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General

R D. Fischer has written a detailed acccunt of the nmr speciro-
scopy of lanthanide and actintde complexes (1). Particular attention is

devoted to organometallics.

Lanthanides

Slater et. al. (2) have observed neodymium and ytterbium carbonyl
compounds by codepositing the lanthanide atoms with CO in an argon
matrix at 10°K. The nfrared spectral results for the Nd system were
surprisingly similar to those for Cr, Mo, W, Ta., and U, suggesting for
mation of the species Nd(CO)n, n =1-6. The Yb sysiem was less
straightforward in terms of stoichiometry and spectral changes upon
annealing the matrix.

Atwood and coworkers (3) have reported the X-ray crystal structure
of trisindenylsamarium. The five-membered rings (Figure 1) are bonded
in an essentially pentahapto geometry with an average Sm-C distance of
2.75&. The angles ring centroid-Sm-ring centroid are all nearly 120°.

Crease and Legzdins (4) have published a number of interesting
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Figure 1. Stereoscopic view of (indenyi),Smn from ref. 3.

reactions between cyclopentadienyl lanthanides and transition metal or-
ganometallics with basic sites. For example, (C,H,);Ln compounds
(Ln =Sm, Gd, Dy, Ho, Er, Yb), which are hnown to be strong Lew:s
acids, were found by ir and nmr fo form adducis with terminal and
bridging mitrosyl {e.g. (C,H;)Cr(NO).Cl, [(C,H,)Mn(CO)(NO)],) and car-
bonyl (e.g {(CH,C,d,)Mn(CO),, [(C H,)Fe(CO)].) groups Such linkages
are called isocarbonyl, e.g [T} and isonitrosyl. e g. [2] bonds. In
M' M
MN—C ;0/ M—N =z O/T
M 2]

several cases, crystalline adducts could be 1solated. It was concluded
that M-NO 1s a stronger base than M-CO. (CH,C.H,), Nd was observed
(by nmr) to interact with the metal base (C.H;).WH,, a very small shift
was also observed for the substrate CH,C = CH. These authors found

that reactions such as (1) produced isocarbony! compounds, rather than

(CsH,)M(CO),Na + (C;H,).LnCl * (C.H,)M (CO),Ln (C,H,), (1)
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M =Cr, Mo, W Ln = Dy, Ho, Er, Yb

compounds with metal-metal bonds. The anion Co (CO); was too weak
a nucleophile to displace chloride.

Marks and coworkers (5) have reported that (C?Hs)sz 1s a suf-
ficiently soft Lewis acid to interact with soft bases such as phosphines
and sulfides, as judged by substantial isotropic shifls in the pmr spectra.
These bases do not interact with the usual B-dikefonate lanthanide shift
reagents, and the cyclopentadienyl complex may be useful as a softer
shift reagent.

Streitwieser. et. al. (6) have now reported extensively on the chemical
and spectroscopic properties of cyclooctatetraenyl lanthamide complexes.

Two classes of compounds were synthesized, and could he purified via

2K,CoH, + LnCl, —HF s (ne.c H,).LaK" (2)
Ln = La, Ce, Pr, Nd, Sm, Gd, Tb

2K,CoH, + 2LnCl, —2X 5  [(r®-C4H,)LnCl - 2THF, (3)
£l

In =Ce, Pr, Nd. Sm

Soxhlet extraction. Crystallographic studies have already been reported
(7), (8) for both types of complex where Ln =Ce. Some reactions of

these compounds are shown below. All reactions suggest that the ring-

(C.HohCek —2CL & (c H,),U (4)
THF

(CgH,).CeK CeCl, [(CgH)CeCl - 2THF], (5)

THF
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3] or [4] —2: CgH, (6)
THF

[Zlor [4] _HO cyclooctatrienes (7)
THF

metal bonds in these compounds are exclusively ionic in character and
that 4I orbitals play a negligible role i1n the bonding. Reaction (4) was
interpreted as indicating constiderably greater covailency for the uranium
(IV) series. The visible spectra and magnetic data also show littie per-
turbation of the lanthanides from free 1ons in solution. Vibrational
data (ir and Raman) are also in accord with these observations. Fur-
thermore, analogous compounds of yttrwum (IIl), which has neither 4f
electrons nor accessible 4f orbitals, have been prepared and are
chemically and spectroscopically very similar to the lanthanide complexes.

