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Following previous practice in  thig sertes, this revieuw attempts
comprehensive  treatment of the coordination chemistry of zirconium and
hafnium. The =nlid-state chemistry of these elements is treated selectively,

and organometallic compounds are incliuded only when the compounds contain
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bonds to elrments other than carbon,
The present. review covera the majnr journals For the 1987 calendar vear
and  the lesser known and/or foreign journals for the period oovered by

themica ! Abstracts, Volume Y7, Nuamber 21 throngh Voluame 99, Simber 21,

2.1 ZIRCONIUME IV AND HAFNFUM( TV) COMPOLNDSG

Z2.7.1 Halide complexes

The reaction of hafniom( V] fluoride and caesium fluoride in anhvdroos
aceric acrid yields twe solid compaunds, cither UsHfFg or Cs.fHYE ], depending
an the molar ratio of the components. This approach to svnthesis of anhyvdrous
CsHfFg is convenient since aquenus preparations vield the hydrate, Csilflg 1,0
[1].  Heating of INGHfli; reveals complex polymorphism; =six different phases
have been identified by X-ray powler diffraction [2].

The thermal properbies and coardinagtion environment of the zireonium
atom in crystalline and vitreous M7Ur¥g (M” = Ba, Sr, or Ph) have been stadied
by differential thermal analynis and Raman spechroscopy, reepectively, The
DTA data =suggest that low- and high-temperature modificalions are present For
Phirkg, as well as for RalrkFg and SricFg. Comparison ot Haman syvmnety o
stretehing  frequencies Vg i7r-F) and available structural data  for metal
florozirconates indinates that Ve IZe=F) cannot be utilized as a reliable guide
for identiflying the ooordination rmumber of  the “irconium atom  in
fluorozirveonate compiaxes of unknown sircture.  However, the Raman spectra of
vitreous M'ZrkFg (M" = Ba, Sr, or Pb) coxhibit similar features to thase oo
for the crystalline form off M"/rlg that conlains chains of a-edge-shared Zrig
dodecahedra 3], An eight-coordinate environment for zirconium in Ba/ZrF,; and
FhirFg glasses is also consistent with X-ray radial distribation analyses [1].

Time differential perturbed angular correiation measurcements {15-320 K)
on NHyHT V4 indicate that the hafrnium atoms ocoupy buo ineguivalent. sites [5].

Following an enrlior X-ray stwly {6), a neutron diffraction study | 7] af
Cua{Zrk )5 16H0 has identified the location of the protons. The sfructare
contains [CulH0lg)8Y, [y (H01,4]1%F, and [7ZraFy 4187 ions that are linked by
a dense network of hydrogen bonds. The LZraF e 187 dem is a centrosyvmmetric
dimer in which twn 7ZrFg square antiprisms share a common 5 palvhedral edge
{r{7Zr-F terminal) = 2.04R=-2.107 :'\; MZr—F bridging) = 2,171, 2.185% A},

The avide fluoride PhirgF. (. consists of a three-dimensional framesork
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of ZrF,0 square antiprisms, which enclose two kinds of cavities. The smaller,
cuboctahedral cavities contain one fextra® fluorine atom, while the larger
cavities contain |12 + 6]-conrdinated lead atoms {8,

Ecquilibrium decnmposition pressures of Cs,MTlg (M = Zr or Hf) {equation

{1}} have been measured, ard thermodynamic parametera for decomposition of the
Ce,MClels or 1) === 20sCl{s or 1) + M7l t2) (1)

solid compounds have been derived from the temperature dependence of the
vapour pressures.  X-ray powder patterns of M'HfClg (M = Na, K, or Cs) bhave
been reporied. K HfClg and Cs HfClg are cubie {a = 10.036(3) and 10.394(4) A,
respectively), but Na HfClg is tetragonal (a = 13.98, ¢ = 13.21 :\) [9]. ‘The
reaction of gaseous 7ZrCl, with ammonia vields ZrCly-2NH; at 300 "C;
7rCl, 2NHy, ZrCIN, Aand NHCl at 350-700 'C; ZrCl,-2Nlly, ZrCIN, ZeNy, ZrgN,,
and NH 1 at 750 'C; ZrlIN, ZrN,, ZrgN,, and NH,Cl at 800-950 "C; ZrN., ZrgN,,
and NH 1T at 1000-1050 "C; and “ZrN,. (x = 1.28-1.12), NH,Cl1, and HC] at
1700-1400 "C.  ZrCl, 2NH; has a cubic unit ecell with & = 10.13 A (103,
Zirconium{ 1V} ohloride forms solid 1:1 adducts with aminopyrine {1) and

acefone thinsemtecarbazone, MesC=NNHTSNH,. Tnfrared spectra indicate that

Me ;N Ph

(1}
both ligands are bidentate. Aminopyrine coordinates to zirconium through the
carbonyl  oxygen ateom and  the dimethylamino-nitrogen atom [11], while

thiosemicarbazone coordinates through sulfur and the azomethine nitrogen atom

[12}.

2.1.2 Complexes with QO-—donor 1igands

Vibrational spectra of ZrOCl, -8H,0 and its deuteriated analogue have
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heen  studied in the sclid state and  in aqueoans sobobions. Nery o bwitnds
attributahle te the zirconyl  group {7r=(1} 2t were abgerved  in the redgion
800-1000 em~1. & characterislico inlfrared band near 1008 em™!, vhich shifts to
loeer treqguency upon degteristion, has heen assigned Fe a 50200HD mede ot the
hydroso-bridged, tetramiclear |Zr, (OH) g0 18% Ton. Raman spectra of 2.3 Y
2riCl, dn & ML exhibit WZr—0ID hands ot SR80 and 150 eml, o with A shoulder
at ca. 420 em ! tenrarively nssidned tn oa WiZr-0Ol) vibration. Upon addition
of NaOH, the 420 cm~! band decreases in antensity and A new hand appears ar
ra. 30 em—1;  the latter bhand may he due te WZr—0N) vibrabions ol the
terminal bydroxyl groups in oa more highly  hydrolyred  species =iech A
[ZE4 () g{OH} ((Ho0} 5 1% 113,

