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I 

I N T R O D U C T I O N  

Since Chatt and Davidson la observed the first clear example of simple ox- 
idative addition of a C--H bond of naphthalene to a ruthenium metal center, 
Ru(dmpe)2 (dmpe = MeaPCH2CH2PMe2), hydrocarbon activation has been the 
subject of many transition metal studies, lt'-c Sometimes, the efforts in this field 
have ended in findings different from the initial objectives, which have been the 
starting point for the development of novel organometallic chemistry. 

At the beginning of the 1980's, Werner's group was actively interested in C--H 
activation processes. They showed that not only the Ru(diphosphine)2 species are 
capable of activating C--H bonds of aromatic compounds, but also the related 
ruthenium(0) and osmium(0) M(PR4)4 (M = Ru, Os) fragments containing mono- 
dentate basic phosphine ligands. Furthermore, they observed that the reactivity 
of these systems depends critically on the electronic and steric properties of the 
phosphine coordinated to the metal. While the fragments M(PMe3)4, generated 
by reduction of trans-MC12(PMe3)4 with Na/Hg in benzene, undergo intramolecu- 
lar C--H activation to afford 1VIH{P(Me)2C~YrI2}(PMe3)3 (M = Ru, Os), 2 the mixed 
complexes all trans-MC12(PMe3)2{P(OMe)3}2 react under the same conditions by 
intermolecular addition of benzene to form MH(Ph)(PMe3)2{P(OMe)3 }2 (M = Ru, 
Os). 3 In addition, they showed during investigations of the reactivity of arene- 
osmium(0) complexes that even a small change in the coordination sphere of the 
metal can direct the course of the reaction towards either intra- or intermolecular 
C--H activation. 4 

The need to understand the way in which the properties of the phosphine 
influence the reactivity of these systems prompted Werner to extend the above 
mentioned studies to Ru-PiPr3 and Os-pipr3 derivatives. It was known from ear- 
lier work in the group that arene-ruthenium compounds of the type RuHz('q 6- 
arene)(pipr3) react under UV irradiation in hydrocarbon solvents to give either 
l~uH{(PiPr2)CH(Me)CH2}('q6-arene) or RuH(R)('qt-arene)(pipr3) by intra- or in- 
termolecular oxidative addition. 5 The route first investigating preparation of the 
Ru-pipr3 and Os-pipr3 derivatives was the ligand displacement starting from 
MC12(PPh3)3 (M = Ru, Os). The method was useful to obtain MC12(PMe3)4 (M = 
Ru, Os). 2 However, all attempts during 4 months of hard work were unsuccessful. 
An alternative method involved treatment of the corresponding MC13.xH20 with 
the phosphine, in alcohol. The choice of solvent was critical for the course of the 
reaction. 

In 1961, Vaska and Diluzio 6 showed that hydride-carbonylphosphine complexes 
of the formula MHX(CO)(PPh3)3 (M = Ru, Os; X = C1, Br) can be directly ob- 
tained from the metal halides and triphenylphosphine, using 2-methoxyethanol or 
ethylene glycol at 120-190°C. In agreement with this, in 1971, Moers 7 reported the 
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isolation of the five-coordinate complex OsHCI(CO)(PCy3)z, on boiling a solution 
of tricyclohexylphosphine and K2OsCI6 in 2-methoxyethanol under nitrogen for 
48 h, and in 1979, Gill and Shaw 8 described the synthesis of RuHCI(CO)(Pt- 
Bu2R)z (R = Me, Et) by a similar procedure. In contrast to these observations, in 
1966, Stephenson and Wilkinson 9 reported the preparation of RuCI2(PPh3)3 by re- 
fluxing a methanolic solution of triphenylphosphine and RuClyxH20, and in 1975, 
Hoffman and Caulton 1° described the synthesis of OsC12(PPh3)3 by treatment of 
(NH4)zOsC16 with triphenylphosphine in a 2.5:1 mixture of t-butyl alcohol and wa- 
ter under reflux. Several dinuclear ruthenium compounds had also been obtained 
by reaction of RuC13.xH20 with bulky phosphines in ethanol as solvent. 11 

