixed sandwich complex are dependent on the
nature of the donor. Donor dependence of the band posi-

tions has been noted by Fischer30 in Yb(CSH He

5)3°L.
noticed that as the ligand is changed in the series

P(Ph)3, THF, py. CNC_H

eH11" and NH

3 the low energy band

112.
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underwent a blue shift, the band maxima being at 655,
650, 640, 611, and 608 nm, respectively. The color of
a THF solution of the mixed sandwich complex is blue.
However, a solution prepared from the cycloheiylisocyanide
addgct 'in toluene is intensely green. The spectrum of
the tolEene solution is similar to the THF spectrum in
the 880 to 1100 nm region but the 580 nm band is now
absent and there are slightly broadened bands at 745
(shoulder, ¢ = 35) and 780 nm (¢ = 55). There is also
a shoulder at higher energy, 430 nm (¢ = 140), which is
flanked by a more intense band trailing into the ultra-
violet. Unfortunately; the maxima of this last band
could not be observeé due to decomposition proslemé at
the low concentration necessary to record the spectrum.
The changes are obviously more complicated in this case
than in the Yb(C5H5)3-L.complexes, but we have no explan-
ation for the changes.

It is clear that a more thorough investigation
will have to be carried out before the intricacies of
the electronic spectra for (CSHS)Yb(CSHB) and its adduct
can be fully accounted for. The data présented here
and in previous sections illustrate that the combination

of the reducing C Haz— ligand and the availability of

8

the 2+ oxidation state of the metal confer some unusual

properties upon the mixed sandwich complexes of ytterbium.
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Returning to the data in Table 17; it can be seen
‘that some higher energy bands‘are observed in the Ho,
Er, -and Nd complexes. These bands ‘are not assigned as
f-f  transitions as they are relatively broad absorptions,
and they occur on the side of a strong chqrge transfer
band which rises dramatically just beyond the highest
energy bands noted in the table. AtteQPts to locate
the Amax of the strong high energy band were not fruitful

N

due to Jifficulties in handling the necessarily dilute

solutiond of these very air sensitive compounds. and the o

problem of the solvent beginning to absorb in the high

energy region. The spectrum of}dipotassium cycloocta~-
tetraenide itself displays a very strong n* <« 7m charge
transfer band well in the ultraviolet with Amax below
250 nm.lo2 Since the charge transfer band for the mixed
- sandwich complexes extends well into the visible region
it is clear that it is not of the same origin as the

m* + 7 transition in the cyclooctatetetraenide dianion.
As noted before, absorption in the visible region were

observed by Streitweiser et al.ll

for the M(C8H8)2
complexes and the bands were assigned as ligand-to-metal
charge transfer. Inspection of the near ultraviolet

and visible region of spectra available for the tri-
cyclopentadienide lanthanide derivatives do not appear

to display such absorptions. Based on these observations,

we would like to suggest that the band tailing into the
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visible region in the spectra of the mixed sandwich com-
plexes is ligand-to-metal charge transfer in character.
This would be in keeping with the expected effect on

_ I
the band position with the change 1n reducing character

of the ligands around the central metal.loB'lo"46
It is thus apparent from the electronic spectra

that the mixed sandwich complexes occupy a position -

intermediate between the neutral tricyclopentadienide

complexes and the anionic bis (cyclooctatetetraenide)

lanthanide derivatives.

v) Reactivity of the Complexes

Before proceeding with discussion of the reactivity
of the ligands within the mixed sandwich complexes a
general comment about the range of base adducts is.in
order.

It is well known that lanthanide ions fa;or inter-
action with oxygen donors and to a lesser extent with

6,109 ‘

nitrogen ligands. This seems to be borne outbby the

types of base adducts soO far isolated for organolanthanides

here and in previous studies.le'30'33'34

As mentioned
already, the displacement of coordinated THF from the
»:xed sandwich complexes by isocyanide and the ability

of Me t:.‘ylcopentadienide derivatives to form stable

th phosphines and thioethers indicate a change
ofter Lewis acidic character of the lanthanide

n these organometallic complexes.
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In this study, pot all the nitrogen ligands used
permitted isolation of an adduct. Attempts to prepare the
2,3-dichloropyridine adduct of the erbium mixed sandwich
cgiprlex via eq. (III-2) produced a color change from light
Pink to orange-yellow as the complex dissolved in toluene,
but the adduct could not be isolated from the clear solu-
tion. Reaction of triethylamine with the holmium complex
likewise resulted in a clear yelloQ solution from which
only the parent mixed sandwich complex could be obtained.
A similar problem was encountered with P(n-Bu)3. The
holmium complex again dissolved in toluene and the yellow
color of the complex lightened but no adduct could be
isolated. The inability to isolate adducts with these
bases could reflect the inherently weaker Lewis acid
strength of the (CSHS)M(C8H8) compounds compared to the
M(CSHS)B derivatives. It also could be related to the more
insoluble nature of the base free compounds which could
precipitate in preference to the adduct upon addition of
hexane to the toluene solution.

The compounds react very reaaily with oxygen and
water. They oxidize violently upon exposure to air and
often inflame spontaneously. The products of hydrolysis
have been identified by mass spectrometry and NMR spectro-
scopy as cyclooctatrienes and cyclopentadiene.

In a less violent reaction, which demonstrates that
the cyclooctatetetraenide moiety retains its reducing

power, mercury(II)chloride was added to a tetrahydrofuran
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solution of (GSHS)HO(CBHS) at room temperature. This
first led to a clear light yellow solution which after
five minutes began to deposit mercury metal. Previously
dilithium cyclooctatetrenide was reacted with chlorides
of zinc, cadmium, and copper (1) producing the respective
metal and cyclooctatetraene.110
The lability and transferability of the carbocyclic
rings in organolanthanide complexes containing the
individual ligands have been noticed before. Thus, it
was not surprising that the reaction between the yttrium
mixed sandwich complex and UCl4 occurred readily at 0°C

to produce uranocene. As the UCl, was added to the

4

vyellow solution of the yttrium complex a green-brown

color was immediatlgly obtained. Uranocene was character-
-

ized by its visible spectrum and by its mass and 1H NMR

spectrum after sublimation.35b Similarly the reaction of

the holmium complex with Fel, proceeded rapidly at room
temperature. Removal of t&e solvent followed by sub-

i

limation produced the expected orange ferrocene which

1H NMR and mass spectrum.

_~was identified by its
To gain a measure of the relative reactivity of the

cyclic ligands in the complexes, the reaction of

(CSHS)Y(CBHB) with trimethylchlorosilane was carried

out. As shown in Figure 10 the main reaction corresponds

to the following:
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T )Y (C.H,) + 2Me.SiCl —51:32—,-
C.H.)Y(C.H.) + 2Me.Si
sHg gHg 3 R.T. (I11-4)
CgHg (SiMey), + C.H YCL,

The reaction was carried out in an NMR tube by incremental
addition of trimethylchlogosilane. In Figure 10a the
resonances for the complex before Feaction are displayed
and marked with X thrqughout the figure. After addition
of approximately 29 mole 8§, accofding to the stoichiometry
of Eq (I11I-4), of trimethylchlorosilane, the spectrum
shown in Figure 10b is obtained. The new resonance at

§66.5 and 0.2 are assigned to (CSHS)YCI and to the

2'

SiMe3 protons, respectively. As more Me3SiC1 is added,

Figure 10c, the resonances of the starting material

~

decrease while those of (CSHS)YCI and -SiMe31§roups

2
increase in intensity. Having added a 10% excess of the
silicon reagent, Fidure 10d results. It is seen that

all of the starting complex has been consumed and a new

signal at &§0.4 for the unreacted Me,SiCl appear$ (note

3
in Figure 10d the spectral amplitude at which the high

field part of the'spectrum was recorded, is reduced to

keep the signal‘on scale). Finally, as more MeBSiCI is

added, Figure l0e, no apparent reactipn occurs. However,
when the solution is allowed to stand overnight, .at
room temperature, the spectrum in Figure 10f results,

which shows that the intepsity of theC.H resonance

575



Pigure 10:

Sedan 119.
Reaction of (C;HS)Y(COHG) with incremental
addition of ﬂeJSiCI followed by NMR.

x = Original CSHS, CBHO resonanges.

* = Resonance assigned to (CSHS)YC12.

+ = Resonance due to -SiMe3 groups in
C8H8(SiMe3)2.

0o = Excess Me3SiC1.
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also begins to decrease. The data clearly lho; the
Cyclooctatetetraenide moisty reacting very much faster

than the cyclopentadienide ring. That the organic .,
product is the same a; that obtained in the reaction -
of dipotassium cyclooctatetetraenide with trimethyl-
chlorosilane is not immediately obvious. The product .
of the reaction was identifjed by Andrews and Rakitalll t)

as S,B-bis(ttimethylsilyl)-l,3,6—cyc100q;rienc which

exhibited resonances in CDCI, ai/g

2.7-2.9 tiplet), 5.3-5.9 <éu1t1p1 ) in the ratio

15.7:2.0:6.1. 1In ﬁ}guteiu}with pyridine- 5 as solvent,

/ .
the singlet for the -SiMe groups appearyg at 0.2 ppm
3 \ 7 )

and the low field multiplet (65.5-6.2) ig at slightly
lower field than reported in the literatq&e. To
eliminate the apparent solvent effect o; the chemical
shifts the reaction yas repeated with the erbium mixed
sandwich complex followed by isolation of the organic
product. A por{ion of the spectrum obtained in CDCl3
is shown in Figure 11. The spectrum agrees well with
the literature data. Additionaily; a mass spectrum of
the compound displays prominent peaks identical to those
reported by Andrews and Raki.ta.111 Hence the products

obtained from K2C8H8 and (CSHS)M(CBHS) complexes are

identical.
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4. Conclusion

The i8oclation of a number of base adducts establishes

wich complexes. However, qompared to the trigydlopenta-
dienide derivatives the present complexes exhlbAt weaker
Lewis acid behavior and this is attributed to the
of the more reducing cyclooctatetetraenide moiety. .
The pentahapto and octahapto bonding of the carbocyclic
’gands in the base adducts is retained as suggested by
infrared and nuclear magnetic resonance data. The
molecular 'structure of the adducts is most probably
comprised of two planar carbocyclic rings inclined to
some degree with respect to one another amd the base
occupy 1ng a coordination position in the plane bisecting
the metal-ring centrq@id vectors.
The spectral results and chemical properties of
the adducts indicate that, as was the case with (CSHS)—
M(C8H8), M(C5H5)3 and M(CQHB)Z- complexes, the bonding
in the base adducts is also highly 1ionic in character.
On a more subtle level, it was argued, based on infra-
red data, that the involvement of the more polarizable
cyclooctatetetraenide ring with the metal 1is more
important than that of the five-membered ring. The i!’
infrared and mass spectral data also seem to be consistent
with the notion, already observed in the base free com-

plexes, that the electrostatic component of the bonding



is sliéhtly greater while the overall strength of the
interaction is weaker between the lighter lanthanide
ions and the carbocyclic rings than with the heavier
and smallerjmembers‘o the series. The presence of the
more reducing cyclooctatetetraenide ring also manifests
itself in the electronic spectra of the complexes. Al-
though the f—f transitions are only mildly perturbed
by the ligand field, the nephelauxetic effecﬁkappears
to be greater in (CSBS)M(CBHB)-L complexes than in
analogous (C5H5)3M-L compounds. Absorptions in the
visible region which could be assigned as ligand-to-
metal charge transfer bands are not as prevalent as in
M(CBHS)Z- compounds, of the complexes thus far investi-
gated, only (CSHS)Vb(CEHB)-L displays such bands.
Nevertheless, the observation of strong absorptions
originating in the ultraviolet and tailing into the
visible region, whereas the tricyclopentadienide complexes
have no absorptions in this area, shows the effect of
the cyclooctatetetraenide ligand. The shift is also
in accord with the suggested charge transfer characterx
of these bands.

The charge transfer character of some electronic
absorptions and the presence of metal-ligand skeletal
vibrations in the Raman spectra of the complexes denote

Some covalent interaction between the lanthanide metal

and the ligands. This interaction, according to current



views, is more probably due to orbital mixing between
metal-d and ligand 7 M.O.'s than the corresponding over-
lap with the 4f orbitals of the lanthanides.

However, it is also apparent that this contribution
to the bonding has no real chemical significance. The
reactivity of the comple#es is typical of the ionic salts
and of the lanthanide complexes df the individual ligands.
The compounds are extremely air and moisture sensitive
and react rapidly with electrophilic reagents. The -
latter type of reaction with Me3SiC1 showed, not unexpect-
edly, that the CgH 2-

8
CSHS- lisz;d in these complexes. There is also very

ring is.more reactive than the

facile ligand exchange reaction and the interaction with
Fel, and UCl4 produces the thermodynamicaliy more stable
ferrocene and uranocene, respectively.

Although providing the missing link between the

neutral M(C.H and ionic M(CBHB)Z- complexes, the

5)3
present compounds provide yet another manifestation of
the contrasting behavior between actinide and lanthanide
organometallic derivatives; significant metal-ligand

covalent interaction in the former and highly electro-

static bonding in the latter complexes.

125.



CHAPTER FOUR

SYSTHESIS OF sz(csaa)3=‘ RELEVANCE
TO PROBLEMS IN THE PREPARATION Og (CSHS)M(CSHB)'
1. 1Introduction

Lanthanide complexes with the stoichiometry\MZ(CBHB)a

have been isolated and characterized by DeKock et al.l4

and by Greco et al.41 The work by the latter group

involved reduction of a cerium(IV)alkoxide by triethyl-
aluminum in the presence of cycl‘ﬂbtatetraene producing
Ce, (CgHg) ; as described in Chapter I. The structure of
this cerium compound is unknown. The pPreparation by
Dekock et al. employed ;he metal atom synthesis technique
and the structure of the neodymium complex was solved
by X-ray diffraction.

The structure of the green neodymium complex isolated

as the tetrahxgrofuran adduct Ndz(CSH .2C,H_.O, is

g) 3 2C4Hg

described as consisting of an ion pair having a [Nd(CSHB)Z]-
+
]

anion and a [Nd(CBHB)(C4H cation. The cation is

892
observed to augment its coordination number by asymmetric
coordinatiqn of three carbons from one of the CBHB rings
in the anion. This type of‘;xpansion of coordination

is similar to that previously described for neodymium
tris(methylcyclopentadienide).78 Also, the average C-C
bond lengths within the C8H8 rings*are all equal within

experimental error.