Several dimwe]ear Zirvamiom compounds that, econtain own-heidges have heen

reported during the past year.  The reaction of wirconium{ IV ohloride «ith

exneGs trichloroni tromet hans attords | 0] a {Fra(X g} in qih % vield
{equation (2)). Infrared spectra of thia compound exhibit PINO) bands st
2P, 4 20015 (N0, —— [NOTL[7r,00 ] + CCE, + 00X, (2

2198 and 2180 em~l, w{Zr07r) bands at 805 and 581 em i, ard v{Zr-t"l) hands at
280-240 em~! {14].  The reaction of [{(MeyBi),5N1,70rMe, ] with carbon monnyide

jequation (3)} yietds the ovo-bridged complex (2} In the erystal, compound

AL {Meg S N rMe, |+ 200

{3y
[ {1 (MesSi)aNIo7rMe] 201 + [ {{MeySi N p7r {(X I Me =i, ) (Me) |
(2)
(2) 18 centrosymmetric with rHf{Zr-0) = 1.950(1) ;\. M7Zr-C) = 2.22503) A,

riZr-N)y = Z.081 + 0.001 ;-\, and Zr-0-Fr = 180 L1581, [{ieplZrMel ), abtained
by exposing a stirred benzene solution of {{ep)oZrMes;] to the air for sixteen
hours, has as oxn-bridged sfrwxture with riZr=}) = 1.948{1) A and ?r-f)—Zr =
174,303 1148].

Solubility measurements in the AL{OCHMe, ) -7r{OCHMe, 1, -1 {1, = thf or
HOX'HMe o) systems  have confirmed the existence of the himetallic alkoxide

AVZr{OCHMe, ) 2, bub failed to provide evidence for Al,70i00IMe, ), 117,
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The volatility and thermal decomposition of the 1,3-diketonate chelates
M{aract, §, [M{tfacan), ], and [MCFOFCROCHCOCH,) ] (M = Zr or Hf) have
heen studied by Volkov et al. [18].

A variety of complexer of the type [(cpl Zr(dik}]|S;0NRR’ | {dik = acan
or brar; R,R? = alkyl or aryvi) have been prepared by miving agqueous solutions
of  [lepls¥ridik}]C! and  the appropriate sadium N, A-dialkv!ldithiocarbamate
{18,200]. A similar procedure has been used to synthesize the corresponding
his{nS—indeny1} and {nf-indeny 1) (nf-pyrrolyl) derivatives,
[tnE-Cgl ) 7rtacac) | [SoONRR arwd [{n®-CoH ) (NS~ H N1 Zrtanac) | {S,ONRR |
£21,22), and the alkylwanthate salts, [(cplZri(dik)([3.00R] (dik = acac or
bzac, R = Me, Ft, or OiMey) {23]. 4]l of' these complexes behave as 1:1
electrolytes in nitrobenzene, Tetrahedral coordination about zirconium has
heen proposed on the basis of TR and 1H MMR spectra, which show that the
1, 3-diketrtiate ligands are bidentate and the dithiocarbamate and xanthate
groups are uneoardinated.

1,3=Diketonate- and nitrate-containing complexrs of  the types
[{epIM{dik) . (NOg) ] and [ (epIMidik)(NDg)L] (M = Zr or If; dik = arac or dhem)
have been prepared by reaction of nitric acid with appropriate zirconivm or
hatniom  1,3~diketonates in dichleromethane or 1, 2-dichlaroethane, Typical

reactions Are given in equalions (1) and {5). Reartions of [{epmM{dik) 01

-in ¢
[{opiMidbzmlL] 4 HNOy  —————— [ (omM(dbam), (NOy) ] + dbzell t4)

20 7
[{epIMidbam) o (NCy ] 4 HNOy  ~———— [ {cp)Midbam) (Ky) 5] + dbzmtl 15}

with nitric arid Jed to the formation of twn or three products (equation (6)

10,
LLepidi{dbom) 401 ] ——— [ trpIM{dhzm) o (NDR) | 4 {ep)MCIL(NOg ) 4H0  (8)

=35 'C
M= 7r or I ?

and [Ty, The new compounds {(opIMCIS(ND, ) dHO0 (M = 75 o HE) orRn be

HN(,
[ {rp)Zr{acani,Cl]  —————  [lap)ariacar) INDg) ] + | (eplZr(arac) {(NO5) 5 |

-35 0 _ i,
B (ep) el N0, ) L0 (7)

recomverted  to  1,3-diketonate complexes upon  freatment. with 1,id-diketone

tdhzmil or Hbenzact and triethyjamine (equation {(H)}). The [{ep)Midik)o(NO4)]
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(epIZrCl, (NOy ) -4H0 + 2dikl + 2Et,N ————  [{cpiZeidik)(NOz) ] {8)
+ Z|Et NHICT+ 4H,0

and  [(ocpIM(dik){NO5}.] complexes are essentially nor-electrolytes in
tetrahydrofuran, IR spectra indicate that the 1,3%-diketonate ligands arc
hidentate and suggest that the nitrate ligands are probably bidentate as well
[24,25].

Heterocynlic tfetrakis(l,3-diketonates! of the type Zrl{dik) (XHMe,},_,

{dik is the anion of d4-acyl-3-methyl-l-phenyl-2-pyrazol-b-one (3) and

R
Me —0
M
N\T 0
Ph

(3; R = Me, Et, Ph, 3-CLCgH,)

n=1, 2, 3, or 4} have been prepared by reaction of stoicheiometric amounts
of the pyrazolone and Zr(OCHMe,), -HOCHMe, in benzene at reflux. These
complexes are wonomeric in boiling benzene, except for the compounds of
composition Zr(dik) (OCHMes},4, which tend to dimerize. The Zr{dik}{OCHMe,), p
complexes exchange alkoxide ligands with MegOO0H yielding Zri{dik) {OMeg),s.p
analogues, amvwl they react with phenyl isocyanate giving the insertion
products, Zr{dik},{NPhCIOVOCHMe, }4_,, {n = 1, 2, or 3) {26].

among the compounds formed in the HfO,-M,580,-H,0 systems (M = Na, K, Rb,
Cs, or NH,} are complex sulfates of the type MHF(50,};(H,0);,
T"L,Hf{SO‘,},,{HzO}XI and MgHf{80,)g(H 0), [27]}. IR spertra of the sodium hafnium
sulfates have been investigated [28], and the X-ray crystal structure of
[WHy J [HE (SO, ) 4 {H20) 2] - 2H,0 has been determined [29].  This compound contains
complex anions in which the hafaium atom is doderahedrally coordinated by
eight oxygen atoms from itwo bidentate sulfate ligands {r(Hf-O} = 2,223,
2.283 ,i], two monodentate sulfate ligands {r{Uf-0) = 2.067 _:\, and two water
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molecules {r{Hf-O) = 2.196 Al. The bidentate ligands span the dodecahedral a
edges, and the monodentate sulfate ligands and wmter molecules occupy the B
sites.