Jamerson, Masino, and Takats (9) have reported the synthesis of new

mixed cyclopentadienyl cyclooctatetraenyl complexes. These compounds

(CqH,)LnCl + NaC,H.,— (C,Hg)Ln{(CH,) (8)
Ln =YD
(CyH;)LnCl, + K,CgHy; — (CyHg)Ln(C,H,) (9)
Ln =Sm, Ho

are believed to have structure [5]. Nmr spectroscopy indicates these

<.r\/

(5] M

<5
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complexes form labile adductis with Lewis bases.

Crease and Legzdws (10) have studied the reactions of organo-
transition metal halides with finely divided lanthanmide metals. Producis
were characterized in solution by infrared spectroscopy and chemical

reactions It appears from the infrared that [6] contains metal-metal

Mn(CO),Br —L% 5 *[Mn(CO),],LnBr" (10)
T

HF
(€1

(18-C,H,)Fe (CO),I —2 5 [(n?-C,H,)Fe (CO),].Lnl" (1)
THF
M
(C.H,)Cr (CO),HgCl —E15 [ (C,H,)Cr (CO), |, LnCl (12)
81 - y=1lor2

bonds whereas [g'] 1S an i1socarbonyl compound. \When trealed with
(C¢H;),SnCl [B], [T], and [8] produce the corresponding (C.H,),;Sn- tran-
sition metal complexes.

Kalsotra, NMultani, and Jain (ll) have reported the synthesis of cerium
aikyl compounds via the reactions shown below. These compounds were
apparently rather unstable and could not be characterized in detail.

(C.H,),CeCl + RMgX — ¥ 5 (C.H,).Ce-R (13)

R =CH,, C,H,. C,H,, benzyl

(indenyl),CeCl, + 2RMgX ——Y 3 (indenyl), CeR, (14)

R =C,H,, C H,, benzyl
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Kapur, Kalsotra, Multani, and Jain (I12) have also described some
organocerium tetrahydroborates, prepared via eqgs. (15) and (16) The

infrared spectra indicate that the BH, groups are covalently bound to

(C.H,),CeCl - NaBH, —LHE 3 (C,H,),CeBH, (15)
(indenyl).CeCL, + 2NaBH, —- L5 (indenyl),Ce (BH,), (16)

the lanthanide via hydrogen bridges.
Kapur, Kalsotra, and Multam (13) have reported the synthesis of

organocerium alkyl mercaptides by eqs. (17)and (18) It is surprising

CH,OH

(C,H,),CeCl + RSNa =98 5 (C.H,),CeSR (1)
THF
(indeny1),CeCl, + 2RSNa ~SHaOH o (indeny1),Ce (SR), (18)
THF

that organocerium compounds are not attacked by alcohols.

A mass spectral study (14) of (C.H,);Ln compounds concluded (from
appearance potentials) that metal-ligind bond strength decreases with in-
creasing Ln atomic number. Vapor pressure data and heats of sublima-
tion have been repurted for (C,H,),Ln compounds, Ln =La-Gd (15)and

Ln = To-Lu (16)

Actimdes

The year 1973 saw dramatic progress in the area of o-bonded acti-
nide organometallics. ‘Three groups (i7), (18), (19) presented full re-
ports on the synthesis of (C4H;);U-R compounds via eq. (19). In ad-

dition, an X-ray structure of the R = C,C H; complex was reported (20).
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(csﬂs)sucx_gx%:‘g? (C3H;);UR 19)
o]
R = CH, (18), (19) =C.H, (1T), (18). (19)
=n-C,H, (18), (19) =C,F, (18)
= allyl (18) = C,C H, (17)
=1-C,H, (18) = p-tolyl (17)
= vinyl (18) = benzyl (19)
= neopentyl (18) = ~2-cis-2-butenyl (18)
= t~-C,H, (18) = ~2-trans-2-butenyl (13)