126
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Our interést in copplexes of this type arose from /)

difficulties experi®ncefl in the synthesis of the mixed
sandwich complexes. As S}iefly indicated in Chapters
II and III the yields of. these complexes 'wgr} never very
good, the lighter lanthanides consistentiy giving the
lowest obtainable amounts. Also with the lighter lan-
thanides a by-product in the reactions was identified,
by mass spectrometry, as the tricyclopentadienide complex.
This, at the time, was believed to be the sole by-product
of the synthesis. Although, in some of the reactions
the potassium or sodium chloride collected by filtration
of the crude reaction mixture, was coloreé, air sensitive,
and was obtained in amounts larger than expected from the
quantities of starting m;terials tflilized. We thought
the reason for this was coprecipitation of some of fhe
desired mixed sandwich complex with the alkali halide.
However on a large scale preparation of (CSHS)Yb(CBHB)‘Q‘
after removal of potassium chloride, there was obtained
a small amount of material, less soluble than the mixed
sandwich complex and clearly different from this last

compound and also from Yb(CSH This observation was

5)3
contemporary to the original communication of DeKock on

14,113

MZ(C8H8)3 complexes. The similar infrared spectrum

of the by-product to DeKock's compounds. led us to postulate

that it was sz(CSH This complex of ytterbium was

8)3'

not isolated via the metal evaporation route, which gave
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cyclooctatetraenideytterbium(II) instead. Th;s is not

an unexpected result based on the well known ability of

ytterbium to exhibit the 2+ oxidation state. 1In order

to secure moré firmly the nature of the by-product obtained

in the (CSHS)Yb(CBH&) synthesis, it became desirable to

prepare the dinuclear compound by a more rational synthesis.
Having obtained evidence for another compound beside

M(CSHS)3 in the synthesis of mixed sandwich complexes,

it of course became possible that\the "extra alkali metal

halides™ in previous preparatigns were also M2(C8H8)3

type compounds. The general occurence of this type of

compound and the relevance of M(CSHS)3 and MZ(C8H8)3

by-products to the problems associated with the synthesis

of the mixed sandwich complexes will also be discussed

in this chapter.

2. Preparation
The synthesis of Yb2(08H8)3 could easily be accomplished
L]

by simply mixing the stoichiometrically required reagents,

Eq (IV-1).
THF
2YbCl. + 3K.COT ———» Yb_ (C,H,), + 6KC1 (Iv-1)
3 2 _60°C 2'~878’3

Reaction readily occured at -60°C immediately producing
a deep blue solution upon addition of the dianion. The
contents of the flask were maintained at -60°C for four

hours and then allowed to warm slowly to room temperature.
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No color change occurred during‘this time. The solution
was thep filtered to remove ptecipitated(pcl which also
contains ‘some of the dé#ired pro&&ct and' then cooling
the filtrate to -20°C readily produces deep blue Yb,(CgHg) ,.
The compound is characterized by its identity to the by-
product YbZ(C8H8)3 for which there is complete elemental
analysis and by the similarity of its infrared spectrum

to those reported by DeKock et al.l4

Also, qualitative
tests for chloride and potassium ions were negative.
Attempts to prepare crystals sutiable for X-ray investi-

gation are still in progress.

3. Results and Discussion

The direct reaction of cyclooctatetraene dianion
with anhydrous ytterbium(III)chloride provides a con-
venient route to the synthesis of the very air sensitive
Yb2(C8H8)3’ The deep blue complex is not sufficiently
volatile to obtain a mass spectrum, but attemtps at
running the mass spectrum indicate that tetrahydrofuran
is absent in the complex as does the analytical and
infrared data. ®rhis is in contrast to the analoéous
compounds preprared by DeKock which crystallize from THF
with two coordinated solvent molecules. It will be
instructive to compare the properties of this complex
with those of Yb(CBHB) as the divalent, diamagnetic
compound was the product obtained via the metal atom

synthesis technique and might also have been the expected

—
»
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by-product in the (CSHS)Yb(CBHB) synthesis.

Employing the method of Hayes and Thomas39 Yb(Caﬂa)
was prepared Sy reaction of ytterbium metal with cyclo-
octatetraene in liquid ammonia. This produced, after
removal of coordinated ammonia, a red complex which was
extremely air sensitive and difficult to handle. 1Its
solubility in tetrahydrofuran is even lower than that
of sz(ceua)3. The synthesis however is not without
difficulty. Agéempts to obtain the 1H NMR spectrum of
the complex were frustrated by the presence of paramagnetic
impurities. However, after taking the compound up in
pyridine and forcing a small amount out of solution by
the addition of hexane, it was possible to obtain a
maroon product, most likely the pyridine adduct, which
upon heating in vacuo at 110°C resulted in the red complex
noted above. This compound gave satisfactory elemental
analysis for Yb(C8H8). The NMR spectrum of this apparently
pure Yb(C8H8) however still showed the presence of some

paramagnetic component, possibly (CSHB)YbNH Neverthe-

2°
less its i?frared spectrum was identical with the litera-
ture values. The infrared spectra of the red Yb(CBHB)
and the blue YbZ(C8H8)3 are compared in Figure

12. Table 18 lists these band positions ;nd those of
some related compounds. The infrared data clearly show

a difference, as do the colors in the solid state, hetween

the Yb(CBHB) and YbZ(CBHS)B complexes. Furthermore a
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b) U

L 1 1 1 |
1400 1200 1000 800 600
cm-!

Figure 12 : Comparison of the infrared spectrum of

a) YbZ(CBHB)B and of b) Yb(CBHR).
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sample of Yb(CBHB) prepared by thQ metal atom synthesis
technique, was kindly supplied by Professor DeKock. The
color ;f this sample was also the same red as our compound,
it; 1H NMR spectrum in pyridine-d5 exhibited a sharp
singlet at 86.59 ppm in the expected region for a dia-
magnetic cyclooctatetraenide derivative. On the other
hand aﬁtempts to record the NMR spectrum of the blue
YbZ(CSHG)l comblex were met with faifhrer something we

have consistently experienced with many of the paramagnetic
organolanthanide derivatives. Also the color of a pyridine
solution of the Yb(C8H8) complex is dark g;een-black whereas
that of YbZ(C8H8)3 is deep royal blue.

Having shown that sz(C8H8)3 can be prepared it was
an easy task to show that its properties were identical
to the material obtained as the by-product in the prepara-
tion of the mixed sandwich compound. We next turned to
the identification of complexes df!the composition
MZ(CSHB)B in the synthesis of mixed sandwich complexes
for metals other than ytterbium.

Initially the lutetium reaction to produce the
mixed sandwich complex was examined in more detail. The
reaction was carried out in the usual manner. After
removal ofé precipitated potassium chloride (which might
also contain some Luz(CBHB)s) followed by addition of

hexane, a small amount of yellow solid was obtained

readily. Washing with cold tetrahydrofuran produced a
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compound for which the elemental analysis indicated

the stoichiometry Luz1C.88)3. The infrared spectrum,
Table 20, was very similar to that for thg related
ytterbium complex. The 1& NMR spectrum in pyridiﬁc-ds
however exhibited only a singlet at §6.40 ppm, whereas
even for a symmetrical ttiplefdecker-sandwich complex

one would expect two sihglets in a two-to-one ratio. A
sharp singlet at room temperature wag also observed for
the [Tiz(C888)3]2- éomplex for which Skell et a1.11? nave

suggested a symmetrical structure and assumed accidental

chemical shift equivalence of the two different ring
systems for the observed singlet. In an attempgjto
resolve the ambiguity in the lutetium complex,the spectr
was recorded at -40°C. The sharp singlet persisted
but its chemical shift now appeared at &&{53 ppm. In
addition a molecular weight determinatioﬁ in pyridine
gave a value of 308 as opposed to 662, the expected value
for the dinuclear unit. The temperature dependent
chemical shift and the low value of the molecular weight
both suggest a rapid equilibrium of the type
shown iﬁ eq. (IV-2) in donor solvents.
L

Luz(C8H8)3ﬁ[Lu(C8H8)2]- + [x.u(csna)-m,]+ (IV-2)

This is not unreasonable in light of the crystal structure

of the neodymium complex which indicates an ion pair in -

the solid state. Unfortunately the low solubility of the
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complex has prevented an NMR study in non-donoﬂrlqhﬁbnto.

' Beturning to the early lanthanides, the ’llpl:ltion
of the uixod sandwich complexes for lantham.r and mri\n
were re-examined for the presence of the ;oip‘ctlvo

Z(CBHO)J complexes. As noted in Chapters Il aad' I{xfit
was very difficult to purify ths mixed sandwich co-ploxol
for these elements. Again looking at the infrared o
spectrum of the complex that can be very readilx.éérccd ‘
out of the tetrahydrofuran reaction mixture, tgé‘éﬁhracéer—
istic features of Figure 12a are seen. These conpfixes
w;re dried at room temperature in vacuo overnight so as

.
to remove coofdinated tetrahydrofuran. Note that with

these early lanthanide complexes coordination

also a feature of complex formation‘. Thi

parallels Dexoqits on M2(C8H HF)2 c exes,

8°3

which with the exception of erbium, are als¢ early lan-
-}

L 4

thanide derivatives. The infrared data, Table 18, for

the lanthanum complex differs slightly from thatéreported
by DeKock et al.l‘ for the THF adduct, but it does closely
agree with the Qpectrum of the analogous neodymium

complex with the solvent removed. The lanthanum complex
again gives a singlet 5; its NMR spectrum which occurs

at 6§6.65 ppm in pyridine—ds. For comparison the spectrum
of.K[La(CBHB)ZI gives a singlet at §5.90 ppm in tetra-

hydrofuran. Both samarium and lanthanum complexes also

give negative qualitative tests for chloride and potassium

138,
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ions. These data and their comparison to the spectgal
properties of the ytterbium and lutetium dinuclear com-

1

plexes suggests.a similar formulation, MZ(CBH for

g3
the samarium and lanthanum compounds. Although the
syntheses of other mixed sandwich complexes were not
re-investigated, the fact that HZ(C8H8)3 was observed as

a by-product with both early and late lanthanide metals
lends support to the postulate that it was produced in

the remaining preparations as well., The fact that the
samarium and lanthanum complexes appeared to contain
coordinated THF (as judged from mass spectral attempts)
whereas the ytterbium and lutetium compounds were THF
free, might suggest a greater solubility‘éf the early
lanthanide complexes in THF. This would lead to

greater difficulties in separating the MZ(C8H8)3 complex
from the desired mixed sandwich species. This could
partly explain the observation that the yields for the
early lanthanide (CSHS)M(CBHB) complexes were consistently
lower than fer the later lanthanide elements.

There is as yet no concrete evidence -as. to exactly
how these dinuclear species are formed during prepara-
tion of the mixed sandwich complexes. However, for the
early lanthanides it was nd@Zd that the tricyclopenta-

dienide species were also produced and had to be separated

from“t he mixed sandwich complexes by repeated crystallization.
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The presente of both M(CSHS)3 and MZ(CBHS)B in these
preparations would suggest disproportionation of -the
mixed sandwich complex as a possibility for the forma-

tion of the by-products, €qg. (IVv-3).
3(CSHS)M(C8H8)-——-D»H(CSHS)3 + MZ(C8H8)3 (IV-3)

Equilibrium of this type is common to lanthanide complexes

and has in fact been used advantageously in the synthesis

11

of organolanthanide complexes, eq. (IV-4), eq.(IV—S)16

and eq. (Iv-6).%7

THF
K[C_e(C8H8)2] + Cec13———> [(CBHB)CeCI(THF)le
(1V-4)
+ KCl

THF
ZM(CSHS)3 + MCl3 -—————)—B(CSHS)ZMCI (IV-5)

My= Sm, Gd, Dy, Ho, Er, Yb
THF
Er(CSHS)3 + 2ErCl3 —————»-B(CSHS)ErClz-BTHF (IV-6)
Although a plausible reaction, the disproportionation
is apparently not a feature of the chemistry of the heavier
lanthanide (CSHS)M(CBHB) complexes. Indeed, no Yb(CSHSX}
could be detected by mass spectrometry in the preparation
of the mixed sandwich complex, neither in the inifially"
formed sz(C8H8)3 nor in the filtrate. 1In this particular
) .
case, and with other heavy lanthanides the quizmion o't
, o
the dinuclear complex could involve:displaceme¥rt of the
.y ’

) 2-

CSHS- mbiety by the more basic-CBH8 lidand system and

, .
theregx:xepresen%ﬁzﬂcompetition between the preparation

 J
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of the mixed sandwich complex and the respective MZ(C8H8)3'
If this were the case, the control of stoichiometry
becomes even more important in these reactions. We also
note that the possibility of disproportionation reaction
effecting the early lanthanide mixed sandwich derivatives
would be another factor contributing to the teduced yields

observed with these metals.

4. Conclusion | ) " .1ﬁﬁ?,

&
It has been shown that sz(C8H8)3 can be synthegmﬁfg.
by conventional metathetical reaction between anhydrous
YbCl3 and the dianion of cyclooctatetraene as opposed to
the metal atom vaporization technique. Furthermore

complexes of similar stoichiometry have been suggested

as one of the by-productges “, e preparation of the mixed A

synthesis of the eariE  thanide derivatives. The ident-
ification of these by-products shed some light on the
difficulties encountered in the preparation of the mixed

: )

sandwich complexes: The differences seen in by-product
formation show again that the chemical behavior of these

early lanthanides is somewhat different from that of the

heavier members of the series.



&Part II

CHAPTER FIVE

, o '
SYNTHESIS AND PROPERTIES OF LANTHANIDE

POLY (PYRAZOL-1-YL) BORATE COMPLEXES

1. Introduction - ’

114

/
In 1966 Trofimenko introduced the poly(pytazol-1l-

yl)borate ligand system; [Ranz4_i]- (R = H, alkyl, aryl;

n=20, 1, 2; pz = 1-pyrazolyl moiety), to trangition
//
metal chemistry. It was hoped that this new/ﬁigand system

would provide an extensive series of trayéi;ion metal

derivatives and, by virtue of its unique coordinating

P

capabilities, eventually "...lead to a new subarea of

wll5

coordination and organometallic chemistry. This

*romj se has been fulfilled to a large extent and progress .
in the field is summarized in two recent reviews.llG'llz7
The initial work with the poly(pyrazol—l-yl)borat;*
anions centered on the preparation and structural char~
acterization of complexes mainly with the later traﬂsition

met:als.lls.117 The bis(pyrazol-l-vl)borate ions, (I),

are uninegative four-electron donors formally analggous
to B-diketonate ions and, not surprisingly, form neutral,
monomeric bis chelate complexes, M[R,Bpz,b],, with most

divalent first-row transition metal ions.118 Likewise,

the tris~ and tetrakis (pyrazol-l-yl)borate ions, (II),
readily produce bis chelate complexes with divalent

transition metal ions. Although capable of functioning

-

139




as a bidentate chelate,

119,120

140.

these ligands can and

most oftgn do exhibit a tridentate chelating bonding

mode. In this configuration the ligands can be likened

to the cyclopentadienide anion in the sense that both

systems are uninegative, six-electron donors and occupy

N—N
o B//’l 2
2"~y —N

O

>

(1)

4 -
srff\\n3

wnd

L

N—N
/ A
R—B N N

-

i

~ T

N

three coordination sites on the metal.