Standard enthalpies of formation at 298.15 K have been determined by
calorimetric measurements for Hf(S0,), {(AHp = -2230.1 % 3.4 kJ mol™!) and
HF(30,),-4H,0 (AHp = -3492.8 2 3.3 kJ mol-1) [30].

Zirconium{IV} fluorosulfates, Zr{SO;F},, ZrO{S0zF),, Zr(0;Me) » (S05F) 5
and Zr(0,CMe);(S03F) have been synthesized by reaction of fluorosulfuric acid
with Zr(O,CCF4),, anhydrous ZrOCl,, or Zr{0,(Me),. On the basis of IR
spectra, the fluorosulfate ligands appear to be bidentate in the first three
compounds and tridentate (C,,, symmetry) in Zr{C,(Me),(S05F}. All four
compounds are good Lewis acids and form coordination complexes with
triphenylphosphine oxide, pyridine, and 2,2'-bipyridine [31].

The trifluoromethane sulfonato-camplex [(cp)Zr(CF3805),{thf)] has been
prepared by the reaction of [{cp),oZrCl;] with AgCF,S0, in tetrashydrofuran.

This complex has a five-coordinate bent metallocene structure (4) in which

cn
C12,
c13 '
I“
Zr §——>o
;o 04
€23 S
c22 ™4
c21
€13 04
N s
ciz
€22

|

(4)
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the nyygen artoms ot thre two monrdentate Ul aR0, Dgands {r{/r-0] = Z.214(b 4}
and the thf ligand | r(7v-0) = 2.27819) A} lie nearly in & plane Biseoting the
{ep)=Z2r—{oept anglee {rizr=centroigd  opl = 202008 At 20211 6 (ient rodd
r'pJ—Z—/.r-—Er-enl. void epd o= 128 T ], The 1hf Tigand 1= sxmmed rically flanked by

the (F 50, lHgands {t){f'i-‘SSEJBJ—?r—n{thf': = TOLR{ZY ) 132,

The  temperature  dependence ot the  vapour presoaes of 0 [ 7200010, 0,
sugegest)  the presence of beo crystalitne forms of this compoune  in the:
temperature range 25.0-96.7 (. The transition temperaiars 1= ¥ 7, and the
enthalpy  for  the  econversion of the lone—temperatire form 1o rhe
high-temperature form is 24 k] mei=l. 12ri 1040, 1 is highly volatile; the
VADOUD pressurc varies from 0.8 mm HE at 25,0 O to Z210,8 mn Hg st 93,7 1,
IR and Haman spectra ol gaseous and coryvaetallione POl ), b indieate fhad
there is no significant change in the straciuare upon velatibization [39].

Polymeric, inso b ]e bvasice carbemvlates o conpos 1t 1o
Ar{OH) AOLCHHZ) JO0HE (0 = b, 2, or 4] have besn isolated  from adquecns
salutions of zirconyl chiaride and the dicarboxy{ic acid at pll 24 ]33],

T and g3 titration data indicate thet. carbonatao-compleves
[MH)H)QHYB?E]E_ (M = Yr or A} are formed at pll > 7 in NaG U0 /ML, ol it jone
having a NapOO4:MX' 1, molar ratio of 2-5 [35].

Piphenyl sul Mavide complexes of the type [AFON, (dpso),] (8 = 1, He, 1,

NUS, NCSe, or N3} have been preparcd by troating a methanol solution off the

appropriate zircony! salt with three equivalents of dpso o at 140 70, Thesse-
complexes are monomeric aon-eleclhrnlyvies in nibrebenzeno, [+ apectra shos
that.:

{a!l  the rdpso igands are altached oo vicconiim through the oxvaen atom,
(b} the N5 and NCSe ligands are each onordinated throvgh the nifrosen
atom, and

{ery the nitrate ligandes are bidentate.

A weak i band in the region 910-980 em™! has been pgsigned to the (oo
mewle, bl the presence of a wircanyl growp in these compeamds vemnins te le
eatabliched [36].

Several TRoand BTY studies of the thermal decomposition af the cioonere
Higand eompleves have been reporled within the past year, Among the compormds

stardived e

ta)  the above mentioned dipheny] sol foside comgileees Arine. ({1}'-'-&(“.-}: f

(N = O], Tir, NCS, or W) |
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(b} aromatic amine Aloxide complexes of the type [Zr0OX,Ls] (X = Cl, Br,
NS, or My} and 1Zr0Lg [ LCLO, 05 {l. = pyridine Atoxide,
2,6-dimel hyipyridine  A-oxide, or Hphenh( |1, l0-phenanthroline
mono-A-oxidel) [37];

{r)  dimethylmethanamide ecrmpleves  of the type  MOCI ldmt),(HxO) 5,
M{SO, tpldmf] ., MOSO,(dMf ) {H0), and MO(CRIN{NO, } {dmf) (M = Zr or Hf)
[38].

The tehrakis(l-oxo-2-prridonato)- complex, [Zr{CgHNO5),1-CHTl,, has
been reported in conpection with an X-ray structural study of the related

nine-coordinate thortuim compound, [ThiCgHMNOS ), (H 0] -2H,0 [391,

2.1.3 Compleves with S-—donor ligands

Several papera have appeared during the past year which shed light on
the structure and molecular rearrangements of zitconium{IV) dithiocarbamate
and memnthiocarbamate complexes, An  X=-ray study has established a
Five-coordinate bent metallocens  structure  (5)  for [ (ep),ZrCl{S,CNEL, }]
{riZr-centroid op) = 2.216, 2.222 E\; {centroid cp)vir—centroid cp) = 128.47},