In order to obtain chloro complexes related to MCla(PMe3)4 or MClz(PPh3)3 
(M = Ru, Os), methanol appeared to be an appropriate solvent, according to the 
previously mentioned precedents. However, the treatment of the corresponding 
metal halides with triisopropylphosphine in methanol under reflux led to the 
five-coordinate hydride-carbonyl derivatives MHCI(CO)(PiPr3)2 (M = Ru, Os). 12 
Later, the synthesis of OsHCI(CO)(Pt-Bu2Me)2 by reaction of OsC13.xH20 with 
ditert-butylmethylphosphine in 2-methoxyethanol was reported.~3 

In 1991, the preparation of the six-coordinate osmium(IV) complexes OsHzC12 
(PR3)2 (PR3 = P/Pr3, Pt-BuzMe) was also described. 14 Those compounds are syn- 
thesized by reaction of OsC13-xHzO with the corresponding phosphine in 2-propa- 
nol under reflux. Previously, in 1971, Chatt and co-workers 15 had reported the for- 
mation of the related seven-coordinate derivatives OsHaClz(PR3)3 (PR3 = PEt2Ph, 
PMePha, PEtPhz). Recently, the ruthenium compounds RuH2Cla(PR3)2 (PR3 = 
PiPr3,16 Pt-Bu2Me 17) have been obtained by treatment of [RuC12(CsH12)]n with 
the phosphine under hydrogen atmosphere in 2-butanol at 80°C. 

Although the initial synthesis of OsHCI(CO)(piPr3)2 could be considered a 
fortunate accident, the large number of observed reactions and new organometallic 
complexes developed in the last 15 years using the title complex as starting point 
prompt us to consider the complex OsHCI(CO)(P iPr3)z as one of the cornerstones 
in the development of modern organometallic osmium chemistry. In the following 
pages, we revise the most important features of its rich chemistry. 

II 

SPECTROSCOPIC FEATURES AND COORDINATION POLYHEDRON 
OF OsHCI(CO)(P~Pr3)= 

The complex OsHCI(CO)(P/Pr3)2 is a red, very air sensitive solid, which is, 
however, stable for long periods at room temperature if kept under argon. In the IR 
spectrum in benzene, the most noticeable feature is the presence of a v(CO) band 
at 1886 cm -1. At room temperature the 1H NMR spectrum in benzene-d6 shows 
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two doublets of virtual triplets at 1.27 and 1.20 ppm for the methyl groups of 
the triisopropylphosphine ligands. The presence of two signals for these protons, 
which is a result of the prochirality of the phosphorous atoms, indicates that the 
structure of the complex is rigid in solution at room temperature, and that the 
molecule has no mirror plane of symmetry containing the Os--P bonds. In the 
high field region, the spectrum contains a triplet at -31.92 ppm with a H--P 
coupling constant of 14 Hz, corresponding to the hydride ligand. The 31p{1H} 
NMR spectrum in benzene-d6 shows a singlet at 47.3 ppm. 

These spectroscopic data support a square-pyramidal structure in solution with 
the phosphines mutually t rans  disposed, the chloride and the carbonyl group oc- 
cupying the basal sites, and the hydride ligand located at the apex. This structure 
fully agrees with that found in the solid state, by X-ray diffraction analysis for 
the related compound OsHCI(CO)(PCy3)218, and for ab initio DFT (Becke 3LYP) 
methods for the model complex OsHCI(CO)(PH3)2) 9 

Why is the structure square-pyramidal? It has been shown that a diamagnetic 
d 6 ML5 complex distorts away from the Jahn-Teller active trigonal bipyramidal 
structure. 2° Two more stable structures are possible: a square pyramid (T) and a 
distorted trigonal bipyramid (Y). Theoretical studies 2! have shown that the T and 
Y structures are very close in energy and that the preference for one over the other 
comes from a subtle balance of tr and 7 properties of the ligands. 

A T structure with the strongest g-donor D t rans  to the empty site (I in Scheme 1) 
is preferred in the case of three pure tr-donor ligands. The presence of a 7-acceptor 
ligand also makes the T structure more stable. When one of the ligands is a 7- 
donor, X, a Y structure of type II (Scheme 1) is observed. This structure permits 
the formation of a 7 bond between the empty metal d orbital and the lone pair 
of X. No such 7 bond is present in the T structure since all symmetry adapted d 
orbitals are filled. This partial M--X multiple bond stabilizes Y over T. 