N—/—N

o

(I1)

Of course the

analogy is not a rigorous one since the cyclopentadienide

anion forms n- rather than o-bonded derivatives. Never-

theless, in an effort to compare the derivative chemistry

] of the two ligand systems a large number of transition .

metal complexes containing especially the tris(pyrazol-

l1-yl)borate moiety, (Hsz3), instead of

dienide anion have been synthesized: fo

[(uapz3)u(c0)31' and (Hsz3)M(NO)2Cl (M

or (sz4)Mn(CO)

n = 1)'122

In general,

(L =

P(OR)3, n =1,

the cyclopenta-

r example

= Cr, Mo, W)121

2; L = PR3,

it appears that derivatives based

on II are more stable than the analogous CSHS- containing

species. An extreme example is (Hsz3)Cu(CO)12

A it St R X

3 which in
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the solid s£ate decarbonylates only upon melting at
165°C whereas the corresponding (CSHS)Cu(CO) is hiéhly
unstable ‘except under an atmosphere of carbon monoxide
and even then it decomposes within an hour at room
temperature.

More recently the syntheses have been extended to
include the early transition metals and the actinide
metals as well. Thus,Manzerlz4 has reported the prepara-
) tion of complexes like (CSHS)(Hsz3)TiC12, (CSHS)ZTi(Hsz3)
and (CSHS)V(Hsz3). The last complex is one member of
a small class of mixed sandwich complexes as is the
compound [(CSMeS)Rh(Hsz3)]+, synthesized by Lalor et

.125 Bagnall et 01.126,127 have utilized the poly-

al
(pyrazol-l-yl)borate ligand system to form uranium
derivatives; U(Hanz4_n)4 (n =1 or 2), (CSHS)(HBPZB)UCIZ’
&
and (Hsz3)ZUC12. It is interesting to note that the
[ J

CSH5 analogue of the last two coTplexes, (C5H5)20C12,
cannot be prepared in pure form and attempted preparations
of the bis(cyclopentadienyl) compound have resulted in

127
[(C5H5)3U]2[UC16]

instead. This, once again, demonstrates
the special stabilizing influence of the poly(pyrazol-1-
yl)borate moiety.

From the preceeding paragraphs it can be seen that
the chemistry of the ligand system introduced by Trofimenko

is indeed wide in scope. Two areas however were conspicuous

by their absence at the start of our research in this field,
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poly (pyrazol-l-yl)borate complexes of the lanthanide metals
have not yet been synthesized nor were there examples

of compouan with three poly (pyrazol-l-yl)borate ligands.
Thus‘it was of interest to extend the poly(pyrazol-l-yl)-
borate chemistry to include the lanthanide metals. It

was also anticipated that, because of the propensity of

the lanthanide ions for high coordination number and

‘their larger size, tris complexes could be produced.

This expectation received support from the synthesis of

U(Hsz3)4 by Bagnall. 1In addition, since the analogy

between CSHS— and HBpz; is well established, it was

hoped that an extensive organoclanthanide chemistry based

on the Hsz3 ligand could be obtained. This chapter

describes the successful synthesis of lanthanide poly-

(pyrazol-1-yl)borate complexes.128 It also deals with °

organometallic deriwatives for which the cyclopentadiﬁpide

counterparts exist. e

2, Hydrotris(pyrazol—l-&i)boratolanthanide(III) Complexes,

M(Hsz3)3.

The interaction of KHBpz and the hydrated lanthanide

3

chlogt?es in water according to equation (V-1) precipitates
HZO

2 3;—->M(HBp23)3

M = La, Pr, Sm, Y, Er

MCl., °'nH,O + 3KHBpz + + 3KC1 (V-1)

3

the anhydrous M(Hsz3)3 complexes in nearly quantitative
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v
)

yields. The precipitated complex is i§6iated by filtraL
tion, washed %ith water and air dried. In this manner
the La, Pr, and Sm complexes have been obtained directly
with no apparent need for further purification as shown
by satisfactory elemental anziyses of the compounds.

The Y and Er .complexes had to be'recrysiallized from
toluene/hexane solvent mixture to obtain analyfically
pure samples. In addition the corresponding Ce and (ele |
complexes were prepared ana purified by prolonged

Soxhlet extraction with CHZC12'129 whereas the Yb and Lu

derivatives were purified by crystallization from CH2C12.130

The M(HBpz complexes of the lanthanides are air

3)3 1
stable in the solid state with elemental analyses remain-
ing invariant over extended periods of ti&é. In addition,
.'they are thermally stable in air to 275°C without melting.
The solubility of the complexes is very much dependent
on the lanthanide ion. The heavy lanthanide derivatives
are moderately soluble in THF and acetone, somewhat less
in CH2C12 and have low solubility in toluene and benzene.
The early lanthanide complexes are only sparingly soluble
in any of the solvents listed above. However, the com-
plexes can be dissolved only in dry solvents and the
solutions must be handled under an inert atmosphere to
avoid hydrolysis. The hydrolytidally unstable nature

of these complexes in solution was shown by the formation

of pyrazole when solutions of the compounds were allowed
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to evaporate in air. Thus the anhydrous nature of the
M(HB-pz3)3 complexes from an aqueous reaction mixture is
remarkable indeed. This would also suggest that these
complexes will not behave as Lewis acids, differing in
this regard from the corresponding tricyclopentadienide
lanthanide complexes. To further confirm this lack of
Lewis acidic character for the M(BB§23)3 complexes, the
reaction between anhydrous PrC13.and three equivalents
of kHsz3 was carried out in dry THF under. nitrogen.,
Again the unsolvated Pr(Hsz3)3 complex was obtained.
The M(Hsz3)3 compounds are all sufficiently volatile

to obtain mass spectra, but they cannot be sublimed up

to 220°C at 10~ % mmHg.

Mass speétra

The mass spectra of all the M(Hsz3)3 complexes
clearly exhibit the parent ion, although in low abundance.
In every case the most intense ion corresponds to the
loss of one Hsz3 ligamd. The mass specta of the molecules
are very rich but nevertheless the fragmentation proceﬁs
is relatively simple, dominated by losses of pyrazole
moieties instead of internal fragmentation of the latter
group. The relative intensities of the parent and a few
other characteristic metal containing fragments are listed
in Table 19. The formulation of the ions appearing in
the table is suggested by the nature of the species lost

_to produce the given ion, and the fragmentation processes
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S
are in turn supported in most cases by the observation of

the corresponding metastable pe’kl. The metastable peaks
so observed are ilsted in Table 20.
It is tempting to consider the data in the Tables

and to separate the M (HBpz complexedlinto groups as

33
a funtion of intensities of fragment ions and breakdown
patterns suggested by metastable peaks. This was pre-~
viously done for the mixed sandwich complexes. However,
the present data does not appear to be amenable tq
simple) clear cut-divisions. For instance, the complexes
with La and Pr migﬂt be expected to be quite similar
and to typify complexes with the early lanthanides.
Aléhough the intensities of the fragment ions seem to
bear out this expectation, the La complex curiously
exhibits only two metastable peaks in contrast to the
seven metastable peaks observed for the Pr derivative.
This might suggest some difference in the decomposition-
of the La complex in the mass spectrometer. Also the
mass spectra of the Sm and Yb complexes might be expected
. to resemble one another due to the available 2+ oxida-
tion states, since this was seen before to be responsible
for the particular intensities of the fragment ions

'observed in the spectra of the mixed sandwich complexes.
Inspection of the tables does not reveal this similarity
for the hydrotris(pyrazol-lgyl)borate complexes for these

two metals. Finally, the Y, Er, and Lu complexes should
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typify the spectra for complexes with the later lanthanides.
Even though Y and Er appear quite similar, the Lu Eéaplox
exhibits a distinctly different intensity pattern, wh

‘ ¢
in fact, is quite similar to that of the Yb analogue.

Though small differences do exist in the comparisgn
of the mass spectra data for the compounds at hand,/what
is in fact more striking is the rather similar nature

of the spectra for all the complexes so far considered.

Infrared and Raman ‘spectra

The infrared spectra of the M(Hapz3)3 compounds,
with the possible exception of the B-H stretching regionM
of the Er, Y, Yb, and Lu derivatives are similar to those
observed for other metal poly(pyrazol-l-yl)borate com-
plexes. The spectra are rather complex in the 600-1600
cxn—1 regibn and exhibit character®stic absorption(s) at
ca. 2450 cm ! assignable to the B-H stretching vibra-

‘ﬁégéons(at%fla %&iEPles of the spectra for an early anqﬂ
,ﬁxtégS‘;QBtshgiﬁeigbmpTgQ?;leeg with that of the potassium
‘ g@ii¥6f§§ﬁeii§§aiﬁ§hré gtviggiq Figure 13 for the two

-

tggioﬂsf§%sﬂﬁmantibbed.

S . AL

" iInsp ot of Figure 13 shows that there are some
differences in the spectra of the praseodymium and

-~ erbium complexes. The most strking difference is in

the B-H stretching region. The Pr complex displays a

very sharp absorption of medium to strong intensity at
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b)h[H'K;“:Nzhla
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c)Ev[HB(C,HJNzh]) ]

) // \ . . .
1400 1200 100 800 600

2700 2300 1600

Figure 13/ Infrared spictra of M(Hsz3)3 complexes (M = Pr,

’
Er) and KHBpzZ,. Recorded as mineral oil, (*),

—— —

mulls. Note the band at ca. 1380 cmt;'prinarily

contains absorption due to the complex.
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2447 cm~! and a weak band at 2412 cm-l, whereas for the

Er complex this region is comprised,of four weak bands )

1._ It is interesting to note that

from 2498 to 2422 cm
mention of multiple B-H stretching absorptions have hot
been made in previous reports on polyipyrazo%:l-yl)-
borate complexes. Additional variations océ;r\ip the

770 to 720 cm™! region, in that the Pr conpl&x exhibits
three sharp, distinct bands whereas the erbium deriva-
tive shows two strong bands in this region. Less obvious

1

differences occur at ca. 1220 cm ~ where an intensity

1 where the band is

variation exists and at ca. 625 cm~
split. into two components for praseodymium and remains
sharp for the erbium complex. Although only very weak

bands occur at 960 to 880 em” 1

the different paitern of
absorption in this region-:also appears to be indicative

of the p;rticular metal. These differences are pointed
out here because the compounds so far examined by infra-
red spectroscopy can be placed into two groups based

on these spectral variations. The La, Pr, and Sm deriva-
tives comprise one group, their spectra being nearly
superimposable. Similarly, the Er, Y, Yb and Lu compounds
form a second group. A more complete comparison of these
groups can be obtained by examining the bands listed in L
Table 21 for the M[HBp23]3 complexes.

It is tempting to ascribe ®he variations in the

infrared séectra, especially the strikingly different
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B-H s;retching region: to the occurrence of a change
in soiid state structure of these tris complexes &8s one
proceeds from the early to the late lanthanide metals.
The structure of the Yb(lprz3)3 complex has been deter-
mined by a single crystal X-ray diffraction analysil.13°
The structure is shown in Figuré 14. The Yb is surrounded,
in a bicapped trigonal prismatic array, by eight pyrazole
nitrogens from two trldentate and one bldentate Bsz
ligand. The low symmetry, at most C , of the complex
is consistent with the complicated B-H stretching region
seen in the infrared spdittrum. Extending this argument,
the simpler B-H stretching pattern of the early lanthanide
complexes should reflect a more symmetrical solid state
structuxe. tnfortunately, %he very low solubility of
the early Fanthanide metal derivatives has so far thwarted
attempts to obtain crystals suitable for an X-ray study
which would Aake it possible to verify the implied
structural q&fferences between these two groups éf com-
plexes. However, the different solubility behavior for
the two groups of complexes is further evidence for the
suggested difference in structure.

The Raman spectra of the complexes also exhibits
differences between the early and late lanthanide

derivatiwes and further corroborate the conclusions

reached above based on infrared spectral data. The

»

spectra of the Pr and Er complexes are shown in Figure

152.
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Figure 14. Structure of Yb(Hsz3)3.
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15a and 15b respectively. For the early lanthanide com-
pPlexes a very weak, broad v (B-H) appears at ca. 2445
cm™! while -for complexes with the heavier lanthanides a
weak multiple v (B-H) absorption occurs between 2425- |
2485 cm™!. The three bands in the 1210 to 1400 cm!
region exhibit similar intensity patterns depending on
whether the coﬁplex contains an early or late lanthanide
metal. Two bands appear at 1100 and 1125 em™! in the
‘early lanthanide complexes whereas a more complex band.
with a shaxp peak at‘gs. 1110 cm™! is seen with the
later lant;anides. Also, a minor variation is apparent
in the weak and very'weak bands in the 670-790 cm !
region. This is more eai?&y seen by reference to Table
22 which lists the'bands sc far mentioned and other
prominent bands in the Raman spectra of the M(Hsz3)3
complexes. Finally the Raman spectrum in the 125 to 400

-

‘Cm region, for the Pr complex (Figure 16a) and for the

" Lu complex (Figure 16b) also appear gualitatively

different. This again would not be unexpected should
-
the M(Hsz3)3 complexes belong to different structural

classes depending on the.central metal involved.