(5}

The zirconium atom, chlorine atom, and the two sulfur atoms of the bidentate
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dithiecarbamate  ligand lie in A quasi  mirror plane  that  is  nearly
perpendicular to the plane deiined hy the zirconiym atom and the centroids of
the two =ymmetrically atiached nS-cyelapentadienyl  ligands. Becanse  of

crowling in the ZrCl15.0,, coordination group, the bomds to the  iateral

roordinat ion siles are imusual by Tong [r{7r—{"1) = 256171 A
riZr=5.1 = 2,724 2) -"«} } bhese rdistances are the longest terminal “r-C1 and

Zr-5 bond lengths yet observed tor s zirconium(1V) ~omplex, The 7r-5, hond
Tength is normal | MZr-S;) = 2.R35¢2) A}, A 300 Miz I NME stods has abforded
the fallowing kinetie datra for ewhange of methyl groups in the analogous
[{ep)ArT" 1 {S,ONMe, } ] complex: k{2a (¢ = HoH uTl: aiFiza iy oz BrLi
£ 0.3 kI mol=Y; AWt = 67 £ B kImal™l; ast = -1 £ 2R 0wl KL, The
mechanism of this process  involves rntation about the (=N bond in the
dithincarbamate ligand and may imvalve prior rupture of the 7r-5; hond,  The
equilibrium geometry and the possibility of Yr-S, bond rupture have heen
prabed by extended Hickel molecular nrbhital caloulations [40).

The analogous manothincarbamato-comp lex [(ep)Zr0) (SGCNMe, )] has a

similar bent metallocene structure (6), with the monathiocarbamate | igand

(6}

oriented 80 as to place the smaller oxvgen atom in the sterirally more

congested, lateral coordination site amd the larger =sulfur ateom in the leas

congested, interior site adjacent to the chleorine atom [rZr—C1) = 2.35002) \‘
rlZe-0) = 2.239(4) Ay M7r-8) = 2.641t2) A; rZr-centroid cp) = 2.230,
#.2736 A, {rentroid r“p—?r‘—rrentr‘nid cpl = 128.5 ’ ; Fivftr-—() = BY.0 : I'_'E—Z}.r-f-; =

6.1 '; Cl-Zr-0 = 138.1 J. Heplz2ritH{SONMes ) ] was prepared by reaction of
{{ep),Z2rCl; ] with anhydrous NafS0CNMe, b in boiling dichloromethans [,
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Hatniamt1v)  dithiocarbamates of the types  [{op)oHfCI{S,CNRR')] and
LCopIHELSUNRRY 15} (RR' = B, 3-CHMe; H, cyelo-UgHg; or H, ovelo-{5H,4) have
heen synthesized by reaction of {(op)HfC1,1 and Na(S3,0NRRT} in 1:1 or 1:3
moalar  ratio, All  of these complexes are monomeric non-electralytes in
solution, amd IR} spectra  suggest  that the dithiocarbamate ligands are
hidentate (321, Presumably, the [(op) HFCH{S,CNRR'  complexes have
five-coardimite bent metalloeene structures like [ (opdZr0HIS,ONELL) ] [40],
and  the [{Pp}Hf[HzPNRR')sl compounds . are pentagonal bipyramicdal like
L{epiMISsMeslyl M = Ti or Zr) 143,44]. Analogous bis{fluorenyl)-
-tralkylxanthato-complexes, [(n5-C, Ha)oZr01{S,00R))] (R = Me, Et, or CHMe,)
have heen prepared by reaction of equimolar amounts of [{n®-C,5Hg),7rCl;] and
KIS;00R] in dimethoxyethane [15].

Low—temperature 'H NMR  spectra  of  [ArlS,ON(CHMe,),),]  exhibit  two
squally intense isopropy]l methyl doublets and two equally intense methine

septets, attributable o a ligand confarmation (7) in which the methine

/\
N/ &_

(7)

protons of the inequivalent isopropyl groups are located in the plane of the
ligand, At higher temperatures, the methyl doublets and methine septets
conlesne to a single doublet and a single septet, respectively, due to
hindered rotation about the C-N single bonds. FRate constants for this process
range from 20 s-! at -25.0 € to 670 s~ at 21.0 O At = 45 ¢ 1 kJ mol=! and
as¥ = -39 + 5 J mol™! deg~!. [ZrIS,CN(CHMe,),},] was prepared by the reaction
of ZrCl, with Na{S,CN(CHMe, ).} in the presence of triethyl phosphite {48].
Low-temparature LH WMR  spectra  of the monothiocarbamato-complex
[Zr{SOCNMe,} 4] can be interpreted in terms of four overlapping methyl peaks,
eonsistent. with the spectrum expected for the €., dodecahedral stereoisomer
(8). Variable temperature H NMR spectra indicate the presence of two
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Oa Op
Og Op
r‘}
5 ! S
B Ty B
&7
i8)
distinet kinetio processes:
fa) a low—temphrature pracess (1P involving met al—centared

rearrangement., and
{bi a high-temperature process (HIP} involving rotation about the U——X

partial double bond in the ligand.

Conlescence Lemperatures ['("TJ and activation parameters {kJ mal—1 i

J mol=t deg-l} ftor the LTP are: 7T, = -53.5; AGFI-53.5 €1 = 4T.1 & 0.7
aHf= 40 £ 1; a8t = -4 £ 5. Corresponding values for the WIP are: T, = TR.Z;
AFUT8.2 ) = B2.7T £ 0.a; & = 899+ 5; afF = 17 s+ 15, The greater

stereochemical rigidity of [Zr{S0NMe,},] in comparison sith [TiH{SOCNMes) ]
and analogous [M(S.UNRa) ) M = Ti oor Ary complexes usuggests a polvtopal
rearrangement. mechanism for the metal-centered process [47].
Moisture-secnsitive 1:1 and 2:1 adducts of Zr(fl, and HIUl, with thiourea
have heen prepared by miving stoicheiomotric amounte of the metal chlaride and
thiourea in ethyl acetate, IR spectra indicate that the 1:1 addixts contain
Sborded thiourea ligands and both terminatl and hridging chlorine atoms; a
dimeric strocture {{{HNILOSHITMOT M 4180 (NHR o] bas been soggested 48],
The IR spectra and calorimetrio measarements indicate that only one thiourcea
melecule is attached to the metal in the 112 adduclts; the seocond 'hingrea

molecnle appears to interact with the complex via hydrogen boneds [48,491,

.14 Complaves with N-donor {igands

Oxazirconium( 1V) complexses with Mheterooyelie Yiganids, 2riNgly,
{L. = pyridine, 2-methy l pyridineg, Z-aminopyridine, Z,4~dimethylpiridine,