In the mixed case---one 7-donor and a ~r-acceptor ligand, as in OsHCI(CO) 
(PiPr3)z--the structure III  of Scheme 1 (in which the 7-donor X ligand and the 7- 
acceptor A ligand are t rans  to each other) is more stable. 22 In a T structure, which 

L L L 

I,,,,,," 
x 

O) 01) OtO 
SCHEME 1. 
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is a fragment of an octahedron, the nonbonding orbital(s) is (are) destabilized by 
the lone pair(s) of X. The "rr-acceptor ligand can diminish this destabilization by 
means of back-donation into its empty ~* orbitals. For the best stabilization, the 
two ligands should be t rans  to each other, yielding a "push-pull" effect. 

Why is the complex OsHCI(CO)(pipr3)2 stable, when it is unsaturated? It has 
been argued that lone pairs on the alpha atom of a ligand M--X (M is a transition 
metal) can have a major influence on reactivity and structure. If M has empty 
orbitals of appropriate symmetry, X---~M "rr donation creates an M--X multiple 
bond, with consequent transfer of electron density to M decreasing its Lewis 
acidity. 23 The presence of a carbonyl ligand in OsHCI(CO)(pipr3)2) increases 
the w-donor capacity of chloro by means of the "push-pull" effect making this 
molecule not a truly 16-valence electron species. 

In addition, X-ray diffraction analysis of related molecules reveals that in the 
sixth (formally unoccupied) position of the octahedron the metallic center is well 
shielded. Four of the 12 methyl groups of the phosphine ligands surround the metal 
like an umbrella. As a result of the shielding effect of the methyl groups, a bending 
of the phosphorus-metal-phosphorus axis is observed. 24 

III 

ADDITION REACTIONS TO OsHCl(CO)(PtPrs)2: FORMATION OF 
SIX-COORDINATE HYDRIDO-CHLORO-CARBONYL DERIVATIVES 

The complex OsHCI(CO)(pipr3)2 adds Lewis bases that are not too bulky, such 
as CO, P(OMe)3, PMe3, MeCN, HON=CMe2, and HON=(2(CH2)a(~H2, to af- 
ford six-coordinate hydrido-chloro-carbonyl complexes of the type OsHCI(CO) 
(P/Pr3)2L, where the added ligand lies t rans  to the hydride 12'25 (Scheme 2). Molec- 
ular oxygen also coordinates. Coordination does not involve the breaking of the 
oxygen-oxygen bond, and the peroxo derivative OsHCI(CO)(P/Pr3)2('q2-O2) is 
formed. 26 

In contrast to OsHCI(CO)(PiPr3)2, the related complex OsHCI(C=CHPh) 
(pipr3)2, containing a vinylidene ligand instead of a carbonyl group, is capable 
of activating the oxygen-oxygen double bond of molecular oxygen from the air to 
give the dioxo compound OsCI{(E)-CH=CHPh}(O)2(pipr3)2. 27 This marked dif- 
ference in behavior appears to be the consequence of electronic differences between 
OsHCI(CO)(pipr3)2 and OsHCI(C=CHPh)(pipr3)2, which are revealed by the 
adoption of different coordination polyhedrons. While the complex OsHCI(CO) 
(pipr3)2 shows a T structure with a C1--Os--CO angle of about 160°, 22 the vinyl- 
idene derivative has a Y structure with a C1--Os--vinylidene angle of about 144 °.17 
The preference for a Y structure originates from vinylidene being a potent av 
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H 
Cl',,,.tJst~t pipr 3 

Pr3 iPee" '~CO - -  

PiPr s 
H,,, I ,,,CO L ,,Os~ 

D CI~.  ]."~L 
P'Pr s 

L = CO, P(OMe)3, PMes, MeCN, 

HON---CMe2, HON=I'(CH2)4C;H 2 

pipr 3 
02 H ..... I ,,,,,CO 

= _Os-.~,-, 
C I ~  . - ~ T  

P Pr3 

PiPr 3 
RCHN2~. H,% ] ~,~,~CO 

Os~ ,, 
- N2 C,~" I C'" 

pipr 3 R 
R = H. Ph, CO2Et. SiMe 3 

PiPr3 
-'--~R H,,,,, I ,,,,,CO 

Os 
" c f  "~| 

P=Pr3 ' ' "  R 

SCHEME 2. 