NMR spectra

The 1H NMR spectrum of the startiny potassium salt,

KHsz3, exhibits a simple spectrum comprised of two

doublets and a triplet in the intensity ratio 1l:1:1. 1In

154.
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2500 2230

b) |, M

o U

2500 2250 V
L 1 ! 1 1 | 1
3500 2500 1500 500
)
-1
e cm ’ ~
Figure 15. Raman spectrum of M(HBpz,),. | ”
a) M = Pr, b) M = Er. -
. ”
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L | | 1 1 | | 1 1 1 1 —J
400 300 200 125
cm!
Figure 16. Low frequency Raman spectrum of M(Hsz3)3:

a) M = Pr, b) M = Lu.
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D,0 these resonances occur at 67.74(d), 7.46(d), and
6.39(t) assigned to the protons in the 5, 3, and 4
positions (for notation see dfggram I, p. 140) of the

three identical pyrazolyl residues, respectively.n8

The 1

H NMR spectrum of Y(prz3)3 recorded in CD2C12
exhibits several poorly resolved resonances which fall
in two regions at 65.1-6.0 ppm and §7.15-8.0 ppm. Upon
cooling to -50°C there are some minor changes in the
resonance positions and some improvement in resolution
such that doublet structure of some of the peaks in the
low field'region is now evident. Nevertheless, the
complexity of the spectrum has not permitted a proper
assignment. It was argued, based on the infrared spectrum
of the yttrium compound, that its structure probably
resembles that of the ytterbium derivative shown in
Figure 14. The low symmetry of the structure demonstrates
that a complex lH NMR spectrum for these complexes is
not unexpected.

The low solubility of the M(Hsz3)3 compounds with
the early lanthanides has prohibited e recording of

1

their "H NMR spectra.

L

AN

3. Hydrotris(pyrazol-l—yl)boifto(chloro)lantHAOide(III)

3 AN
complexes, (Hsz3)nMCl3_n-xTHF, n=1and 2.

N

\
The interaction of the anhydrous lanthanide chloride

with stoichiometric amounts of KHsz3, eq. (V-2), in dry

158.
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THF

MCl., + nRBsz3———————b-(Hsz3)nMC13_n°xTHP + nKkCl (v-2)

3,
M=ZPEr, Y; n=2; x=1]

M = Er, n=1; x=1.5

[ 4

~e

THF under an atmosphere of prepurified nitrogen yields
the mixed hydrotris(pyrazol-l-yl)borato(chloro)lanthanide-
(III) complexes upon crystallization from THF/hexane

mixtures at -20°C. Using the same procedure the cor-
130

responding Yb and Lu complexes were also synthesized.
The formulagion of the copplexes is supported by elemental
analysis.

Complications arose wheﬁ the synthesis was extended
~to the early lanthanides. With Pr and Ce the pure com-
pounds could not be isolated, mixtures of materials seemed
to form. This is reminiscent of the behavior of the
early lanthanide metals with the CSHS— ligand in
Dubeck's16’17 attempt to prepare monocyclopentadienide
and dicyclopentadienide complexes.

. The solid mixed hydrotris(pyrazol-l-yl)borato(chloro)
complexes readily hydrolyze in air in contrast to the
M(Hsz3)3 cgmplexes. Also, as indicated in eq. (V-2),
the complexes are obtained with coordinated THF as
opposed to the M(Hsz3)3 compounds. The coordinated THF

1

is evident in the "H NMR, infrared, and mass spectra of

these compounds.



Mass Spectra

The mass spectra of the (Hsz3)2MC1~THP complexes
exhibit a weak parent ion with the (HszJ)ZM* fragment
being the most abundant metal containing ion. 1In
genel‘ij metastable peaks are not seen in these spectra.
This is in contrast to the M(Hsz3)3 complexes where the
fragmentation processes could usually be verified by
the appropriate metastable ions. Characteristic metal
containing fragments are listed in Table 23. In both
complexes very strong ions occur at m/e 72 and 71 which
correspond to THF in the compounds. The spéctra of the
two complexes are quite similar to one another with the
exception of the intensity of the (pz)zM+ fragment.

There is nc ready explanation for this difference.

The mass spectrum of the (Hsz3)ErC12-l.5THF complex

is not particularly informative. Instead of exhibiting

the parent ion, (HBpz Ercl? is observed followed by

3)2
the normal fragment ions found in the (Hsz3)2ErCl-THF
spectrum. A similar observation was made for the Lu

derivative.13o

It is interesting to note that attempts
to obtain the mass spectrum of (CSHS)H0C12-3THF also do
not yield the exXpected parent ion but rather give the

+ .
[(C5H5)2H0C1]2 ion.

lnfrared spectra

The infrared spectra of the (HBpz,) MCl *xTHF
3'n-"3-n

complexes are also quite complex in the 600-1600 cm-l

160.
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Table 23. Relative intensities of characteristic metal
containing ions in the mass spectra of

(anz3)2MC1'!Hr complexes.

Ion Er (165°C) Y (185°C)
(rmpz3)2uc1+ 4 4 s
(HBp13)2H+ . 100 100
(HBpZ ) (szz)Mcf' 8 .9
(Hsz3)M(pz)+ 33 41
(apz3)uc1* 14 20

+
(Bpz, )M ) 7
3 X : S
(pz)2M 19 , 37

(pz)Mc1? 4 9

:




~in the (Hsz3)2MC1~THF complexes. A band at ca. 1048 cm

A i R s I’
.- * ’\“'?J.‘(’_‘i?“' e ~ v‘j' ' k 1‘2 .

1on cml b&r m resemblance to the cérresponding
ﬁ .derivativés. However, §ome notable ditt.ronh:

are &chh\ ehmcﬁtic bands for these complexes

\aro lis in Table 24. \ o
Innpoction of tho Table and comparison g$o the data

in Table 21 for the respective H(anz3)3 complexes shows A

a considerable difference in the B-H stretching region.

The (Hsz ) HCl3 -n derivatives have a relatively sharp,

strong to n.dium intensity v (B-H) absorption in contrast

to the weak multiple B-H strotching absorptions in the

respective tris complexes. The sharpness ot this.- absorp-

tion in the (Hsz3)2HCl THF complexes probably indicates

a relatively symmetrical arrangement af the polf%pyrazol—

l-yl)borate moieties in the nolxd state. B similar

proposal was made in compnrianthe ’Pﬂ-stretching region

of the M(Bsz3)3 complexes for the eafrx“and late lan-

thanides, the sharp B-H stretch in bhe early lanthanidd

complexes was taken to suggest a more synnetrical arrange-

ment of the ligands than in the later lanthanide deri@atives
Returning to the data 1n'Tablo 4, the bands at :

885 and 880 cm-l in the monochloro éomplexes and the

band at 863 cm-l in the dichloro derivatives’are assigned

to absorption due to coordinated THF. Also the b@ndﬁat

1018 cm-1 in the dichloro complex appears to be due to

THF, but it is not clear where this absorption occurs
-1

m—
-
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Table 24. Partial infrared spectra of (HBpsy) MC1, . -xTHP *
Co-ploxoo.'
(RBp3 ) ,EXCl-THF (nBps,) ,YC1-THP (nap-,mc‘lz-x.m
2468s,sharp 2470m-s,shaxp 2503sh Y
' 247,
1384s 138Ss 1383s
1302sh
1297s 1300s 1293s
1218sh
1213s 1210s 1213s
1054sh 10S3sh
1048vs 1046vs 1043s
‘. 1018m
. 975m-8 . . 9798 978s
933w #1 930w
924w 925w
921w 924w
913w 921w
¢ 902w
897w
885m 880m S63m-s
7738
753s 760s
7628
733m 735m-s 735m
7228 724s 122%
715s
618m-8 620m-s '
621s
604w N 609w
- ,

aFrequencies in c-‘l

abbreviations as in Table 23.

-

; recorded as mineral o0il mulls;
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is s tly broadeéned K tric for both complexes,
and could represent contr -"jions from ligand and coor-
dinated THF vibrations. rhii assignment is not firm
because the ligand itself absorbs at this position.
However, the bands in the 885-860 cm ! reg&on for the
‘three complexes in Table 24 are in an area free of other
ligand absorptions and can be confidently attributed to
THF. These band positions for the monochloro complexes
are similar to those for the THF adducts of the mixed
sandwich compounds (see Table 11) and, as suggested
before, represent a significant but relatively ‘weak M-O
interaction. On going to the dichloro derivative the ,
frequency of this Band is lowered by ca. 20 cm™ 3
indicating an increase in the strength of the M-0 bond.
It is interesting to note that the infrared spectrum Of
(CSHS)ErClz-JTHF, recorded in this labo;gtory, exhibits

1

a band at 860 cm ' attributed to THF. The'%igggr s

> -

frequency band appears to be coincident with or ohAthe §

side of the very strong absorption due to the éSHS ring

at 1015 cm~l.

NMR spectra

The lﬂ NMR spectrum was recorded for the diamagnetic

-

(Hsz3)2YC1-THt complex in CD2C12. Unfortunately, the
spectrum contained an impurity (a doublet at 67.3 and a

triplet at §6.2 in the ratio 2:1). Nevertheless, the

¥ 4
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spectrum did display the expected pdttern for symmetrically
bonded tridentate poly (pyrazol-l-yl)borate ligands

(doublets at §7.7 (2 Hz) amd 7.0 (2Hz), apparent triplet -

\Qc 66,0 43 'Hz) in the ratio 6.1:6.0:6.0). In addition
multzpleel¢for THF are obs%ived at §3.7 and §1.8 but
integrate only.to ca. 0.89 THF moleculds in the complex.
This spectrum‘doet compare favorably to "the analogous
lutetium derivative which did not initially exhibit bands -
in addition té the desired conplex,13o (doublets at

67.6 12 Hz) and 7.1 (2Hz), apparent triplet at 6.0, THF

resonances at 63.6 and 1.7 in the ratio 6:6:6:3.5:3.5).

« -

However, with time, in the spectrum of this sample,
sealed in vacuo, also there appear a doublet’ and triplet

at 67.3 and 86.2 respectively in the ratio 2:1.

4. Reactivity of hydrotris(pyrazol-l-yl)borate (chloro)lan-

thanide(III) complexes with organometﬁllic reagents.

i) KZCBH8 .

Interaction of stoichi®metric amounts of KZCSHB and

(Hsz3)MC12-1.5THF, eq. (V-3), at -40°C produces the

THF
(HBpz ;)MCl,-1.5THF + K CgHg ————»

-40°c (V-3)

(HBpz ;)M (CgHg) + 2KC1

M = Er, Lu

"mixed® sandwich"” complex (ﬁsz3)MAC ) isolated by

88

crystallization after filtration to rembve KCl.
*e - ' .
L/

-4 \



The co&blexes are soluble in THP and pyridine. As
expected, the compounds are air and water sensitive but
thdy are not pyrophoric as are the base free (CSHS)"(CBHB)
complexes. However, this difference may be a result of
the nature of the products obtained with.the two materials;
well formed crystals with (Hsz3)M(CBH8) and powdery

solids with the (CSHS)H(Caﬂs) derivatives.

Mass spectra

The mass spectra of the Er and Lu complexes exhibit
the parent ion as the most abundant metal containing ion
and there is no indication of THF in the spectrum.

Fragmentation of the complexes in the mass spectrometer

reflects the presence of both:ligands in the compou
Characteristic metal containing ions are listed in T
Inspection of the table shows no ion oggfefﬁagéiné
to C§BBM+ which was a signific#n%\ffat e‘of Ege spectrum
of the mixed sandwich compounds‘d}scussed in Chapter 1II.
fowever, the fragment ion, (HszB)M+, is the second most
abundant ion in the spectrum. It thus appears from the
limited data at hand that the bonding between the poly-
(pyrazol-1l-yl)borate ligand and the metal is stronger
than the corresponding interaction.with the cycloocta-
tetraenide moiety. '

Additional fragmentation is characteristic of the

individual ligands. The loss of ace&*}ene from the

166.



Table 25. Relative intensities of metal containing ions in

the mass spectra of (anzJ)"(CBHB) complexes.

Ion Er (145°C) Lu(ls50°C)

(HBpz ;) M(CgHg) " 100 100
(Hsz3)M(C636)+ -1 2

+
(Bpz,) M(CgHy) 3 6
(!113pz3m+ 48 .. 41
(pz) M - 26

N ’ L3

— #
(Hsz3)MC8H82+ 7 ‘

+ ’ . ' '%1

(pz)M 14 6 7«

mt 3 3
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bound CSHB ligand was leén in Chapter 1I (a metastable
peak corresponding to this fragmentation process: was
clearly observed for erbium but was so weak in the
lutetium complex that its observation \;a- questionable)
whereas the ‘loss of Hpz and pz were common features of

the M(HBpz 3) 3 complexes.

L VN

Infrared spectra

The infrared spectra of the (Hsz3)u(C8H8) complez':es,

listed in Table 26, again display the sharp B-H stretch'fng
absorption characteristic of the symmetrical ‘arrangement of

the poly(pyrazol l-yl)borate moiety. The sgectra are com-
-1

plex in the 600-1600 cm regibn and strongly resemble

‘one another. In addition thg spectrum of the (Hsz3)—
BrClz-l.STHF complex (Table 24) and ‘the (Hsz3)Er (‘CBHB)

.derivative gave very similar ':rptions attributable

'

80 the HBM lxgand. One notable exception does occur.

-1

The band £t 1213 cm™! in the former complex appears as

two hands at 1205 and 1192 cm™ !

in the latter complex.
Since;tVrigin of this band is unknown only this
qualitative observation can be made.

A more important region of é‘.p,e. iﬁgted spectrum in
organolanthanide complexes qontaining the Can8 ligand,
as we have previously shown, ;is 690-730 cm !. 1In this
area should be found the absorption due to the ougzof-

-

plane «C-H bending mode. Although this regior‘f the



o

4Frequencies in cm”

Table 26. Partial infrared spectra of (anfa)u(caﬂ

Complexes.a

t

g’

Er Lu
2503vw "2505vw
2463m, sharp 7778 2466m, sharp 7828
2418vw 763s 7698
733m 732m
’ 1389sh 730m 1388s 726h
1381s 714s 1381s 721s
1297s 703s 13028 707s
12054 698sh .5  1211s 702s
1192s-m 618sh 1195m-s 621m
613m-s 618m
1047s 10528 .
974s . 982s
887m-s 890m-s

= & )

.abbreviations as in Table 23.