2, 6-dimethyipyridine, quinoline, ¥{bipyv), or ¥{phen); n = 4 when Vv = O, B,
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b, or U104 n = 2 when & = N0y, or NUS), have been prepared in wethanol. All
of  these compounds are non=electrolytes in nitrobenzene except for the
rerchlorate derivatives, which hehave as 1:2 electroiytes.  Infrared spectra

indicale;

{al the Aheteracye!ic Pigands are conrdinate through the
hetero-nitrogen atom, and  the amino-nitrogen atom aof  the
-aminopyvridine is not attrached tao the metal;

() the perchlorate compounds contain uncontdinated ClO,~ jons;

(] the nitvate ligamds are bhidentate;

(11}  the NOCST ligands are coordinated through the nitrogen atom [50,51],

vosireonimm(TV) selenocyanate rescts with a variety of - and MNdonor

bigiands in methario | ¥ialding compleves of the type ZrO{NCSe ) o).,
Il = antipyrine, mridine MNeoxide, Pho PO, (BusSn) 40, prridine,
2, l-dimethylpyridine, hyerarine, or phenylhydrazine) and ZroiNCse) L

{1, = d-aminoant ipyrine, 2,2-bipsridine N A -dioxide, bipy, or phen). These
comppleses are non-eleciroiyvtes in etharenitrile, and 1R spertra indicate that
they contain A=honded thiocyanate ligands [52].

Stihst i tnted-pheny L hydrasido{1-) oomp | eves nt’ zirconiumi IV},
INCGI NI IR 2r0 ] g p{NHNIC GH Y ) (X = L, By, o T, n= 1, 2, &, 4, ar 8,
are abtained from thee reaction of 7ri'l, with N gH4NHNH, or the corresponding
hyAdrazine hydrochinride, The thermal decomporition ot these compounds has
been stadied |53).

Diazoalkanes R'SO0=N=N (R’ = Ph or C0.Fr) insert into 2irconium-carbon
and  mircominm-hydrngen  honds  of [ lep)ZrR,) (R = Me  or (Hyth)  aod
Hep) 2/r e, respect ively, vielding five-coordinate bent metallacenes that
rontain B2~A, A ~bonded hydrazonato{i-1  ligapds {equalions (9) and  (10)).
Seray eryvetal structures of compowreds (10), (11}, and (12) indicate that the
lateral TN pond is 1omger 1 han the interior 2Zr-N bend
PRZPNCRG) = 2.20-2.8R3 A #Ze-NR) = 20103030 A in {10}, 2.21(1) A in (11),
amt 2.12(2) A din (12)}). The bond to the ather lateral coordination site
{riZr-Mey = 2,357(6) A in (10), r(Zr=CHuPh) = 2.37(1) A in (11), and
MIr-C1Y = 2.54%(5) A in {12)! is also significant v leng!hened because of the
nZ-attachment of the hydrazonatotl-) ligand,  The X-ray results and the (IR
atudies indicale T-electronio delocalization over the C=N-N unit [5d].

Spiracyelie silyviamides, [M{{NS{Mes)8iMez)o] (M = “r or Hf1, have beon
prepared in gooet vield by reaciion ol the metal tetrachloride with the

liihitm-subst it e~ Bisiamicdnisiiane, Meo ST NI JS“l;\hna}E . Thece valatile,
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(AN

j.;’/
N
\

\n

Lirp)sZrRy ] + RI0sN2N ——— (rplgdr————N-R {4

{(9; R = Bz, R’ = Ph)
{10; R = Me, R' = Ph)
{11; R = Bz, H' = OCORL)

}}{(f.ﬁ])}EZT‘(H)Pl]n + PhpU’'=N=N ——— {cp)yrim—-N-11 {10))
\

(12)

moisture-sensitive compounds have been characterized by mass spectra, 1R and
Raman spectra, and H and 2957 NMR spectra.  The spiroosvelic compteses are
rleaved by ML M = Zr  aor HF}, vieiding  amorphous polymerico
dichloro-monocyelte: compounds {(equation (1113,  which  appear 0 contain

chlorine-bridges on the hasis of the 'R spectra [53].
[MUNSiMeg ) 28iMeslo) + M1y ——mms 2L, {(NSTMeq )81 M0, } (1)

Thermal decomposition of [R.Zr{N{SiMejl:).] (B = Me, Ft, or CHLSiMe L) at

50 ¢ and 1077 mm Hyg vields A hridging carhere componned

[ {mSiMea[N{SiMe3 Izllsly having a =trsvture (13) in which three
fused, planar, Four-membered rings adopt. a "tub” confrrmation {r/r-00) = 2.1k
and 2.1% E‘\, riZr=N) = 2.04-2.09 ;j\}; the dihedral angles betueen the iwo ZeNSiC
rings and the central 7r, (0, ring are 111 and 123 . n the rase of the
analogous hafnivm  compteses, [RHF{N(SiMeg 5,1 (R = Mo, Kt, or CHSiMeg),

the decompngition product was isolated as  the  pyridine adduet,

FFIIS Mo RS iMeg [N(SiMey ), [ipy) o] (56].
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(13; R’ = SiMey)

Reant ion of 1,2-his{dimethy¥iphasphinojethane {rmpe) with

FAMOHSIMe N IMe 4 [NISiMey) 211 2] (M = Zr or HE} At room temperature oy with
(RMIN{SIMe ). o) (M = Zv or NIy B = Me, Et, or CHpBiMes) at 66 "¢ affords

the bis{metallacyele)} l?‘it_fﬂm;;‘li.%ﬁ(@a)zldmp?}]. The gzirconitsn complex has
an octahedral trisichelate] structure of idealized (, symmetry (14) (r(Zr-C} =
2.316 A; PZr-N) = 2,088 Ay MZr—P) = 2.852 A}, Compound (14} reacts with
carbon  monoxide (20 atm, 20 Ty in pentane  vielding compound {i6}; the
proposed structure of {15) is based nn 1H NMR anrd 130 NMR spentra 157].

