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LANTWNIDES AND ACTLNIDES 

ANNUAL SLrRVEY COVERING THE YEAR 1973 

TOBLN J. MARKS 

Department of Chemistry, Northwestern University. 

Evanston, Illinois 60201 

General 

R D. Fischer has written a detailed accc\unt ol the nmr spectro- 

scopy of ianthanide and actinlde cornpleses (1). Particular attention is 

devoted to organometallics. 

Lanthanldes 

Slater et. al. (2) have observed neodymium and ytterbium carbonyl 

compounds by codepositing the lanthanide atoms with CO In an argon 

matrix at lOoK. The mfrared spectral results Tar the Nd system \rere 

surprisingly slmllar to those for Cr, MO, 

mation of the species Nd(CO),, n = 1-6. 

straightforward in terms of stoichiometry 

annealing the matrLv. 

W, Ta. and U. suggesting for 

The Sb system was Less 

and spectral changes upon 

Atwood and coworkers (3) have reported the X-ray crystal structure 

of trisindenylsamarium. The five-membered rmgs (ngure I) are bonded 

in an essentially pentahapto geometry with an average Sm-C distance of 

2.75A. The angles ring centrold-Sm-rmg centroid are all nearly 120’. 

Crease and Legzdms (4) have published a number of interesting 
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Figure 1. Stereoscopic view of (Indenyi),Sm from ref. 3. 

reactions between cyclopentadienyl lanthantdes and transltlon metal or- 

ganometall~cs wtth basic sites. For example, (CjH5),Ln compounds 

(Ln =Sm, Cd, Dy, Ho, Er, Yb), which are hnown to be strong Lewis 

acids, were found by lr and nmr to form adducts with termmal and 

bridging nltrosyl ie. g. (C,H,)Cr(NO),CL, [(C,H,)Wln(CO)(NO)],) and car- 

bony1 (e. g (CH.J5U,~Mn(CO)3. [(C,H5)Fe (CO&) groups Such I inkages 

are called isocarbonyl, e. g m and isonitrosyl. e g. q bonds. tn 

M’ M’ 

R1-C ;oir M-N : OP 

Izl lzl 

several cases, crystallme adducts could be isolated. It was concluded 

that M-NO IS a stronger base than M-CO. (CH,CjH,), Nd was observed 

(by nmr) to interact with the metal base (C,HJ,WH,; a very small shift 

was also observed for the substrate C,H,C 5 CH. These authors found 

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

(C,H,)M (CO),Na + (C,H,),LnCl -+ (C,H,)M (CO),Ln (C5HJ2 (1) 



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,H,),k’b IS a SLIT- 

flclently soft Lewis acid to Interact wtth soft bases such as phosphines 

and sulfides, as Judged by substantial isotropic shifts in the pmr spectra. 

These bases do not Interact wtth the usual B-diketonate tanthanlde shift 

reagents. and the cyclopentadlenyl complex may be useful as a softer 

shtit reagent. 

Streihvleser. et. al. (6) have now reported extensively on the chemical -- 

and spectroscopic properties of cyclooctatetraenyl lanthanlde compleses. 

Two classes of compounds were synthesized, and couId i,e purified via - 

2K$,H, i LnCI, THF> (~I~-C,H,),L~K- (2) 

El 

Ln = La, Ce, Pr, Nd, Sm, Gd, Tb 

Pf&C,H, + 2LnCi, => [( V-C,ti,)LnCl ’ 2THF], (3) 

q 
Ln =Ce, Pr, Nd. Sm 

Sovhlet extraction. Crystallographtc studies have already been reported 

(7), (8) for both types of complex where Ln = Ce. Some reactlons of 

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

(C,H,&eK “‘I1 > (C,H,),U 
THF 

(3 1 

(C,H,),CeK % [(C,H,)CeCI - ZTHF], 
THF 

(5) 
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q or q ‘- ) C,H, 
THF 

(6) 