; recorded as mineral 0il mulls;



170.

spectrum is rich in absorption due to t;u l!lp:3 moiety,
_.bands at 703s/698sh cm™! in the Er complex and at 707s/
‘ 7_0_2. am™l in the Lu derivative appsar to belong to this
. mode. As we have argued in Chapter II the lower the

frequency of this mode the greater the degree of electro-
static character ir’the metal-ring interaction. A
cmp&rilon of un‘ band positions to those for tho

g
tp.?tivo (CSH )H(cana) complexeg. in Table 3 lhmn a

decmasc ofvfome '1.2,-15 cn 1. This would suggest a
greater degree of j.onic ohatggter ‘i‘m tht'.otal-c' 8
ring interactlon in the (83923)H(C858) complexes than
in the mixed sandwich compounds. This might imply that
the Hsz; ligand functions as.a slighfly better donor of &
electron density than the CSI-I5 ligand in these compounds.
Of course this requires the' assumption that both types
of mixed sandwich complexes have a relatively symmetrical
arrangement of the Iigands so that no unusual s0lid state
effects might be present and affect this mode.

To rew Wta in Table 26, the band at ca.
890 cm -1 is assigped to the 1n-81ane C-H bending mode
and falls in the expected region 'for complexes with the
C8 8 ligand. Atumpts to locate the asymmetric Cc-C
stretching vi‘ion wvere, hamperéd by absorption in the

®

1430-1440 cm”! region by the HBpz, ligand.



MMR spectra
1l

The "H NMR gpectrum of the lutetium derivative,
exhibiting the characteristic two doublets and a triplet,
clearly indicates thc-ly-.trical arrangement of the
poly (pyrazol-l-yl)borate ligand within the complex. In
addition the spectrum %Tso contains a sharp singlet due
to the symmetrically bound cyclooctatctraridq, moiety.
'rhe chemical shift data for (llnpz3)Lu(C ) in pyrid.i.nc-
ds are, §8.05 4, 67.64 4, §7.02 s and §6.10 t- i:th.
expected intensity ratio 3:3:8:3. :”w* :
o i ey

The most strikinq featute of the "H NMR lpoctm is
the low fJ.eld of the C8 g resonance. This if sider-
ably lower than the value 66.2 observed for the 'Caﬂa
resonance in (Cbnb)Lu (Csﬂa) (t:‘olu’na--d8 or pyridim-d ).
Such a low field chemical shift was not antx.cipated for
the (Hsz3)Lu(C-8H8) derivative based om the infrared
data just noted. However, we have seen before tha& the
chemical shift in these organolagghanide derivatives
appears to be controlled by several factors and does not
always respond to the simple idea of changing electron
density on the ring as suggested sy the infrared data/in
the solid state.

The chemical shift of the poly(pyrazol-l-yl)borate
noiefy is shifted from that in the starting complex130
(acetone-dsz §7.87 4, §7.73 4, 66.17 t), and there is a

change in the chemjcal shift difference between the

‘

171.
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protons at the 3 and tﬁg’s positions. Trofimenko has
shown that the chemical shifts and the separation between
the resonances are both solvent and cation dependent
in M(Hsz3), M = Li, Na, X, Cs. Thus the above observa-
tions are surprising and could reflect partly the

4

change in ding upon replacing two chloride ioms with

the C.H.2~ ligand. ) ~

88

visible spectrum

The electr¢nic spectrum of the (HBp:a)Er(CBHB)
complex was recorded in tetrahydrofuran and qualitatively
appears to g%;quite similar to that of the (CSHS)Er(CBHS)
derivative. The bands in the visible region for the
two complexes are listed in Table 2*. Again a chaffge
transfer band tails into the visible region as seen for
the mired sandwich compoung and difficulties similar ta
those noted previousle were encountered in attempting
to locate the maximum of this absorption.

The band.progression observed for the poly(pyrazol-
l-yl)borate complex from 520-555 nm strikingly resembles
that observed in the mixed sandwich compound. The
intensity of the bands in this region is only slightly less
than for the (Hsz3)Er(C8H8) complex. It appears that
the central metal in these two’complexes is in a comPar-
able environment.

The small differences in band position Jetween these

two complexes might suggest that a slightly greater red

.



Table 27. Visible ﬁpectrum of (Hsz3)Er(C8H8) and

. a
(CSHS)Er(CBHS) in THF.

173.

(Hsz3)Er(C8H8) Assignment (CSHS)Er(Caﬂs)
. A € A €
493 9
e 496 13
7/2

492 7 4 498 10
495 3 501, 7
519 12 o

522 33

' 2
524 10 Hyy 12 527 44
528 16 529 31
531 6 533 24
%)
5315% 3 536 18
537 : 5 539 14
4

539 2 S3/2 543 11
542 4 547 10
545 3 549 9
553 10 ‘554 10
555 4 557 7

v

3wavelength if nm.
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shift of the f-f transitions occurs in the (CSHS)Er(COHB)
compounds. However, as we mentioned in Chapter III,
quantitative comparison requires knowledge of the ground
state splittinp and assignment of excited state levels.

A difference of 3-5 nm is too small to provide a firm
basis for discussion of changes in the electronic spectrum

when thé C_.H

sHg ligand is replaced by the Hsz3 Moiety.

o ii) Reactions with other organometallic reagents.
«1.5THF

%y
complexes react in a similar fashion with K2C8H8 as does

We have established that the (Hsz3)MC1

the cyclopentadienide analogues. It was hoped that, as
shown for the analogous cyclopentadienide derivatives

by Tsutsui,46 the chloride ions could be exchanged with N
anionic organic moiegies providing a new class of o- ‘
bpnded prganolanthanide complexes.

- .. - -Reactions were tried first with Mg(CHZSiMe3)2,
LiMe, LiPh, C6HSCH2MgC1 and the monochloro and dichloro
poly (pyrazol-l-yl)borate derivatives. These.reactions
were carried out in the usual manner by addigg the
stoichiometric amount of the organometallic reagent to

a solution of the poly(pyrazol-l-yl)borate complex. The
reactions did not yield the desired complex in any case.
The most readily identified product in these reactions
was the corresponding M(Esz3)3 (infrared and mass

spectrometry) and in some cases the respective RH compound

Q



o (NMR spectrometry)\was identified. Other metal containing
compounds could not be identified. There is no ready
explanation for the course of these reactions. However,
it was felt that the drive for higher coordination numbers
in the lanthanide series might be responsible for the
ogﬁervation of M(Hsz3)3 as a reaction product. If such
a problem existed, it was hoped that the use of a ligand
capable of occupying more than one coordination site
might result in stable, isolable complexes. The reaction
of o-lithio-p-tert—butyl-N,N—dimethylbenzylamine_with
(Hsz3)2ErCl-THF was carried out in the hope that the
nitrogen in the amine ligand would act aQ_a donor to the
erbium. Then chelate formation would st®ilize the
desired complex. OnCe‘fgain Er(HBp;3)3 Sgs identified
as a product of the reaction as well as the parent amine.

A dlfferent route then was trgsg to Obtall organo-
lanthanide derivatives contalnlng the poly(pyracci’lﬁAI)-
borate moiety. 1Instead of starting.with the (Hsz3)2-

MCl-THF derivative, the (CSHS)MC}2-3THF qomplex was used
and KHsz3 was reacted with it. 1In reactions with M =
Sm, Er, Ywnd the stoichiometric quantity of KHsz3,

the trig complex, !;(Hsz3)3 was again observed. There

is at least some precedence for the displacement of the

cyclopentadlenlde m01ety by the Hsz3- ligand.
}15 guta&neg ¢(ngz 3 in reactions of‘RBpij7§,
‘ 131

sq King and Bond obtained *

I'\

x’s.

.
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. (CIIﬁJPt(Rsz,)'tro- KMBpz, and (CH,) Pt (CgH) . .

Qecruse of difficulties experienced in isolating = X

[

-
ofis

MCl, = complexes with organometallie reagents

andonéd.

able compounds the reaction of these

2

’ Conclusion

- . ,

We havg demonst;.ted that poly(pyrazol-l-yl)borate

complexes can be prepared with thé 1anthanide metals.
The.complexes.obtained include the solid, air Qtable
MKHszJ), derivatives and the hygroscopic (Hsz3)nMC13_n'
xTHF compounds. |

The range of metals involved for the two series of
compounds noted above parallels the behavior of the
cyclopentadienide-derivatived, i.e., the ch;oro deriva-
tives appear to be limited to éomplexes with the later

c']5.anth¢n'xi.de5 and no limitation exists for the M(Hsz3)3
series.

This parallel behavior with the cyclopentadienide
complexes, however,-does not continue in all aspects of
‘the;chemiqtty of these complexes.

The Lewis acidic character of the M(CSHS)3 complexes
has. been noted in the introduction and it is to be contrasted
to the compiete'absence of such behavior in the M(Hsz3)3 com-
plexes. Also, the air stability of.thg?uiﬂapz3)3 deriva-

tives in the solid state is in marked contrast to the



tricyclopentadienide cqiploxoa. An jnteresting feature
dhcuuoa for the ll(lllpz,), mloxu is tho existence
of two solid state structural classes for co-poundl with
early and late lanthanides. The exact nature of the .
chanqgl between th; early and late members ot‘tho series
awaits X-ray crystallographic analysis of one of the *
early members. R

The r;activity of the chloro compounds is also very
different. The reaction of§ K,CgHg with (HBpz ;) MC1, did

yield the mxxed safgy&ch' complexps, analogous to the

(CH 5)M(CgH g) QPMplcxes. pownudf, in contrast to the

-

}

(CSHS)ZMR, attehp;s to pre%aro &-bonded hydrotr;u(pyrazol-

l1-yl)borate containing organolanthanides have met with
great difficulties and the desired compounds could not

- be isolated. ' ,



3 . CHAPTER SIX
SYNTHESIS OF m‘(n*prz)3 cbMPLEXES
\ .
N 1. 'tntroduction '

The lubjéct of metal dialkylamides’'was extensively

“reviewed by Bradley in 1972132 and by Bradley and

- ' 133

Chisholm in 1976. The syntheticjutility of this class

- p e . 7 - -~ }—‘ .
' of compounds is demonstrated by their ability to react

with protic species and to undergo insertion reactions

»

with unsat%;pted substrates. _.The metal dialkylamides AN
are also of interest because the steric requirements of
the ligihds are capable o§ stabilizing urtusually low \

.coordination numbers. ¢/

Bradle;HEt bl.134

made use of the bulky ligand,
(N(LiMe,),] , to prepate three coordinate lanthanide
372 )

-
4

complexes, M[N(SiMe3)2]3 (M = La, Ce, Pr, Nd, Sm, Eu,

Gd, Ho, Y, Yb, Lu). The'comgpunds ape monpmeric, sub (\,/“;

lime at 75-100°C and 10-4 mmHg, an re soluble in‘Lyﬂro- s
\ .
. . / . {
Afarbon sblvents from “Which they could be crystallized.

/

el ¢ Their propérq;es made tﬁe synthésis of tris(diisopropyl-

-amido) lanthdnide (II1) complexes attractive. It was felt
that the use of the diisoéropylamido liganq, [Niprz]-}f
may provide sufficient sterié hindrance to isolate
moﬁoTeric M(Nipr2)3 (M = lanthanide metal) compléxes

;nd that these compounds would act as starting-materials
ior the synthesfs of other -lanthanide compféxes. In N

particular, neutral six coordinate molecules could

< ‘ Qa' Q
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v

. : T or ‘ :
potentially’be synthesized by carrying 02;>insertion

' reactions w;th unsaturated iubetrates such as Co,,- CoSs,

2'
and CS This would‘brovide the opportunlty to ex®end

v

. and to study the chemistry of -a rolatively rare coordina-

tion number in 1enthan1de chemistry.

L]

chapter will describe the attempted preparatidon

o M(N prz)J complexes, and the difflcultles encountered

in the syntheses. Durlng the course of the work qudley

et al.135 did report the synthesis of such cdhpounds for

!

M = Nd, Y, and Yb. 'However, the neodymium complex a

A

crystallized with one molecule of. cooernated THF. ' This

L4

indicates that at least with the larger Nd3 ion, the

N\

< size of the Nlprz moiety is not sufficient to stabilize
. A .
! three coordina€\on. ‘ 2
’ N

\

"2. Results and biscussion
The'preparative route for the synthesis of M(Nlprz)3
&complexes was identical to the method'described by

134 for the synthesis of the corresponding silyl-

»
amides. It involves the interaction of three equivalents

" Bradley

%
of lithium diisopropylamide with anhydrous lanthanide
dhloride in THF _solvent at room temperature. eq. (Vi-1)
i THF i .
MCl. + 3LiNpr, ————p M(N pr,), + 3LiC1 (VI-1)
3 2 R.T 2°3

M = Pr, Sm, Nd

o
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’ ’
*»

In the Pr reaction, the contents of the flask were
stirred overnight, and the color of the solution chahged:

from green to light yellow-?reen and finally to brewn
/ o

during this time. _The solVent was removed in vacuo//the '
R A e . . .

resjdue was extracted with pentane andstﬁe LiCl was

’

removed by filtration. Cooling the filtrate at -20°C
produced light yellow crystals and a brown film on the

bottom of the.flask. The crystals were separated from

the supernatant liquid and recrystallized from péntane. .
Again, light yellow crystals were obtained but there
was also the brown film coating the.bottom of the flask.

Repqated recrystallization groduced crystals that became

yellow-brown in color and began to, have a sticky surface
which was diffiqplt to dry. Repetition of tfie above
procedure has ajlowed the initial isolation of crystals

ranging in colon from pale green to yellow-brown. However,

i

in each case it was observed that. recrystallization

gVentually led to yellow-brown sticky solids. A satis-
S J
2)3 could not be obtained.

Similar problems were encountered in the Sm and Nd

factory analysis for Pr(Nipr

reactions. With samarium only an oil ?roduct could be

obtained. Crystallization from the(?gd—brown pentane

—
so]&ion containing the original crude material could

not be induced even when jhe:solution was kept at -78°C
overnight. Crystallf}at{on of the neodymium product
was more successful, but instead of a’éingle compound, a

g o

4
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mixture of blue and green crystals was obtained. Attedbtu

-

to separate the crystals were un.uccessful and recrystal-
lization again yielded a sticky solid

The difficulties experxenced in the above roactions,
4

‘esbecially the inability to purify the complexes by

recrystallization, suggestéd thgt tie cbmplexel were

either unstable or contaiﬁed a mixture of compound or both.
The mass spectra of the sqlid,products obtained

from the various Pr and Nd preéarations gave suppért

for the forhation of more than one complex. The spectra

-*

of the Pr compound, in addition to the expected parent

iqn at m/e 441, abso.contg}ned ions at m/e'448,r548, 555
and 349. These ions corr?spor::'io_LiIPr(Nipr2)3]+

Li (Pr (N'pr,) 1, %izlpr(Nipr2)4] , and Li(Pr(N'pr,)-
(HNipré)]*, respectively. Although absent from the
spectra of thevpurest samples, see Experimgntal sectién,
the presence of these ions in some spectra show that
I;iPr(Niprz)4 can also form and could complicate the
isolation of ;ure Pr(Nipr2)3. The mass .spectrum obtained
from the mixture of blue and, reeﬁ neodymiym crystals

also showed, in addition to Nd(Nipr2)3*,an ion Correspond-.
ing tO'Li[Nd(Nipr2)3]+. However, the mass spectra of’
these complekes also indicated the présence of THF in
the cogpounds. This. is in line with the report. of
Bradley135 which showed that the neédymidm diisopropyl*-

amide is in fact the mono THF adduct, Nd (Nlpr *THF.