CH,
[
/C
cag“'s\mez o SiMe,
Megz Me, /
P, NSiMea P, \NSiM93
‘. . ‘. ‘u“
et gt
p/; NSiMe, p/ - \ns‘me3
Mg, = / Mes - \
CH, o SiMe;,
SiMe, e
I
g,
{14) {15)

Reaction of the phosphorus containing disilyiamide LiN{SiMe UHPR; ),
R = Me or Phi with M1, (M = 7r or Hfl rields EMCT L (N(SiMe CH PR, 1315}
complexes as colourless, air- and moisture- sensitive crystalline solids.

1N MM and 21P{LH} MM spectra of these compounds are copsistent  with
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astrucrture {16}, whirh has heen  established by YX-rav  diffraction  tor

Cl
Mez

-y R”
-~ SI\ /

{16; R' = SiMe,CH,PR,)

{?’.r‘(?lz{N[SiMPECHaPME*z}z}?I. The bulky N{SiMea(TLPR, ), ligands are hidentate,
with the two unneoordinated SiMe,CHoPR, groups being located on ooposite sides
of the eqmtorial plane. The resulting distorted octahediral stracture has
approximate C, symmetry and is chival {F7r-1) = 2,788, MAr-N = 20098,
MIr~1) = 2,160 A; ClFr-Cl = 135,120, N—/r-N = 119, 1(1) | [581.

[HECU NS T Me, CHo P, 1, ) o} disproportionates  in the presence of  oveess
HfCl,, wielding the "mono” amide complex [HECT4 INISTMe U, PMey 1, T HECT, L,
which ecan be converted to the monomeric comples [HEUBH 3 {N(SiMe,CHPMe, o} )
and [Hf(BH,),] by reaction with an exorss of [3[BH,I. Treatment  of
IHF(BH ) g INISIMeH ML ) 51 ] with Lewis  bases  (NFig or FMeg)  gives  the
dinuclear trihydride [ [HF[N{SiMe,CHPMe, b, ) o (H) 5 (8H, 5] 159].

Polyipyrazolyliborate feré-hitoxide complexes of zircontum{1V) of the
type [ZrLlo (X Me 5} (RBPzg )] (1 = i, {HMe ., B, or Py ard
[ZrCl 3 {(OMey ) {HR{3, 5-Me,PE} L} have been prepared by rearntion of  the
corresponding  (ZrCI4(RBPz4) | or [Zr0l5{IIB{3,5-Me,"215) ] complexes with one
equivalent of KOXMe; in taluene. The |71 {0iMeg J{BRPZ4) | compleses  are
fluxional on the NMR time seale {(AGF = 86 ¢ 2 kJ mel~! for B = By, while the
more sterically hindered Vo1, 000Meg) (HRID,5-Me,Pr5) ] is stereochemically
rigid at temperatures up to 130 €.  The preferred resrrangement mechanism s

a trigonal twist [80]. 12rC] o (00He 4 ) [HRUD, B-Me, P 4] ) serves as a usefu]

starting material for the synithersis of stahle athkyl derivatives
[Zr{OCMey )Ry [(HBC3, 5-MesPrils)] (R = Me, CHxPh, or Cs(t™Me} [81]. Di- and
tri-tert-butonide derivatives [JArCly (OMMeg b MBI, 5-Me,Pr) 1] (n = 2 nr 3}

have also heen prepared [BO,61].
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The H-gquinolinoiato-complexes [{t?p)zzr(B-()—quin)}[.‘-izCNRR’} {RR' = alkyl
or ary]) and [(np}zzr[H—-O-—quin)][Szﬁ()ﬂ.] (R - Me, Et, or CHMe,} have been
preparsd by mixing  aqueous  solulions of  [(eply7riB--quin)iCl  and the
appropriate =oed T um N Mdialkyidithiccarbamate [18,62] or potasgium
O-rlkylxanihate [23).  These compounds are 1:1 electrolytes in nitrobenzena,
and are anslogous to the 1, 3-diketonato-derivatives [{ep)Zridik)]Y (¥ =
Ho™MER? or S3(0R) mentioned in Section 2.1.2.

Nichlorobis(indenyl ) zireonitm{IV)  reacts with salicylaldimine Schiff

bases (175 HL)Y in the presence of triethyvlamine yielding complexes of the type

CH

=N
\
H CeHaR

{17; HL; R = H, 2-Me, 3-Me, 4-Me)

[[r\s—("gll?}zzrl.(‘]], thich are non-electralytes in nitrobenzene. TR spectra
indicate that the Schiff bases behave as Midonor hidentate |igands {63].

An{Z-pyridytisalicylaldimine {HI) complexes of the type
[Zr{CIMe )l ]l te = 1, 2, or ) have been prapared by the reaction of
Zri{¥iMaL ) 4 HOCHMe, with stoicheiometric ammunts of the Schiff base in henzene
at refliy, Theze compleves are monomeric in boiling benzene, and TR spectra
suggeat  that  the salievialdimine behaves  as an AG-bidentate ligand,
roordinast ing throomgh the azomethine nitrogen atom and the phenntate ovygen
Aatom.  Theretor:, the coordinalion ramber of the ziveonium atom is 5, 6, or 7
feor 2 1, 2, or 3, resperiively. Tt was not possible ta veplace the fourth
jenptupovide Tigond: reaction of Zr(0CHMA, ), HOCHMe, with four equitvalents of
A-fZ-pyrideNsalievialdinine gove Zri0CHMeL 1) 0L [6],

HECOCHMe ) 5 HOXTMe, reacts in benzene At reflux with ateicheiometrin
amonnts of  the monobasic,  Afebidentate  henravl  hydrazones  {(18; HL} and
As-hidentate  Schiff hases derived fram S-methvy]l dithiocarhazate {193 HL)

vielding complexes of the type IWWHCTIMe ), (M), (= 1, 2, 3 or 4). The
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H H
\
S ™
/ /
H Ph H SMe

. | — r 9
(18; HL; R = Ph, C,H,O} {19, HL; B = Ph, (40,0}

corresponding dibasic (A= and NSt ridentate Digands (20 and 2t HLL') give

OH CH

—N 0 —N

S S

H Ph H SMe

(20; H;L'; R = H, Me) (21; HyL")

provhete of  the tipe Hi"tf‘i'HMr\Z ]2“', voanel HEOLST | P Thewe complees are
meisture sensitive, snluhle in organic aolvenis, and non-elect enistes in
dimet hvlmet hanamice, A4 tridentate aele of attachment of the ligands was
assigned  on the  hacis of 9 spect roseapy [HS EGT, nds meai— At
di-subat ittt ion producte rosld be ohfainest from reactions of HEC L, wvath
{18)-{21}. The reculting HECI 00y, HECL0E) S, Aand HFCTL0LT ) comp leves  are
inzninhle in commen organic salvents and are probablye polimerys 67,687,
Airveony] acelate peacts in methann]l  at reflhuyy wiih Sehiff brees