0 or prJ H?o > cyclooctatrienes 
THF 

(7) 

metal bonds in these compounds are exclusively ionic in chuacter and 

that 4f orbttnls play a negllglble role In the bondmg. Reaction (4) was 

tnterpreted as tnchcatmg corwderably greater covaiency for the uranium 

(IV) series. The vtsible spectra and magnetic data also show tattle per- 

turbation of the Ianthanides from free tons m solutton. Vibrational 

data (Ir and Raman) are also in accord with these observations. Fur- 

thermore, analogous compounds of yttrrum (III), which has neither 42 

electrons nor accesslbte 4f orbitals, have been prepared and are 

chemfcally afld sfxctroscoptcalty verv stmtlar to the lanthantde complexes. 

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

mt..ved cyciotxntadienyl cyclooctatetraen~l complexes. These compounds 

(C,H,)LQCI + NaC,HS3 (C,H,)Ln(CjHj) 

Ln =\% 

(8) 

(CjHj)LnC)? L l&C,H, + (C,H,)Ln(CjHj) (9) 

Ln =Sm, Ho 

are believed to have structure m. Nmr spectroscopy rndlcates these 



complexes form lablle adducts wtth Lewis bases. 

Crease and Legzdms (10) have studred the reactions of organo- 

transitron metal halides with finely divided lanthantde metals. Froduc ts 

were characterrzed m solutron by infrared spectroscopy and chemrcal 

reac tlons It appears from the infrared that m contains metal-metal 

Mn (CO),Br Ln > “[ Mn (CO),],LnBr” (!O) 
THF 

El 
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( r?-C,H. )Fe (CO),1 , & “[ ( n3-C,H. )Fe (CO),],LnI” , (II) 
THF 

c!I 

(C,f15)Cr (CO),HgCl Ln ) [ (C,H,)C’r(CO),JyLnCl (12) 

cEl* y=lor2 

bonds whereas q IS an mocarbonyl compounu. lVhen treated wrth 

(C,H,),SnCl m, L1], and q produce the corresponding (C,HS),Sn- tran- 

sition metal complexes. 

Kalsotra, klultani, and Jain (ll) have reported the syntheses of cerrum 

a:kyl compounds via the reactions shown below. These compounds were - 

apparently rather unstable and could not be characterrzed in detail. 

(C,H,),CeCl + RMgX 
THF 

) (C,H,),Ce-R 

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

(13) 

(mdenyl),CeCl, + 2RMgX THF 9 (indenyl), Ce& 

R =C,H,, C,H,, benzyl 

(13) 
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Kapur, Kalsotra, Multani, and Jain (12) 

organocerium tetrahydroborates, prepared via - 

infrared spectra indicate that the BH, groups 

have also described some 

eqs. (!5) and (16) The 

are covaiently bound to 

(C,H,),CeCl r NaBH, 
THF 

) (C,A,),CeBH, (15) 

(mdenyl),CeCL, + 2NaBH, THF > (indenyl),Ce(BH,)? (16) 

the lantbantde via hydrogen bridges. - 

Kapur, Kalsotra, and Multant (13) have reported the synthesm of 

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

(CjH,),CeC1 L RSNa 
CH,OH 

) (C,H,),CeSR (17) 
THF 

(mdenyl ),CeCl, + 2RSNa CH,OH ) (indenyl),Ce (SR), (18) 
THF 

that organocertum compounds are not attacked by alcohols. 

A mass spectral study (14) of (C,H,),Ln compounds concluded (from 

appearance potentials) that metal-ligxnd bond strength decreases wrth in- 

creastng Ln atomrc number. Vapor pressure data and heats of sublrma- 

tion have been repbrted for (C,H,),Ln compounds, Ln =La-Gd (15) and 

in = Tb-Lu (16) 

Ac ti,-#Ides 

Tbe year 1973 saw dramatrc progress in the area of o-bonded actr- 

nide organometallics. Three groups (i7), (18), (19) presented full re- 

ports on the synthesis of (C,H,),U-R compounds via eq. (19). In ad- - 

dition, an X-ray structure of the R = C,C,H, complex was reported (20). 