23
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It is quité‘likcly;thnt the pure Pr complex of ﬁhid work
- = -

.
In an effort to aid im the isolation.of pure and’

also contains a molecule ot THP .

solvent free anido.co-ploxjs the Pr 'rebction was repeated ¥
in hexane and I%‘benzenc. Howevex, in both /cases only
.. 1ightly célored‘polugiohs were_ob:::ipd and gome of ;he '
;eacthnts remained uhdissolved. Filtration and ;yapora-
tion of the‘filtrage £Qliowed by mass spectral investiga-
tion showed n&® evidence of combfex formation. A mass
spectrum of the solid filtered from the reaction flask
also did not 1ndicaq. ‘Pr (N pr2)3 .
At thls point, being unable to purify sat1sfactor11y
ﬁhe M(N pr2)3 complexes, it was hoped‘that, by reacting
complexes yith an appropriate substrate, a more
i y.purifiable product could be obtained. In this
“the goal of utilizing the M(Niprz)8 derivatives as
reagents in lanthanide chemistry woJid be reached.
The most obvious choice of reagent is one that yill ¢

S8uce a complex similar to already known derivatives.

For fhis reason the insertion reaction with CSZ, eq.  (Vi-2),

was carriedqut. v ’ N
i ", Celg
M(N pr2)3 + excess Cs, ————;T—b-M(S CN pr2)3 (VI-2)
R .

‘M = Pr, Nd, Sm

-

-~
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The reactions pgoo;dod rapidly in each case. The
lﬁproﬁriate dithiocarbamate complex precipitated from
lolution and was identitied by mass spectrometry. Tris-
(dhthyll&thiocar Nt/o) co-ploxoc have bnr reported

by Brown et al. 136 The colors of the Pr, ua, and Sm

complexes are pale green, blueiJ:nd white tespeCtively.

Thésoolor of the complexes obtajned §0 the present study >
are yo{}ow-green for Pr and Nd- and brown for Sm. |

v‘ Although the mass spectra exhibit a simple fragmenta-
tion bsttern;,COrtesponding to the ions, M(SZCNipr2)3*3
[M(s,CNbrr ) 5-CH4 1Y, M(S)(5,N pry)* ang M(s,cnlpry),

because the color of the complex&s are unexpectedly .

+

different from the diethyldithiocarbamate derivatives
" it is ‘nost probable that the compounds contain other
| nodvolqtile component (s). There is no fonger any

i
indication of ‘THF in the mass spectra. The Pr(S,CN"pr

23
complex dissolved in Cﬂzcl2 to give a yellow-green
” solution. However, crystallization attempts failed and
only brown oily residues were obtained. At this point
* ] R .

further work with the amides was discontinued.

3. Conclusion

In retrgspect it is clear that the major problem
associated with tle isolation of pufe tris(diisopropyl-
amido)lanthanide{III) complexes in thls study does not

reside in the formation of mlxtures Although L1[M(N pr2)4]

.



184.

\

compounds have been seen in some of the preparations,
solid materials whose mass spectra showed-oelx M(Niprz)3
h,ve b;en obtained adso. The'report of Bradley e; al.135
also indicates that pure H(Niprz)3 complexes can be
isolated and charalterized. However, th%se authors showed
‘that ®e molecules are thermally unstable and whereas
tricoor?inate compounds are obtained in good';;eld with
Y and Yb, the Nd-%omplex .formsLa four cqrdinate THF
adduct only in low yiel?s.135b The presehce of THF also
has been established in the compogpds of tﬁis study.

It is thus probable that ‘the difficulties experienced
with our compounds are related to thermal instability,
and the presence of the THF molecule. The répeated.
crystallization and drying,in our attempts to purify the
complexes, pbrobably have resulted in some loss of coordinated
THF which fendered'the compounds more pfone towaré
decomposition. The initially well formed crystals with -
Pr and N4 which deterio:ate to ;Ficky solids upon
recrystallization is consistent with this sugéestiOn.

Thus, even thouéh pure lanthanide diisbpropylamides
can be synthesized, their utility és starting materials
fquz;e preparation of other lanthanide coﬁplexes is

severly limited by their delicate nature and by—the

problems associated with their isolatiqn.

, ' ‘ R



CHAPTER SEVEN o
| !XP!*IH!RTAL PROCEDURES

1. ‘General

The handling of these very dir-lou.itiqp;orgqno—
lanthanide canplcxes was performed under an atmosphere
of purified nitrogen. High purity nitrogen was passed
thrbugh a heated column of BASF catalyst Re-11 to remove
oxygen and then through a column of Aquasorb (Mallinkrodt)
to ms of water prior to entering a double
manifo manipulations of the compounds were

accomplished with the aid of the double manifold (vacuum/

A Y

nitrogen); standard Schlenk techn1que} were employed

n .
solvents

Solvents were purified according to standard pro-
cedure5137 with all operatiohs performed under purified
" nitrogen unless otherwise stated. Reagent grade solvents
were used. '

Tetrahydrofuran was refluxed over lithium aluminum
hydride for 18-20 hours and then distilled onto sodium/
6;;;\g}um alloy.a After refluxing an additional 10-12
hours, benzophenone was added. Once the blue color of
the benzophenoRe ketyl radical developed and persisted
the solvent was suitable for use. The tetrahydrofuran
was then freshly distilled just prior to use and trans-

ferred by syringe. syringe transfer technique was used

185
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with all solvents. Benzene and toluene were tctlpxch
over potassium initially for 8-10 hours and kept in
contact with the metal. They were then distilled as
needed. »Hexang and pentane, commercial grade, were
washed with sulfuric acid until no color developed in -
the acid layer. The solvents were washed with water,
‘aqueous sodium hydroxide and water again. After drying
over magnesium sulfate (these operations not under
nitrogen) hexane was transferred onto sodium/potassium
alloy and pentane onto calcium hydridg. After an injitial
reflux period of -18 hours the solvents were distilled

as needed. Before using pentane it was necessary to
first degass the solvent by reﬁeated freeze-evacuate- ../)
thaw cycles. Pyridine was r.tiuxed over and djistilled

from barium oxide. It was then freeze-thaw degassed.
o

Spectral Analyses

Infrared spectra of the compounds were recorded on
a Perkin-Elmer Model 467‘;pectrophotometer as minerygl
0il or halocarbon oil m&lis sandwiched bétweern KB }scs.
fhe mineral oil was distilled from sodium and the halo-
carbon oil was stored over Linde 4A molecular sieves:
All organolanthanide samples wege prepared in a nitrogen"
filled glove bag. - . |

Raman spectra were recorded on solid samples sealed

in capillaries under nitrogen using a Beckman 700 Raman

o

————

y
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laser sqoctrophotoacier equipped with an Ar-laser.
Mass spectra were recorded on solid samples with
an AEI MS-12 :pectrom’oftc,oporat.inq at 70 eV unless .
otherwise stated. The samples were introduced into the
spectrometer by a direct probe technique. A sealed,
nitrogen filled capillary containing the complex was
broken gmmediately before.insertion into the vacuum
chamberf, In this manner mass spectra of the very air-
sensitive organolanthanide complexes were obtained.
Proton magnetic resonance spectra were recorded
on several instruments: Varian A-60 or A-56/60,
Perkin-Elmer R32 operating at 90 MHz, and Varian HA-100
interfaced to a Digilab FTS/NMR-3 data system. Carbon-13
spectra were recorded on é Bruker HFX-90 (22.6 MHz),
 a Bruker WP-60 (15.08 MHz) and a Bruker WH-400 (100.6
MHz). The deuterated solvents for NMR work were
and DMSO-d_ were

5 6
dried over barium oxide and vacuum distilled onto Linde

freeze-thaw degassed. Pyridine-d

6 and toluene—d8 were

distilled from potassium and stored over molecular

4A molecular sieves. - Benzehe-d
sieves. Methylene chloride-d2 was distilled from phos-
phorus pentoxide and stored over molecular sieves.
Solutions of the complexes were then introduced to dr
nitrogen filled NMR tubes. . The NMR tubes were either

equipped with a serum cap through which the solutio? was

introduced with a syringe or they were attached to a -

~- ——



£illing adaptor13° comprised of a constricted 14/20
ground glass joint and stopcock that could be attached
to the double manifold via vacuum tubing. rg}. permitted
sealing the NMR samples in vaoxo. Chemical n.zuu are
referenced to the residual protons giving rise to sol-
vent peaks and convegted to TMS values. . .
Electyonic spectra were recorded on Cary 14 or
Unicam SP 1700 spectrophotometers. The top of a l-cm
qnartz'cel} was fittld with a serum cap which enabled
tilling of the c;ll with dry nitrogen after evacuation.
Solutions of the complexes were then introduced to the
cell via syringe-and the spectra recorded immediately.
The spectra were usually recorded several times using

different solutions and concentrations, the molar

extinction coefficient remained constant to within 15%.

’

Elemental Analysis

Elemental analysis of the mixed sandwich copplexes
has proved to be very difficult due to the extreme air
sensitivity~of the compounds. Similar difficulties
have been encountered by a number of researcé&rr,ll’14"9
in their attempts to obtain analyses for other organo-
lanthanide derivatives. Nevertheless, analyses weif
attempted at the Alfred Bernhardt Microanalytical

Laboratory, West Germany and Schwarzkopf Microanalytical ,

Laboratories, woodside, N.Y. Samples sealed in vacuo
' s

108.
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wvere sent te these two fes but met with varied
success. This, in most'i#€ances, is .
attributed to the dilficulty in handling the complexes,
which is particularly true for the powdery, wneolvated
mixed sandwich complexes. The analyses done at thess
~commercial laboratories for a small representative .
number of complexes lubptant}atol the formulation of the
mixed sandwich derivatives and base adducts. The .
combination of elemental analyses, NMR spectroscopic
data, and mass spectral data further supports the formula-
t{on of the mixed‘sandwich complexes and the Lewis base
adducts in this study.

The carbon, hydrogen, and nitrogen combustion analyses
for the lanthanide poly(pyrazol-l-yl)borate complexes
were carried out in the microanalyti@®al laboratory of

this university.

2. Synthesis of the Mixed Sandwich Complexes, (CSHS)"(COHB)

bage adducts and reactivity. -

Startiné materials

MCl3 (M = lanthanide metal)

Anhydrous lanthanide chlorides were prepared from
the hydrated galt ({Research Chemicals, Phoenix or Rare
Earth Division, American Potash and Chemical Corp., West
Chicago) using thionyl chloride (Aldrich éhemical Co.,)
as described by Freeman and smith.139 An example

follows: _




+

A 200 m1 nitrogen filied flask wes charesd witi
19.2 ¢ (0.0%5 mole) of finely ground -cx, “,0. % the
nnl was added 60 m1 (0.0 mole) of freshly unuxu

‘ thionyl dnlot“p. The imftial .othonlc'.r'omm is
allowed to subside and the contemts of the flask are {
then stirred and refluxed for 135 hours. The mixture is
8llowed to.cool to room temperatuze and the solid to
settle to the bottom of the flask. The supernataat
liquid is then removed with a syringe and another 60 ml
(0.8 mole) of sOCI2 is added to thJﬁéla-k. The mixture
is refluxed for 10 hours and after cooling, the 80C12
is removed with a lYtlnq..‘.Th. IICIJ is washed with

50 ml portions of dry bon;;no unt{l no further color
develops in the solvent . layer. After filtering the last
bontonc'vashinq the anhydrous SICI3 is dried under vacuum

at room temperature for 36 hours.

Bac Hg

Cyclopentadiene was obtained by heating the dimer
(Eastman Organic Chemicals) at ca. 110°C under nitrogen,
ana the monomer (b.p. = 42.5°C) was collected in a flask
maintained ai ~78°C. It was then reacted with sodium

sand in the usual manner to produce sodium cyclopenta-

dienide.

-

-

K2Cels
Cyclooctatetetraene (BASF) was freeze-thaw degassed

and vacuum distilled onto Linde 4A molecular sieves.

199.
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., It was then converted to the dianion by a procedure

similar to that of Katz et al.140

To a 1 liter 3-neck flask equipped with a mechanical

stirrer and droppiqg funnel was added THF (230 ml). The
solvent was cooled to —40;C and 7.95 g ¢0.2 mole) of
potassium, freshly cut in small pieces to expose a clean
metallic sukface, was adaed. The dropping funnel was

charged with 10 ml of THF and 9.4 ml of cxcloctatetetrqgne

(0.083 mole). TQ; cycloctatetetraene was then slowly
“added to the rapidly stirred éotaSsium and the temperétufe
of the flask Qas)«gn_ét‘gé.'-4o°c overnight. The ’
dropping funnel was then rinsed with 10 ml of THF and
thesyellow-browh solution‘was k%pt stirring at -30°C for
an additional 8 hours. "The contents of\the_flask were
then filtered to remove the excess potassium metal.
The gohéehttafion of the solution (0.36 M) was determined
by hydrolysis of the K‘2C8H8 under nitrogen followed by )
"titration of .the resulting potassium hfdroxide with
hydrochloric acid. This stock solution must be used.

within 2-3 days to avoid decbmposition of the very air

sensitive K2C8H8.

-

* ngﬂg

The monocyclooctatetraenide complexes of the early

MCl-ZTHF]2

-

lanthanides were prepared and isolated according to the

procedure of Streitwieser et al.ll
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{C H IMC1, - 3THF *

2

The monocyclopentadienide derivatives for the heavy

lanthanides were ngshesized-according to the method of
Dubeck et 01-17, The.melting points of the crystallized
complexes were compareé to the literatﬁre values. Al-
though the complexes reéor;ed by Dubeck et al. had
sat:sfactory elemental analyses a recernt 1H NMR spectrum
of the lutetium complex~recorded in these laboratories
in p"yridine-d5 apéears to indicé}e the presence of four
THF molecules per lutetium (66.32, SH, CgHy: §3.65,
16.2H, THF; ¢§1.66, 15.9H, THF). The specirum is shown
"in Fig&Fe 17. 1In all-previous reactions with the mono-
cyélopentadienidé lanthanide complexes the formulation
according tc Dube&k had’ been assumed. The reason_for

this "extra" THF molecule in the lutetium complex has

not yet been identified.