{22; HZL' Yy derived trem anbstitnted salicvialdehyddes ad ealioyhveh avide in

OH

{22; HzL’; X = H, 5-Cl, 5-Br, 5-NO,, 3-CEt, 5-OMe, 3,5-Cl,, §.fi-benzo)
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give monomeric 1:2 compleves of the fype [Zr0O0HE )] IR spectra indicate

that the Schilf  bases  behave as  monobasic ovWitridentate ligands,
coortinating to 2ircontam through the rarbony b ovygen, aromethine nttragen,
and phenolate emygen atoms.  The compleves exvhibit an (R hand in the region
905915 cm™l, whirh has been assigned  to V(e [t these compounds do

cemtain o Zrsh group, the zirconiom atom would be seven coordinate [69],

Z.A.0 tompleves with Peoonor Figands

The hia{hiorganophosphide) compleves I{r-sz?\!(I-‘Re}_?] M = ?r or Hf; R =
Ft, oxch, or Ph} have heen prepaved by reaction of [(np};_ﬂ(‘lz] with tswo
equivnalents af LiFit, in tebrahsdrofuran. An X-ray structural study has shown
thet  [teptaHEIPRL, 0] 18 an eighteen-elertron complex; the hafnium atom s
attached via anp Hi=P single bond to a peramidal (sp?) phosphorus atom and is
attached via an HfzP douhle hond  to a  trigonal  planar phosphine  atom
JrtRf-F) = 2.BRZ(1] A; rUIWEP) = ZUABA(Y) AL 1P NMR apectra indirate that
infereonveraion of the HF-P and =P bonde is fast on the MR time scale; for
{lepiMiPloveh} ba ) (M = Yreoor N1, the harrier to exchange is 20 + 1 kJ mnl—?
YIE

ir a parallel study Wade ot al. [71] have reported that [{cpi,MCI5]
reacts with LiFR, to give [(eplMUIPRAI (M = Zry, R = Ph; M = HfY, R = Ph or
el ), bt when R o= Me, the reaction products are the dimeric zircomium{ET[)
and hatmieni 1EE) complexes [ 1lepMOec ], Treatment of [ (ep)Zr(PPhy ), )
with oo anquiva lent of’ FPho il gives the mi xeerd- L1 gand complex
[Lepla /el iPha b . The veactions of  the [epiaM{PRy 1] complexes with a
variety of protic and halogon-containing species result in cleavage of the
metal -phosphorus boxds.

The 1,7=-his{dimethy|phosphinn)ethane—containing compleves

- 1 . . ]
EPMUCH S Me NS iMe g o {dmpe) ] (M = Zr oar HF)Y {57} were dismusred in Section
2.1.4.

2. 1.6 Hwlride and borohviiride complexes

1 NMR spactra of sparingly enluble (ep) 2l in extremely dilute Cghg
and  Dylelty salutions At ambient  temperature exhihit the expected Cglg

resonance at. ® 5.75 apd fwo triplets at % 3.H5 and % -3.45, bhoth with
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Jo= 7.3 Hey the spin ool ing was onllapeed by arradration ot elther triplet.
These data are consistent with a dimeric astractore e Yrilia=-il o), with
tren bridging and tue terminal hoaleide [iganels. folinyse ol the hycheide
triplets and intensity clinges At elevabed tepperatiios eie Toteppeddead iy

tesims st

(ry  rapid bridge—terminng] brdeicee eevehanese and

(hy A dimer—monomer eaqaidhrim,

The venction of P{teplaZriitu=1] -] with dipheny lacetvlone vielos Hs oaned the
sivennacyeiopentadiens  comples [ {eph,drtc thg )] |72, [ S PR S T R !
rracts with diphenylacetslene or phenyiaceislens viciding 1L and ansiogoos
zirconacyclopentadiens compleses) houwever, 1 the renctione e corried ok
without the remcval of Ho, spprecinble bedreogenat fon o of" aeet s denss vaoesnes | a3
The dirmrtear  tribadeide  [(HFINSIMe Ol e T [ (5 T0RH by | aned e
precursor PHERE T4 ‘\f{H'i'\Ir-:f‘H:}‘-"ff»:)z.l | {74 were discosard in Section 70100,

A oneubvon diffraction soude of BRI Y, Do showr Vhar the erasiag

comtains regular tet eahechrad moletides, whiiel oocapee sites of cevsba | lographiie

:]_Zim T b Exvmmetry. The- | H[Eq |7 Vigmats oaree Aridentate anog o ardopt th
confarmation in which the three - bonds to oone [T, [T Tigand are stags red
wilh  respect to  the  HE-I3  bomds  tn dne other thres DL ]T 0 Tisnnds
| r(Ht-R) = ».Z811H), U= b = rLrug, P B-1Ty 3 E Lo2ndrity,
i li—}{t b= 1015014 A, where 1 oAaned Wy ddenobe the Raidlgieg and teratne

hyrfrogen atoms respectivelst [,

The methyttrihwiroborato-comples | ArtdighMed g f has leer spnthosimmt by

reaction of ZrC], and LillLMe o chilorabensone, Fvooavime hae oo febreabedrad
striwtore, with bpeocdentafe atoachment e [BE P Dl Thice b Loy

oA Tengthe bave been cdestopmipe ] o Yormy ob ] raed feny; 00 pafty o0 D URRHI MY

TIFr=My b o= 206, PIR-Hp = Fo1Doa FEA L

AL AERCONEUMOE P AN HATDMO LT ) o NS

[¢entin~d vean oot Jf.-:'-]'})z“ll']-"h‘z},,j Moo= Ve oor NP ko= Bt ewvely o Py owith

sodium paphthalenide dn th st 78 0 viclds thermat iy stabde mireapoomed TED

and hafniym{fT{} rompieses, [ ep) MR A rhly W SR haperPine aplit Cings
bave boen ohserved dn KR spoctea of [Hopi-2ribRaONa0tht o th = Moo oaehi
vhich snggests that  these compleves bhave a phosphinde-bridec | ctvin bore (23)

(0],
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Ry
Cpf' /
;M \M( thf)yx
cp \P/

Rj

(23}

the red-brown [ {{ep)M{PMes )}, ] (M = Zr or HE) complexes, obtained by
reaction of [{ep)MCl;) with fwo equivalents of 1,iPMe,, are diamagnetic in
snlution. 1 NMR spectra of these complexes exhibit a sharp singlet due to
the equivalent (glig protons and a triplet due to virtual coupling of the PMe;
protons o two 3P nuclei. The spectra are  consistent  with a

phosphido-hridged struecture (24}, with signiticant Yr---Zr interaction.