RLI 
(C,H,),UCI RMgX’ (CSH5)3UR 

PI 

R = CH, (18), (19) =C,H, (1’7). (18). (19) 

=n-C,H, (181, (19) =C,F, (18) 
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09) 

= ally1 (18) = 

= I-C,H, (18) = 

= vinyl (18) q 

= neopentyl (18) = 

= t-C,H,, (18) = 

C,C,,H, (17) 

p-to1y1 (17) 

benzyl (19) 

-2-cis-2-butenyl (18) - 

-2-trans-2-burenyl (18) 

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

Figure 2. The structure of (cjHj)3~~2cC~5 from ref. (20). 

the uranium atom features angles between the U-C sigma bond and the 

uramum-to-ring centroid vectors of 100’ (average) The uranium to sigma 

carbon dnstance IS 2.33 (2) t., 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 of ca. 2.5 A. 

All groups (17) (IS), (19) found the (C,HJ3ULR compounds, though 

air-sensitive, to have high thermal stability. Marks, Seyam, and Koib 
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(19) reported a dekiled study of the thermotysis of these compounds in 

toluene solution. Decomposttton does not occur via the commonly ob- 

served a-hydrogen elimination reaction, eq. (20). Rather, it was 

found (18) that thermolysts proceeded by mtramolecular abstractton 

7 CK! 
w-cH,Ck&R f MC 11 

‘; 
- M cCH, =CHR 

CHR- 
(20) 

of a hydrogen atom from a cyclopentadlenyl ring, producing the cor- 

responding R-H in essentiallv quanlttative yield. For R =2-CIS- and - 

-2-trans-2-butenyi the abstraction takes place with retention of confteura- 

tton at the sigma-bonded carbon atom The uranium-contakning product 

was too intractable to be completely characterized; infrared spectra and 

chemical analysis indtcated that It contained n5-C5H5 rungs and extra 

hydrogens. The mechantsm for tl-e thermolysls was discussed in terms 

of either a homolyttc bond SCISSIWI j-ffJ, followed by ring hydrogen ab- 

stractlon in a very tightly constra:ned solvent cage. a q-center concerted 

elimtnation of R-H m. ur an oxidative addttton of a C-H bond to the 

El 

$Y tt 
.’ 

izj ic 

a 
m 

9 
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uranium a. followed by R-H elimination. Kinetic measurements showed. 

for alkyls. the stability order primary > secondary > tertiary. That a- 

elimination was not important was also conflrmed by the fact that the neo- 

penh’l compound was less stable than the n-butyl Curiously. the penta- 

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

AC= values ranged from 25-35 kcal. ;‘mote. It was suggested (18) that 

partial or complete coordmatlve saturatton of the uramum atom might 

present a slgntilcant barrier to b-elimination (destablllzatlon of m) 

and that this might contrtbute to the high thermal stablllty of some of 

the (C,H,),UR compounds. Support for this hypothesis was derived ilO) 

from observations on the thermallv unstable species believed to be (n- 

butyl),U Here. where coordinative saturation seems unltkely, 6-hydro- 

UCI, + 4 n-Z,i+,L,I hesane oL [ (n_bubl),U] 
ether -30° 

1 
butane - I-butene 

(21) 

gen ellmmatlon IS facile 

&larks. Seyani. and Kolb (18) presented varlahle temp’ratcre mag- 

netic susceptlblllty data for (CjHj),U(n-butyl) which lndlcated :onslder- 

able distortian from a tetrahearal environment for the U(n;) ion. The 

solution pmr spectra (li’), (18), (119) lor all the (C,H,),UR compounds ex- 

hlbtt very large isotropic shifts Marks, Seyam, and Kolb (18). (22) 

were able to separate (approximately) the contact (hyperflne) and pseu- 

docontact (dlpolar) contributlon$ to these shifts. The contact compon- 

ents, indlcatmg 51 electron hyperflne InteractIon, were found to bl: rather 

large. The dlrections and magnitudes of these shifts could be understood 
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in terms of R- electron density donatton to empty uranium orbitals (pos- 

sibly 5f). wtth exchange interactlons dominating the sign of nuclear-electro 

hyperfine couplmg;. The contact shafts could be estimated by INDO/‘2 

SCF M. 0, calculations on the R* radical. The valldlty of this approach 

was supported by results on the RO. radical, which duplicated contact 

shifts found by other workers (23) for the (C,H,),UORsystem. 