Other reagents

Cyclohexylisocyanide (Aldrich) was degassed, vaéuﬁm
"distilled onto and stored over Linde 4A moiecular sieves.
Anhydgous 1,10-phenanthroline (Aldrich) and anhydrous
¢
iron(II)iodide (Alfa Inorganics) were used without further
purification. Trimethyl chlorosilane (Silar Laboratories
Inc., Watervliet, N.Y.), mercury(II)chloridg, and ytterbium
metal (Rare Earth_Division, American Potash and Chemical

n
Corp.) were used as received. Ammonia was condensed from
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F 4

a lecture bottle onto sodium metal and allowed to stir
at reflux for 30 minutes.ﬁhIt was then distilled intb

the :eaction vessel. \ /

0 R

(CgH )M(CoHo) -THE and (C Hg)M(CoHg)

‘'The synthesis éf.several lapthanide mixed sandwich
THF adducts will be described since_these complexes
served as starting materials in subsequent preparations.
The synthéses described will also illustrate the general
preparative method involved and the experimental dif-
ficulties encountered in obtaining pure products. In
L

addition, some physical data which helped in securing the

composition of the complexes will be given.

" M=Ho

To a rapidly stirred solution of (CSHS)HOC12°3THF

(1.47 g, 2.85 mmol) in THF (50 ml) at -30°C was added

slowly a 0.256 M THF solution of K2C8H8 (11.1 ml, 2.85
mmol). 'The reaction mixture was maintained at -30°C
I 4 v -

for 1 hour and then allowed to warm slowly to room tempera-
ture. After a, total reaction time of 18 hours the volume
of the yellow solution was reduced to 30 ml by evaporation
at reduced préssure and filtered to remove KCl. To the
yellow filtrate was added 10 ml of hexane followed by
cooling at -20°C for 36 hours to produce bright ye%low
crystals of (CSHS)HO(CSHB)'THF. The compound was re-

crystallized from a minimum of THF/hexane solvent mixture

until judged free of chloride ion by AgNO, test to give

3

o
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0.50 g (43% yield) of pure compound. The mass spectrum
of the complex is lisﬁgd in Table 28 and the infrared
spectrum in Table 29. '

The coordinated THF molecule was then quantiatively

3

4removed_6y vacuum drying at 10~ ° mmHg/50°C for 1.5 hours.

~--Anal. Calcd for C13H13Ho: C, 46.73; H, 3.92; Ho, 49.}5.‘

Found: C, 46.13; H, 4.0g; Ho, 49.65.

M=Fr

The THF adduct of the erbium complex ‘was prepared

’

and isolated exactly as the holmium analogue. Yield

48%. Anal. Calcd fof’C17H21ErO: C, 49.97; H, 5.18;

Er, 40.93; O, 3.92. Found: C, 49.81; H, 5.07; Er, 41.53;

O, 3.98. The THF was then removed by yacuum drying

10_3 mm Hg/50°C until no evidence for THF appeared in *

'~ the mass spectrum. 4

[

M=Yb

_ To a rapidly stirred solution of (CSHS)YbClz'BTﬁF
(3.47 g, 6.6 mmol) in THF (50 ml) at -50°C was‘added
slowly a 0.258 M THF solution of K2C8H8 (25.6 ml, 6.6
mmol). The initially orange solution gnderwent color
changes to bluish;green after the first 1-2 ml of K2C8H8
weré added and then the blue coloration continued to
increase in intensity as addition was completed over a
1 hour period. The contents of the fiask were kept at

ca. -40°C for an additional hour and then allowed to

198.
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Table 28. ‘' Relative Abundance (%) of Fragment Ions in the S

Mass Spectrum of (csus)n(céﬂa)-rur

4 .
" Ion M = Ho M = NA
c..H, .M 100 : 40
13713 . \\<. ‘
+ . .
cllullh 4 Q
oL+
CgHgM ) 49 89
+ .
CgHgM n .
\ C, HM - 7 3
+ Il
CoHM' 55 100
can+ 10 13
2+ | ) .
C13H13M 3 «3
Mt- 24 20
2+ )
CyyHy M 6 3
. +
CgHg 14 | 7
c.u.? 7 10
785
c.u*t 25 20
66 .
.
C4HgO 36 | 180
+
C4H70 32 160
+ .
CeH 25 ‘ 56
+
CoHe 13 37
+ 2+ .
c H, " CoHg 5 6
+
C,H, 9 10
+
CyH, 66 500
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. Table 29. Infrared spectra of (CSHS)M(COHB)"THF Complexes.a

-
: i,

g

M = Ho M = Nd
. - \
1438m | , : 1436w-m
\ 13\3§w \ 1342w
1308vw - . | 1310vw . .
1261w . . : 1253w
1171vw - 1178vw
* 1058vw ' _
1030s . : 1023s
1012s - a . 1010s
‘w 918w | 926w
897m-s 897m
. 880s . 870s
- 799\7 .
798s . 778s
e 781s 768s .
751sh : T 756w
746sh ' | -
714s 704s
697s 695s
671sh ) / 677w
647vw " 652vw
LS

a . . . -1 . . .
Frequencies 1n cm ; abbreviations as in Table
[
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warm slowly to room temperature overnight. The reaction
mixture'was filtered_go remove the precipit;ted KC1l and
a blue insoluble complex whi;h was later identified as
zbZ(c8H8)3° The blue fiittaﬁe was cooled to -20°C for

4 hours pfoducing more YbZ(QGHB) collected by filtra-

3'
tion, and a small amount of ‘the desired (C5H5)Yb(C8H8)'THF

ag indicated by infrared and mass spectral analysis. - -
" .Y
The®final blue filtrate was kept at -20°C until crystal-
< - ' -
lization was complete to give 1.30 g .(47% yield) of

1721
C, 49.27; H, 5.11; Yb, 41.76. Found: C, 48.91; H, 4.88;

pure (_CSHS)Yb(CBHB)-THF. Anal. Calcd for°C,.H. OYb:

Yb, 42.25.

M=Y

Two methods wefe employed for the preparation of
the yttrium complex. The first method, (i), is based
on an in situ preparation of (CSHS)YCl and is only suit-
able for the synthesis of the unsolvated complex. The
second route, (ii), consists of the prior isolation of

(CSHS)YClz and its subsequent reaction with K2C thé

gtlg’
conventional method described before for M = Ho, Er,‘Yb.
ThHe latter synthesis is suitable for both THF adduct

and unsolvated complex.

(i) To a rapidly stirred slurry of anhydrous YCl, (9.6

3
g, 0.05 mol) in 60 ml of THF at ca. -50°C was- added

W

dropwise a 0.26 M THF solution of K2C (192 ml, 0.05 mol).

glg
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After addition was complete the yellow-brown solution.
was allowed to warm to room temperature &vernight. At
this point the color of the solution is bright yqglow.
The contents of the flask were n cooled again to
-40°C and 4.35 g (0.05 mol) of N SHS in 40 ml of tetra-
hydrofuran was slowly added to 4£he reaction mixture.

This produced a reddish-yellow color after warming to

’
s

room temperature overnight. The solvegt was then
removed from the flask in vacuo and the resulting orange
residue was transferred to an abparatus suitable for
sSublimation in a tube furnace. Colorless crystals of
(CSHS)Q(C8H8) were sublimed from the crude product at
100°C/1077 mmug. vYield 1.4 g (113). !
66.25 (s, 8H); 685.34 (s, SH).

ii) In a manner similar to the preparation of the Ho and
Er analogues, yellow crystals of (CSHS)Y(CBHB)-THF in
approximately 35% yield were isolated. Anal. Calcd for
C17H210Y: C, 61.83; H, 6.41; O, 4.84; Y, 26.92. Found:

C, 61.57; H, 6.23; O, 5.11; Y, 26.77.

M=Lu

The yellow lutetium analogue was also prepared by

4 route analogous to the Ho and Er complexes in a yield

1

of 43%. “H NMR (pyridine-d 66.20 (s, 8H), §5.48 (s,

5)
5H); 63.59 (m, 4H); 61.54 (m, 4H). The THF of solvation

was then removed during sublimation at 115°C/10—4 mmHg

H NMR (toluene—dg)

199,
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giving colorless (CSHS)Lu(CBHB)' H NMR (?71uene—d8):

§6.24 (s, 8H); &85.29 (s, S5SH). /
/ \
M=Sm

The prepa?ation of the samari mixed sandwich
complex was‘first attempted by procedure (i) above for
the yttrium complex, but substituting crystallization
for sublimation as the isolation method. This produced
a mixture of a brown and a violet colored product which
proved virtually inseparable by repeated crystallization
from THF/hexane mixtures. The following proéedure“was
more successful.

To a rapidly stirred solution of (CSHS)SmCIZ'BTHF
(1.8 g, 3.6 mmol) in THF (70-ml) at -20°C was added
slowly a 0.4 M THF solution of K2C8H8 (9 ml, 3.6 mmol).

This immediately produced a violet solution. The contents

1

of the flask were allowed to warm slowly to room tempera-

\
ture with rapid stirring. After a total reaction time

of 15 hours the contents of the flask were filtered and

200.

the filtrate cooled to -20°C. Violet, extremely air-  _.- -

-

sensitive crystals were obtained. Mass spectral analysis
indicated the presence of Sm(CSHS)3 whicg‘necessitated
repeated crystallization from THF/hexane mixtures to
remeve the undésired complex. This contributed to the
low yield, 80 mg (6%). 'H NMR (DMSO-d,): §7748 (s, 8H);

§5.98 (s, S5H); 4&3.68 (m, 4H); &1.72 (m, 4H).
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M=Nd

.{ : fo a rapidly stirred slurry of ((ciu')udc1-2rur12
(0.43 g, 0.5 mmol) in 25 ml of THF cooled to -40°C was
added a solution of NaCSHS (0.12 g, 1.0 mmol) in 10 ml
of THF over a period of 30 minutes. The reaction flask
was kept at -46'C fst one hour and then allowed to warm
slowly to room temperature o;ernight. TNe contents of
the flask were then filtered -to remove pF?cipitaged
NaCl which was coniaminated with Nd(,CSHS)3 and possibly
Ndz(ésﬂs)3 a;a the volume of the green filtra;e was
‘reduced to abouﬁ 20 ml. Hexane (5 ml) was then added
and cooling to -20°C produced brighp green crystals
which were isolated by filtration. ﬁécrystéllization
from a minimum ©f THF/hexane solvent mixture gave 0.1 g
(27% yield). The mass spectrum for the complex is listed

1

in Table 28. H NMR (pyridine-ds): §0.87 (s, 8H);

§2.79 (s, SH); 63.65 (m, 4H); 81.62 (m, 4H). The
coordinated. THF was then removed by heating at 80°C/10-3 mm-

Hg for ca. 2 hours.

M=Pr

3

The praseodymium complex was prepared in a similar ’
way to give the pale green crystalline THF adduct in 20%

yield.

(CHIM(C HY) L

The adducts w&fe obtained by direct reaction of

the base with either the mixed sandwich complex or their
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THF adducts. The compounds were ‘then isolated as powders
Or crystalline products in near quantitative yield

‘usually by the addition of hexane to the reaction mixture.

\

Two example will describe the general ‘preparative scheme.

M=Ho, L=CH, NC

To a slurry of (CSHS)HO(C8H8) (0.27 g, 0.82 mmol)

in 35 ml of toluene at 0°C was added an excess of
'
C,H, NC (0.3 ml, 2.5 mmol). The reaction flask was

611

‘kept at 0°C for 4.5 hours during which‘time a clear

golden-yellow solution was obtained. The volume of the

solution was reddcgd to 15 ml and hexane (25 ml) was

added. Cooling atj—ZO’C‘for 12 hours produced ‘long

golden needles. The solvent was decanted and the goiden

needles were then washed with pentane and dried in a

¢ Stream of nitrogen. Yield, 6.25 g (70%). Further
addition 6f hexane to the supernatant solution and cooling
produces only microcyrstalline prodhct. 'Theamass spectrum
of the (C Hg)HO(CgHg)-C H, NC exhibits ions at m/e 443-

+ +
(P) " and %}4 (P—C6H11NC) .

M=Lu, L=C_H, ,NC

To a slurry of (CSHS)Lu(C8H8)-THF (0,05 g, 0.12
mmol) in 10 ml of toluene at room temperaturg was added

C6H11NC (0.015 m1% 0.12 mmol) diluted with a\ml of

toluene. After stirring at room temperature \for 10 hours

<

a clear yellow solution was obtained. The volume of
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/
solution was then reduced i{n vacuo to ca. 2 ml producing

" a slurry of the complex which was further dried by pass-

) §

ing a stream of nitrogen through the flask. R WMR

Qtolu.n.-da): £6.19 (s,8H); 85.48 (8,5K); 82.23 (m, 1.3H);

80°9L (m, 13H). Infrared spectrum of the yellow solid

shows v(N-C) at 2197 cm 1. .

The colors of mixed sandwich complexes are collected

in Table 30. J

s

Bases that did not yield solid adducts

An example follows which typifies the procedure

used with the bases noted in Chapter III tgat did not _ :
yield solid adducts. | A

' To a rapidly stirred slurry of (CgHg ) HO (CgHg) (0.33°
g, 0.99.mmol) in 40 ml of toluene at 0°C was added NEt3
(0.3 ml, 2.2 mmol). The contents of the flask weré
allowed to cqre to room temperature slé;ly and stirring
was conkinued overnight. The_volume of the yellow solu-
tion was reduced to ca. 25 ml and Kgéanewas added until ////
a faint cloudiness resulted. Cooling at -20°C produced
yellow érystals. The supernatant was removed «ith a
syringe and the crystals were washed with hexane. They
were then dri®d in a stream of nitrogen. The infrared
spectrum of the yellgé solid contained no other absorp-

tion bands than those due to (CSHS)HO(CSHB)' Adding

hexane to the supernatant resulted im the isolation of
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more (CSHS)HO(CSHB)' '

<
Reaction of {C.H )HO(CgHg) with HgCl, : .
' 70 a soéution of (CgHg)Ho(CgHg) -THF (0.082 g, 0.2

mmol) in 20 ml of THF was added HgClz_(0.027 g, 0.1 mmol)
'éissolved in THf (10 ml) at room temperature’. The
addition funnel and reaction flask were protected from
the liéht using aluﬁinum foil. The yellow THF solution
developed a cloudiness aJ the HgCl, was added and within

five mMminutes mercury metal was deposited..