The result i1s shown in Figure 2. The C,, coordination geometry about

Figure 2. The structure of (C,H,),UC.C.H; from ref. (20).

the uraniurn atom leatures angles between the U-C sigma bond and the
uranium-to~ring centroid vectors of 100° (average) The uranwum to sigma
carbon distance 1s 2.33 (2) %, while the uranium to ring carbon distance
averages 2.68 A. The R =n-butyl compound is reported (21) to have a
similar structure with a U-sigma carbon distance «f ca. 2.5 &.

Al groups (LT), (18), (19)found the (C.H,),UR compounds, though

air-sensitive, to have high thermal stability. Marks, Seyam, and Koib
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(18) reported a detailed studvy of the thermolysis of these compounds in
toluene solution. Decomposition does not occur via the commonly ob-
served B-hydrogen elimination reaction, eq. (20). Rather, it was

found (i8) that thermolysis proceeded by intramolecular abstraction

CH,
M—CHCHR > M<& || — 1\'11 + CH, = CHR (20)
CHRY

[10]

[il H

of a hydrogen atom from a cyclopentadienyl ring, producing the cor-
responding R-H in essentiallv quantitative yield. For R =2-cis- and
-2-trans-2-butenyl the abstraction takes place with retention of configura-
tion at the sigma-bonded carbon atom The uranium-containing product
was too iniractable to be completely characterized, infrared spectra and
chemical analysis indicated that it contained n°-C,H, rings and extra
hydrogens. The mechanism for tte thermolysis was discussed in ferms
of either a homolytic bond scission mj, followed by ring hydrogen ab-
straction in a very tightly constratned solvent cage, a 4-center concerted

elimwation of R-H [1Z]. or an oxidative addition of a C-H bond to the

el — N

C‘(D--u Q’D A G@,dk

<X, <X p—

[ (1Z] (5]
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uranium @ foilowed by R-H elimination. Kinetic measurements showed,
for alkyls. the stability order primary > secondary = tertiary. That 8-
elimination was not important was also confirmed hy the fact that the neo-
pentyl compound was less stable than the n-butyl Curiously. the penta-

fluorophenyl complex was one of the least stable For the thermolysis,

’

AG T values ranged from 25-35 kcal.,mole. It was suggested (18) that
partial or complete coordinative saturation of the uranium atom mught
present a significant barrier to p-elimination (destabilization of [10])

and that this micht contribute to the high thermal stability of some of
the (C,H,),UR compounds. Support for this hypothesis was derived (13)
from observations on the thermally unstable species believed to ke (n-

butyl),U Here, where coordinative saturation seems unnkely, 5-hydro-

UCl, » 4 n-C i, M_OE? [ (n-butyl),U] (21)
ether -30
burane - l-butene

gen elimination 1s facile

Marks, Seyam, and Kolb (13) presented variable temperature mag-
netic susceptibility data for (C,H,),U(n-butyl) which indicated -onsider-
able distortion from a tetrahedral environment for the U(IV)ion. The
solution pmr spectra (17), (18), (19) for all the (C.,H;),;UR compounds ex-
hibit very large isotropic shifis Marks, Seyam, and Kolb (18), (22)
were able to separate (approximately) the contact (hyperfine) and pseu-
docontact (dipolar) contributions to these shifts. The contact compon-
ents, indicating 5f electron hyperfine interaction, were found to bu: rather

large. The directions and magnitudes of these shifts could be understood
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in terms of R~ electron density donation to empty uranium orbitals (pos-
sibly 5[), with exchange interactions dominating the sign of nuclear-electro
hyperfine coupling. The contact shifts could be estimated by INDO,2
SCF M. O. calculations on the R: radical. The vahidity of this approach
was supported by results on the RO- radical, which duplicated contact
shifts found by other workers (23) for the (C,H,);UOR system.