Marks, Seyam, and Kolb (18) also observed several of the (C,&),uR 

compounds to be stereochemlcally nonrigid. The R =alIyl compound has 

a ground state nl-ally1 geometry and IS fluxlonal (eq. 22). Sterlc crowd- 

(22) 

ing about the uranium atom IS so slfvere In the R = i-propyl comples 

that restricted rots tion about the U-C sigma bond can be observed in 

the pmr (ecf 23). 

(23) 

Both the U-R and U-C,H, bonds undergo protonolysis (17). (la), 

(19), suggesting some ionic character in the bonding. 

Marks and coworkers (221, (24) have also reported the synthesis 
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and characterization of a series of organothorium aLI@ compounds. 

l2L.i 
(C,H,),ThCl RMgX; (C,HJ,ThR (24 1 

PI 

R = n-C,H, 

= ally1 

=2-cis-2-butenyl - 

= i -C,H, 

= neopentvl 

These new compounds have even greater thermal stabtltty than the 

uranium antIlogS. The mechantsm of thermal decompsition appears 

to be Identical (24). 

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

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

Figure 3. The structure of (C,H,jCH,C,H,),UCt from ref. (25). 

The average U-C (rrng) distance was found to be 2.733(l).:., while U-Cl 

was given as 2.627(2)K. The coordination geometry about urantum IS 

approximately CSv, with the Cl-U-ring centroid angles varying from 

98.8°-101.20. 

Burns has communicated (26) the X-ray crystal structure of (C,H,),U. 

The coordination geometry about uranium (Figure 4) IS nearly tetrahedral, 
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Flwre 4. The structure of (CiHi),U from ref. (26). 

with four pentahaptocyclopentadienyl rings. The average U-C distance 

was reported to be 2.807 (251-L and all ring centroid-U-ring centroid angles 

to be wIthIn 0.6’ of tetrahedral. Th15 result IS relevent to several con- 

tact shiIt studies since U(W) IS magnetrcallg ~sotroptc in a cubic en- 

lronment (I), hence Ihe dipolar shifts go to zero It 1s interesting to 

compare these struchlral results with those for the (C,H,),UX compounds 

mentIoned above. G)nslderable reorganization of ihe uranium coordina- 

tlon sphere IS requiwd to acconlodate the addwonal @-C5t-ij llgand. IJI 

particular, len$henillg of the U-C(riog) distances by ca 0.1: and de- 

creasmg 0: the ring centroid-U-ring rentrold angles from ca 117o to 

109” occurs. Since the pmr clearly shows (CSHj),U(aIlyl) to bea mono- 

haptoallyl( 18), it appears that msufriclent energy is gained In going to 

a trihaptoallyl to permit the structural reorganization necessary to make 

thus the ground state structure. However, the ftuxlonal behavior (eq. 22) 

is evidence that the rr-ally1 geometry is accessible for a modest cost in - 

energy(l8), I.e. less than 8 kcal. /mole. 

Brunelli. Lugli, and Giacomettl (27) have reported an nmr study on 
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the thermally unstable compounds (atlyl),U and (2-n~ethylnllyl),U. Using 

the theory of Kurland and McGarvey (I) they were able to estimate the 

contact shifts of the allyllc protons by analyzing the temperatxre depen- 

dence of the observed isotropic shilts. The pattern of contact shifts 

observed was quite similar to the unpaired electron spin density found 

in the ally1 radical. The spin transfer mechanism found for the com- 

plexes appears to be the same as that reported for the [C,H,),UR com- 

pounds (18). 