Reaction of (CSES)Y(C8§8) with UCl,

'To a bright yellow solution of (CSHS)Y(CBHB)-THF

- (0.52 g, 1.56 mmol) in 2 1 of THF was added at 0°C a

THF gdlution of anhydrcus UCl4 (0.296 g, 0.78 mmol).141

This immediately produced a,color change to a deep green-
brown. An aliquot was removed and its UV-visible spectrum

was recorded. By comparison to the literature data,35b

. the spectrum indicated that uranocene has been produced.

——

After stirring the solution overnight at room temperature
the solvent was removed »n vz'uc and sublimation gave urano-
cene which was further identified by 1its mass, 1H WNMR and

infrared spectra.
Reaction of gSES)HO(CBES) with Fe12

o
To a solution of (CSHS)HO(CSHS)'THF (0.156 g, 0.385

mmol) in 20 ml of THF at room temperature was added a

solution of iron(II)iodide (0.059 g, 0.I92 mmol) 1in )
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THF. After stirring for 4 hours at room temperature the
solvent was removed in vacuo and sublimation\at 50°C/10-3
mmHg gave orange crystals. Ferrocene was identified

by its NMR in CS, and mass spectra.

2

Reaction of (C H.)Y(CgHg) with Me,SiCl

Freshly sublimed (CSHS)Y(CSHB) (0.0377 g, 0.146
mmole) waé dissolved in 0.5 to 0.6 ml of pyridine—d5 giving
a deep yellow solution. It was transferred to a serum'\
st0ppefed NMR tube and increments of degassed Me3SiCl were'
added using a 50 ul syringe (see.Chapter III). The NMR
tdbe was s?aken for 10-15 minutes at rooﬁ temperature
followed by the recording of the NMR spéEtrum. iéuccessive

addition of 0,011 ml (0.086 mmol), 0.011 ml, 0.019

10.149 mmol), and 0.029 ml (0.227 mmol) were made.

Reaction of (CSES)Er(CBEB) with Me351Cl

To a solution of (CSHS)Er(C8H8) (0.23 g, 0.65 mmol)

.

in 25 ml of THF was added Me,SiCl (0.017 ml, 1.3 mmol)
diluted with 5 ml of THF. The reaction was started at

0°C and then allowed to warm to room temperature overnight.
A very small a;ount of pale orange precipitate was observed
which was removed by filtration. The solvent was removed
from the filtrate i»n vacuo and the mass spectrum of the
cruae reaction mixture indicated C8H8(SiMe3)2 as the

only volatile product. The cnxhzﬁmoduct was extracted

with ether, the mixture filtered and after removing

—



the ether, sublimation at 50"C/10-3 mmHg produced a

1

‘white solid. The "H NMR spectrum of this material in

was in agreement with the literature data for
111

3
(SiMe3)2.

CDCl

CgHg

3. Synthesis of the Dinuclear Compounds, M2(C8H8)3.
»

To a rapidly stirred slurry of YbCl3 (1.86 g, 6.65
mmol) in 45 ml of THF at -40°C was added a 0.266 M THF

solution of K.C.H, (37.5 ml, 9.98 mmol). At the start

2788
of the addition of the dianion the temperature'of the
cold bath was lowered to -60°C. Immediately the reaction
mixture became deep blue. The cold bath around the
reaction flask waé kept at -60°C for 4 hours after
additioﬂ was complete. The flask was then allowed to
warm slowly to room temperature overnight. The contents
of the flask were filteréd leaving a mixture of KCl and
Yb, (CgHg) 5 on the filter frit. The deep blue filtrate
was cooled at -20°C to yield deep blue crystals of
YbZ(C8H8)3' The crystals gave negative chloride and
potassium (flame) ion tests. The complex has identical
(see Chapter 1IV) properties to the by-product Yb2(C8H8)3,

»

obtained in the (CSHS)Yb(C8H8) synthesis, for which

A

Anal. Calcd for C b C, 43.77; H, 3.67; Yb,

24H24Yb50
52.55. Found: C, 43.52; H, 3.48; Yb, 51.96.

8H8)3 was isolated as the by-product

from the (CSHS)Lu(CBHB) preparation. Anal. Calcd for

o3

The yellow Lu2(C

L4

/

207.
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C24834Lu2:
42.80; H, 3.44; Lu, 53.20. Mol. wt. by osmometry in

C, 43.52; H, 3.65; Lu, 52.83. Found: C,

pyridine Calcd: 662. Found: 308.

¥b (CgHg)

The red to red-purple Yb(CBHB) complex was prepared

26

according to the method of Hayes and Thomas. The

compound was obtained as a powder from a pyridine/hexane
solvent ;;;ture. The solvated pyridine was removed at
110°C/10_3 mmEg producing the same red complex. Anal.
Calcd for CgHgYb: C, 34.66; H, 2.91; Yb, 62.42. Found:
C, 34.67; H, 2.96; Yb, 62.36.

4. Hydrotris(pyrazol-l-yl)borate syntheses

Starting Materials

The KHsz3 compound was synthesized by the procedure

of ‘I‘rofimenko.118

LiMe and CGHSCHzMgC1 were obtained from Alfa-Ventron

?ij( and were standardized by the acidometric double

titration method142 or by the procedure of Watson and

14

% Eastham 3 employing s-butanol as titrant and 1,10-phen-

~

antholine as a color indicator. Literature preparations

144

were used to obtain Mg (CH SiMe3)2 and o-lithio-p-tert-

2
. : 145
butyl-N,N-dimethylbenzylamine.

M(HBEZ3L3

M=Pr

To PrCl.,-7H

3 20 (0.29 g, 0.78 mmol) was added 20 ml of



[
distilled water. The solution was filtered to remove a
very small amount of undissolved material. The Clear

solution of Prcl3 was added at a rapid drop rate to a

.

stirred aqueous solution (20 ml) of KHsz3 (0.58 g, 2.3
mmol). A pale green preéipitate formed immediately.
Stirring was'continued for 10 minutes and then the pro-
duct was isolated by filtration. The pale green solid
was washed with two 10 ml pdrtions of water and then
air dried. VYield; 0.58 g, 95%. Anal. Calcd for
C27H3OB3N18Pr: C, 41.58; H, 3.88; N, 32.32. Found: C,
41.11; H, 3.83; N, 31.74.

The La and Sm complexes were prepared similarly.

See Table 31 for the color, yigld} and analytical data.

M=Er

To ErCl3-6520 (0.36 g, 0.9? mmol) was added 12 ml
of H,0 and the solution filtered to remove a small amount
of undissolved material. The clear solution of ErCl3
was rapidly added to a stirred aqueous solution (15 ml)
gf KHBp23 (0.71 g, 2.8 mmol). A pink precipitate formed
immediately. The slurry was stirred for 10 minutes at

- room temperature and filtered. The pink solid was washed

with two 10 ml protions of water and the complex air

dried. The Er(Hsz3)3 was then crystallized from tolyene.

Yield; 0.65 g, 86%. Anal. Calcd for C27H3083N18Er:

C, 40.22; H, 3.75; N, 31.27. Found: C, 40.43; H, 3.83;

-

209.
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H.: Calcd

Molecular weight by pﬁmometry in ¢6 6

nd 7%. _ .
The yttrium analogue was prepared in a similar manner.
All subsequent reactions were carried out under an

inert atmosphere.

(ngz3)ErC12-1.5THF

¢

To a rapidly stirred slurry of ErcCl

A}

3 (1042 gl 5.1

1) in 55 ml of dry THF at room temperature was added

a lution of KHsz3 (1.3 g, 5.1 mmol) in 45 ml of THP.
~ N
Stirring was continued overnight at room temperature.

> ’

Precipitated KCl was removed by filtration. The volume
of thé pink filtrate was reduced to ca. 25 ml and 5 ml

of dry hexane was added. Upon cooling at -20°C, light

pink crystals were obtained. Yield; 1.45 g, 58%. Anal
Calcd for C,_H,,BCl.N Ol.SEr: C, 32.21; H, 3.96; N;

15722 26
15.02. Found: C, 32.67; H, 3.96; N, 14.76.

(HBpz ErCl - THF ’

312
To a rapidly stirred slurry of ErcCl

3 (0.70 g, 2.5
mmol) in 45 ml of dry THF at room temperature was added

a solution of KHsz3 (1.28 g, 5 mmol) in 30 ml of THF.
The reaction mixture was stirred at room temperature
overnight and filtered to remove KCi. The pink filtrate
was concentrated until a faint cloua;ness appeared and
then cooled at -20°C producing a light pink powder. The

complex was separated by filtration and vacuum dried.

»
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Yield; 1.0 g, 57%. Anal. Calcd for C ClErN, ,0:

22M288; 12
C, 37.70; H, 4.03; Cl1l, 5.06; N, 23.98. Found: C, 37.51;
H, 4.29; Cl1, 5.22; N, 24.04.

The yttrium derivative was prepared in a similar
manner with a yield of 60%. Anal. Calcd for C22H2882-
C1N120Y: 'C, 42.45; H, 4.53; N, 27.00. Found: C, 41.68;
H, 4.44; N, 28.74.

(Hsz3)Er(C8§8L

To a rapidly stirred solﬂtion of (Hsz3)ErC12-l.STHF

(0.78 g, 1.4 mmol) in 30 ml of THF at -50°C was added
slowly a 0.266 M solution of K,CgHg (5.3 ml, 1.4 mmol).
The contents of the flask were kept at ca. -30°C for

one hour after addition was complete and then allowed to
warm slowly to room temperature overnight. frecipitated
KC1 waé removed by filtration. Hexane (5 ml) was added
to the reddish-pink filtratef Cooling at -20°C'produced
pink crystals of (Hsz3)Ef(C8H8). These were separated
'by filtration and washed with hexane. Yield; 0.38 g,

56%. Anal. Calcd for C BN_Er: C, 42.15; H, 3.75;

17H18BNg
Er, 34.53; N, 17.35. Found: C, 43.33; H, 3.71; Er,
33.91; N, 16.78.

‘hhThe lutetium derivative was prepared similarly and

'ty 1+ certained by lH NMR spectroscopy.
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Reaction of (HBE§312YC1-THF with o-lithio-p-tert-butyl-

N,N-dimethylbenzylamine.

To a rapidly stirred slurry of (HBpz YC1 - THF

32
(0.46 g, 0.74 mmol) in 30 ml. of ‘toluene was added a slurry
of o-lithio-p-tert-butyl-N,N-dimethylbenzylamine (0.15 g,
0.74 mmol) in 10 ml of toluene at room temperature. The
reaction mixture was stirred overnight ag.room temperature
producing a light yellow solution and a small amount of
off-white precipitate. The precipitate was removed by
filtration and the volume of the clear light yellow
filtrate was concentrated to ca. 20 ml. Hexane was added
until there appeared to be a faint cloudiness and the
contents of the flask were cooled to -50°C. Crystalliza-
tion could nct be induced. The solvent was then removed
"in vacuo giving a }ight yellow solid. A mass spectrum

of this product gave the parent ion of Y(Hsz3)3; an ion
for the parent amine, and did not indicate the presence

of THF. A 1H NMR spectrum in C

606 indicated the presence
of the parent amine. Additional, weak, poorly resolved
resonances were also apparent from §7.2-8.2.

A similar pattern was followed in the other reactions
note® in Chapter V between the Grignard or organolithio l
reagents and the hydrotris(pyrazol-l-yl)borato(chloro)
compleXes. Though the reaction appeared to proceed,

evidenced by the dissolution of the starting lanthanide

complex, products could not be crystallized and evaporation



of the solvent followed by mass and 1y NMR spectral

investigations gave no indication that the desired

complex had been formed.

5. Synthesis of Pr(Nipr2P3~THF

To a rapidly stirred slurry of PrCl3 (5.2 g, 0.021
mol) in 10 ml of hexane was added 65 ml of THF producing
aglight green solution in contact with undissolved
PrCl3. To this PrCl3 slurry was added, dropwise, 40 ml
of THF solution of LiNiprz (6.6 g, 0.062 mol) at room
temperature. While stirring at room tempe;ature the
color of the solution gradually changed from green to
brown. After stirring overnight, the solvent was removed
in vacuo leaving a brown solid. The residue was extractgd
with 100 ml of pentane and LiCl was removed.by filtration.
Cooling at -20°C for 18 hours produced light yellow to -
yellow-green crystals and a brown film coating the bottom
of the flask. The crystals were separated from the
supernatant liquid by fitration and redissol;ed in 40 ml
of pgntane. All but a small fraction of the crystalline
mate;ial redissolved. After filtration, the clear
solution was cooled at -20°C again producing light
yellow crystals in contact with a brown film. Continued
crystallizgtions from pentane produce more brown film

with each operation, and lead to browner products which

eventually are no longer crystalline. The yellow-green

214.
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crystals which were formed initially, and which are

xnown to represent the purest form of the compound, have

.

been used for physiéal measurements. Major metal
containing ions in the mzss spectrum were observed, for:
Pr(Nipr2)3+, Pr(Niprz)z* and Pr(Nipt2)+; othgr ions were
qbserved for HNiprz'+ and C4H80+. ‘The infrared spectrum
displayed the following bands; (IEEZN* 1332w, 1308w,

AN

~.

1262vw, 1177sh, 1170vw, 1076vw, 1033w-m, 1608w, 938w,

910m, 905m, 820w, 790w, cm 1. The melting point was
J

.

determined in a nitrogen filled capillary. The compound *

underwent a change in appearance at 47-50°C, and melted

- ° . . .
at 67-69°C. Anal. Calcd for C22H50N30Pr. C, 51.45;

H, 9.81; N, 8.18. Found: C, 50.62; H, 9.45:; N, 6.72.

[
-

The Nipr2 group was cstimated by aéid titration of
HNipr2 following alkaline hydrolysis and distillation.134b
Calcd: 58.5; founa: 56.

Preparations of ﬁhe Nd and Sm analogues were carried

out in a similar fashion. The problems with isolation,

as above, have been noted in Chapter VI.
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