Marks, Seyam, and Kolb (I8) also observed several of the (C,H),UR
compounds to be stereochemically nonrigid. The R =allyl compound has

a ground state ni-allyl geometry and 1s fluxional (eq. 22). Steric crowd-

PEE S UTSS (22)

ing about the uranium atom 1s so scvere i1n the R =i-propyl complex
that restricted rotction about the U-C sigma bond can be observed in

the pmr {(eq 23).

il

t

C),{B,'___a‘/gr_.aig 23

Jj\ CHy II)—:I&(H, ('h,JT:,\h ( )
<o <o

Both the U-R and U-C.H, bonds undergo protonolysis (17), (18),
(19), suggesting some ionic character in the bonding.

Marks and coworkers (22), (24) have also reported the synthesis
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and characterization of a series of organothorium alkyl compounds.

RLi
(C,H,),ThCl RMgX_; (C,H,),ThR (24)
(14]
R = n-C,H, =2-cis-2-butenyl
= allyl =i-C,H,
= neopentvl

These new compounds have even greater thermal stability than the
uranium analogs. The mechanism of thermal decomposition appears
to be 1dentical (24).

Leong, Hodgson. and Raymond (25) have now reported the complete

details concermng the molecular structure of (C.H,CH,C,H.),UCI (Figure 3).

Figure 3. The structure of (CyH,CH,C H,),UCl from ref. (25).

The average U-C(ring) distance was found to be 2.733(1):, while U-Cl
was given as 2.627(2)i. The coordination geometry about uranium s
approximately C,,, with the Cl-U-ring centroid angles varying from
98.89-101. 2°.

Burns has communicated (26) the X-ray crystal structure of (C,H,),lJ.
The coordination geometry about uranium (Figure 4) 1s nearly tetrahedral,
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Figure 4. The structure of (C,H;),U from ref. (28).

with four pentahaptocyclopentadienyl rings. The average U-C distance
was reported to be 2.807(25)> and all ring centroid-U-ring centroid angles
to be within 0. 6° of tetrahedral. ‘This result 1s relevent to several con-
tact shilt studies since U(IV)1s magnetically 1sotropic in a cubic en-
ironment (1), hence the dipolar shifts go to zero It i1s interesting to
compare these structural results with those for the (C,H,),UX compounds
mentioned above. Considerable recorsanization of the urammum coordina-
tion sphere 1s required to accomodate the additional W-C,H, hgand. In
particular, lengthening of the U-C(ring) distances by ca 0.1! and de-
creasing of the ring centroid-U-ring centroid angles from ea 117° to
108° occurs. Since the pmr clearly shows (CiH,),U(allyl) to be a mono-~
Plggtg)ally'l(IB), it appears that wnsuflicient energy is gained 1n going o

a trihaptoallyl to permil the structural reorganization necessary to make
this the ground state structure. However, the fluxional behavior (eq. 22)
is evidence that the m-allyl geometry is accessible for a modest cost in
energy (18), 1.e. less than 8 kcal. /mole.

Brunelli, Lugli, and Giacomett1 (27) have reported an nmr study on
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the thermally unstable compounds (allyl),U and (2-methylallyl),U. Using
the theory of Kurland and McGarvey (1) they were able to estimate the
contact shifts of the allylic protons by analyzing the temperature depen-
dence of the observed isotropic shifts. The pattern of contact shifts
observed was quite similar to the unpaired electron spin density found
i1 the allyl radical. The spin transfer mechamsm found for the com-
plexes appears to be the same as that reported for the (C,H,},;UR com-~
pounds (18).

Streitwieser and coworkers (28) have now presented a full paper
discussing the chenusiry and bonding of uranocene, (1-CgH_),U. In-
cluded are detziled directions for the synthesis and purilication ol this

compound. Some reactions are reported below. All reactions of uranocene

THF

UCH, + 2K,C,Hy ————> (CyHhU (25)
GC.