(24}

Reactions of the [l(op)MiPMe,) ), ] compleves with halogen-ronthaining species
result in cleavage of the metal-phosphorus bonds and oxidation of the metal to
give [{ep)MEa] (X = halogen) |71).

Photalysis or prolonged  heating at 14 ¢ of a benzene slurry of
[{!-"Iﬂ!:‘p}z?’.r‘lﬂu—ﬁ)lzl results in evolubion of H, and formarion of dark purple
salatinns. EPR spectra of these solutions indicate ihe presence of a
rAaramagnetio zirconitum{ 111 }-hydrides complex, which reacts with
diphenylaretylens to give anather zirconimm{il[}-hydride species, perhapa
[ (Mecpi e (PhCsCPh) ] (73],

Paramagnetic zirconium(177)-hydride complexes are also produced when thf
sointions of [{ep)oZiCl;]  are reduced with  wmagnesium. A H hyperfine
splitting of 7.4 43, which is not observed when the experiment is repeated with

[ tnNS5—Mghg )7L, ], indicates that the zirconium{1TT1}-hydride is produced by
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hydrogen abstraction f'rom A cyclopentadienyl ring. Additional
zirconium{ ]I I}-hydride complexes were observed by EPR when [{op},Z2rCl;]| was
reduced by magnesium in the presence af alkenes or alkymes [76].

Law-temperature photalysis studies in taluene or methy! cyclohexane of
[lepl/rRy] (R = alkyl or aryl) ar {{(epi,Zr(R}CI] (R = H, Me, cp, or 21 have
led to EPR characterization of a mmber of zirconium{iIll} species, including
[Hep),ZrR]l, [{epl?rCl], and a zirconium(117) hydride. The TFR spectra
suggest that the solutions contain [{ep) Zr(PEt,IR]  adducts  when  the
[(ep)sZrR,] complexes are phntolyzed in the presence of PRty {77].

2.3 ZTROONTUM(I) COMPOUNDS

The laver structure of Zrll and ZrBr can be intercalated with axyvgen and
hydrogen atoms yielding interstitial derivatives of the menchalides. ZrX {X =

Cl or Br) reacts with Zr0, at ca. 880 C aceording to equation (lZ), where x

ZrX + ril, —— Zr}{()}, + an'OX {12)

and )} can take on values up to ca, 0.4. The pure monohalides have a structure
consisting of four-layer slabs with stacking seqguence X-dr—2Zr-X. X-ray
studies have shown that in ZrXOy the oxygen atoms are randomly distributed in
tetrahedral interstices between the double zirconium layvers of an expanded ZrX
structure. Reactions analogous to equation (12) do not occur between ZrCl and
ZrC, ZrN, 7r¥,, or Zr;,,8, and attempts fto intercalate 7rCl with several
small molerules were unsuccessful [T8].

Guinier X-ray powder data indicate that the monohalide hydrides
ZrBrHp g, ZrBrH, and Z7ZrClH also have expanded ZrX structures. Hydride
formation is accompanied by a progressive increase in the distance between the
adjacent zirconium layers; the hydrogen atoms are presumed to ocoupy the
tetrahedral interstices between the zirconium atoms [79]. X-ray and W
photoelectron spectra of ZrXHg g, ZrXH (X = C1 aor Br), and ZrH; 4, indicate an
appreciable amount of Zr-H covalency [80].

Trends in XPES data for zirconium, ZrCl, (n = 1-4}, ZrBr, ZrXH, (X = CI
or Br; x = 0.5 or 1), and Zr(10,,, have been reviewed. The binding energy of
the zirconium 3d512 level exhibits a regular increase with increasing formal
oxidation state except for ZrCly and Zr{7l,, where the binding energies are
displaced to higher binding energy by ca. 1.3 eV. The break in the trend,
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hetween ovidabtion state +2 and +3, orcurs in the region vhere metal-metal

bonding and valence—clectron deloealization disappear [B1].

2.0 ZTRCONTIMED) WD HARFNTUMOO ) COMPOURNDS

The  tris{2,2’-bipyridine and trig{1,10-phenanthroline) romplexes,
{Mibipy) 5] and [Miphentg] (M = Zr or HF}, have been prepared in ca. 80% yield
by rveduction of “rCly or HECl, with sodium amalgam in thf =solutions that
contain a safoicheianetric amount of the ligand. These complexes are dark

cnloured, extremely air sensitive, monomeric, and diamagnetic [82].

2.8 COMPOUNDS WITH METAL=METAL BONDS

Heterobimetallicr complexes of the rype [(cp) M, lep)) (X = 01,
OXMe,, or Me, when M = Ru; X = 0Me; or Me, vhen M = Fe) have been synthesized
by reaction of [{cp)%rCIX] with one enuivalent of Kl (ep)M({0).] in thf. The
presence of a metal-metal bond 1o these compounds was confirmed by the X-ray

structure  of  {{ep) x(Mel0I7rRu({i) tep) ) {25)  {r{Zr-Ru) = Z2.810(1) A;

(25)

rZr-0) = 1.9144) Ay Zr-0-C = 169.6 | [83].
The compl exes [{rpIaMiC, ] M = Ti or Zr} react with
[(epIW(=00glMe~4) ({0),] in toluene at 55-70 ¢ to give the thermally stable

and relatively inert bhimetallic compourds { (cplMa-CCgH Me—4 ) (4-COW(D) (op) ]



{(26). The structms af the btitanium compouned, which testinres s Ti-k

P 1y, / \ W CO
cp/ \ C/ \Cp
0

(261
tnidged by the (UG Me-d  ligand  amt an nt.Af-carbons b groop,  has
extahlished b Y-rav diftrantion |Hi}.
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