Streihvieser and coworkers (28) have now presented a full paper 

discussing the chemistry and bondmg of uranocene. (ri’-C,H,),U. [n- 

eluded are detailed dtrections for the synthesis and gw-zlzcation ol this 

compound. Some reacttons are reported belo!v. All reactions of uranocene 

(CJf8)3U HI > CBH, + cyclooctatrien5s (27) 

with strong e1ectrophiIe.s resulted in decompsttion of the cornpIes. These 

authors also discuss the bonding and covalency in terms of cymmetry 

considerations. Sn part\cuIar, the highest fllled molecular orbitals of 

C,&’ have the appropriate symmetry (two nodal planes) to interact with 

the uranium fxYz and fz(xz_yzj orbttals. Hence, the InteractIon shown 

in Figure 5 should make an Important contribution to covalency in uranocene 

Streitwleser and HarmoF (29) have also reported on the synthesis, 

reac tlons, and spectroscopy of some 1, I’-dlsubstRuted uranocenes, and 

on the properties of bis (1,3,5, ‘7-tetramethylcyclooctatetraene)uranium. 
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/- _a + - + 2% + - \ _A _‘*?I_ - /- 
+‘- 

\ 
\ 

Figure 5. Ring y, -metal f 
XYZ’ 

f 
2 (9-y?) 

interaction in uranocene 

from ref. 28. 

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

2 R-C,H.& + UCI, 
THF 

S (RC,H,),U (28) 

R =C,Hj, n-C,H,, C,H,, vinyl 

2 1,3,5.7-(CH,),C’,H,E;, + WI, 
THF 

> (1,3,4,7- (CH,),C,H,),U (29) 

have higher thermal stability than uranocene. Some reacttons were 

reported for the vinyl compound Mixtures of two different compounds 

(30) 



show no evidence of ring exchange in diglyme alter 5 

The trends in the visible spectra of these compounds 

195 

hr. at 16Lo. 

(electron-do- 

nattng 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 (1. 3, 5, 7- (CH3)4CBH,)3U. An interesting feature 

is that hvo crystallographuzally independent rotamers, one with methvl 

groups nearly eclipsed and one with methyl groups staggered, are found 

in the same untt cell (Figure 6). The molecular parameters Ior the 

Frgure 6. The two crysfallographically independent rotamers of 
(1.3,5, 7- (CH,),C,H4)2U found In the unit cell (from 
ref. 30). 
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two molecules are ne.+rly identical, U-C (A) averaging 2.658 (4 ) i. and 

U-C (B). 2 657 (6) A, while 2 647 (4) k 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 syntheses of (R-C,H,),An compounds 

where R = ethyt and n-butyl and An = U, Np. Fu. The uranrum and 

neptunrum compounds were prepared with the correspondmg metal tetra- 

chlortdes via eq. (28), whtle the startm g maternal for the plutontum - 

compound WCS [(C,Hj)JN]z~Cl,. For the uranium and neptunrum com- 

pounds. the trends In the vtstble spectra are the same as those observed 

for uranium dertvatrves by Streihvteser and Harmon (29). The var Iable 

temperature magnetic properttes of the uranium compounds are vrrtualty 

the same as for uranocene. Karraher also has presented improved 

magnetic data for uranocene. The neptunium hlb’ssbauer spectra of 

the substrtuted dertvattves are tdent!cal to the spectrum of neptunocene. 

Hence, the bulk of the physical data indrcate that the alhyl substthtents 

have not apprecrably altered the aml,unt of electron density whrch the 

ligsnds are plactng upon the metals. 

Starks and Streihvieser (32) have found that the compounds (C,H,),An, 

An = U, Np, Pu can be synthesized by direct reactlon of cyclooctatetraene 

with the finely dtvicled metals. The fmely dlvlded 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 actmlde 

cyclooctatetraene complexes vm eq. (32). The THF is coordrnated to - 

2 C,H,K, + AnCI, THF 
> (C,H,),M-K+- 2THF (32) 

An = Np, Fu 
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the petasslum Ion These compounds are analogous to the lanthantde 

complexes mentioned previously (6). When the synthesis xas carrted 

out with UCL,, only uranocene was isolated. 
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