(CsHa):U —_— C::Ha (26)

(C H R U ~L9 CgH; + cyclooctatrienss (27)

with strong electrophiles resulied in decomposition of the complex. These

authors also discuss the bonding and covalency in terms of symmetry

considerations. In particular, the highest filied molecular orbitals of

Caﬂa= have the appropriate symmeiry (two nodal planes) to interact with

the uranium rxyz and fz(x2~y=)orbltals. Hence, the interaction shown

in Figure 5 should make uan important contribution to covalency inurangcene
Streitwieser and Harmon (29) have also reported on the synthesis,

reactions, and spectroscopy of some 1, I'-disubstituted uranocenes, and

on the properties of bis(l, 3,5, T-tetramethylcyclcoctatetraene)uranium.
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Figure 5. Ring e._.u-metal f“ . I interacfion in uranocene

yz' z(x?-y?)

from rei. 28.

Syntheses are shown below. The alkyl-substituted uranocenes appear to

2 R-C,H,K. + UCl, —2F 5 (RCH,).U (28)

R =C,.H;, n-C,H,, C;H,, vinyl

[l 14

2 1,3,5.7-(CH,),C,H,K. + UCI, —H2E 5 (1,3,4,7-(CH,),C.H,).U  (29)

have higher thermal stability than uranocene. Some reactions were

reported for the vinyl compound Mixtures of two duferent compounds

CH.L Qﬁ\ (30)

2Hs
W, T o

4
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show no evidence of ring exchange in diglyme after 5 hr. at 161°.
The trends in the visible spectra of these compounds (electron-do-
nating substituents cause shifts to longer wavelength) were interpreted
in terms of ligand-to-metal charge transfer, and high covalency

Hodgson and Raymond (30) have now published a complete account
of the crystal structure of (},3,5, 7-(CH,),C H,).U. An interesting feature
is that two crystallographically independent rotamers, one with methy!
groups nearly eclipsed and one with methyl groups stiaggered, are found

in the same unmt cell (Figure 6). The molecular parameters for the

wCaECaf 2

M1 EC L 8

Figure 6. The two crystallographically independent rotamers of
(1. 3,9, 7- (CH,;),C4H,),U found in the unit cell (from
ref. 30).
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two molecules are nearly identical, U-C (A) averaging 2.658 (4)A, and
U-C (B), 2 657(6}A, while 2 647 (4) A was found for uranocene. The
methyl groups are tipped an average of 4.1° out of the C, plane toward
the uranium.

Karraker (31) has reported the synthesis of (R-CyH,),An compounds
where R = ethyl! and n-bufyl and An =U, Np, Pu. The uranmuum and
neptumum compounds were prepared with the corresponding metal tetra-
chlorides via eq. (28), while the starting material for the plutonium
compound was [(C,H,),N],PuCl,. For the uranium and neptunium com-
pounds, the trends in the visible spectra are the same as those observed
for uranium derivatives by Streitwieser and Harmon (29). The variable
temperature magnetic properties of the uranium compounds are virtually
the same as for uranocene. Karraker also has presented improved
magnetic data for uranocene. The neptunium Mossbauer spectra of
the substifuted derivatives are i1dentical to the spectrum of neptunocene.
Hence, the bulk of the physical data indicate that the alkyl substituents
have not appreciably allered the amnount of electron density which the
ligands are placing upon the metals.

Starks and Streitwieser (32) have found that the compounds (C.H,),An,
An = U, Np, Pucan be synthesized by direct reaction of cyclooctatetraene
with the finely divided metals. The finely divided metals were prepared
by several cycles of formation and decomposition of the hydrides on a
vacuum iine.

Karraker (33) has reported the synthesis of trivalent actinide

cyclooctatetraene complexes via eq. (32). The THF is coordinated to

2 CyHiK, + AnCl, —HE 5 (C.H,),M K*- 2THF (32)

An = Np, Pu
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the potassium 1on These compounds are analogous to the lanthanide

complexes mentioned previously (6). \When the synthesis was carried

out with UCIL,, only uranocene was isolated.
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