R = H, CN, COMe, C02Me 

acceptor in the CR2 plane, but a weak "n" donor in the orthogonal plane. The do- 
nating property of'rrcc disfavors a trans relationship of the Os--C1 and vinylidene 
since this maximizes the overlaps between the occupied orbitals of the metal (d) 
and the two ligands (rrcc and ~Tcl). Two stabilizing interactions occur when CR2 
lies in the H--Os--CI plane. In addition to the usual Os--Cl ,rr bond characteristic 
of all Y-shaped d 6 ML5 species, the x2---y z orbital is back bonding into the Pc~ 
empty orbital. 28 

The complex OsHCI(CO)(pipr3)2 reacts with diazoalkanes RCHN2 (R = H, 
Ph, CO2Et, SiMe3) at room temperature to give the hydrido-carbene derivatives 
OsHCI(CO)(CHR)(I~Pr3)2, also containing the hydride and the carbene ligands 
in trans disposition. 29 In benzene, the derivative OsHCI(CO)(CH2)(PiPr3)2 re- 
generates the starting material and affords ethylene, 3° which under ethylene at- 
mosphere coordinates to the osmium atom to give OsHCI(CO)('q2-C2H4)(pipr3)2. 
Other olefins with electron-withdrawing substituents such as CN, C(O)Me, and 
CO2Me also bind to OsHCI(CO)(PiPr3)2 to produce octahedral compounds of 
the formula OsHCI(CO)('qz-CHz=CHR)(pipr3)z ]2 (Scheme 2). Although a subse- 
quent intramolecular insertion of the olefin into the Os--H bond is not observed, 
the addition of styrene to benzene-d6 solutions of OsDCI(CO)(P/Pr3)2 shows D--H 
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exchange, suggesting a rapid equilibrium between the species shown in Eq. (1). 31 
Acetone shows a behavior similar to that of styrene. 32 

H pipr 3 Ph 
Ch,,,,,Ois,,,,,pipr3 .___Ph H,,,,,, I ii~CO Os~JU~ - -  - " ~  Cl,.m ~pipr3 

ipr3P~" "~CO Cl~'~'~lL ipr3P~" %00  P Pr3 Ph 

(1) 

IV 

ADDITION OF THE Os--H BOND OF OsHCI(CO)(PIPra)= 
TO CARBON-CARBON TRIPLE BONDS: FORMATION 

OF ALKENYL DERIVATIVES 

The reactivity of OsHCI(CO)(P/Pr3)2 toward alkynes depends on the type of 
alkyne used. Whereas phenylacetylene, propyne, and acetylene react by insertion 
to give the five-coordinate alkenyl derivatives Os { (E)-CH=CHR}CI(CO)(P iPr3)2 
(R= Ph, Me, H), 31'33 the reaction with methylpropiolate affords a mixture of 
0s{C(=CH2)C(OMe)0}CI(CO)(PiPr3)2 and Os{(E)-CH=CHCO2Me}CI(CO) 
(pipr3)234 (Scheme 3), and tert-butyl acetylene and diphenylacetylene are inert. 

In solution, Os{(E)-CH=CHCOEMe}CI(CO)(pipr3)2 rearranges quantitatively 
to form the Z isomer 0s{CH=CHC(OMe)0}CI(CO)(P iPr3)2 in which the alkenyl 
group behaves as a chelating ligand (Eq. 2). 

In contrast to diphenylacetylene, the activated alkyne, ethyne dicarboxylic 
methyl ester, coordinates to OsHCI(CO)(P/Pr3)2 trans to the hydride. Then re- 
arrangement to the cis-isomer takes place, followed by insertion to yield the 

R 

CI mma Os~.~ PPr3 " ~  , 
iPr3P~' ~CO R = Ph, Me, H 

HCr=CR l 

H 
CIio~OO~s~u~ pipr 3 HC~CCO2Me 

~Pr3P I~' "~co 

pIpr 3 pH2 

COs" j jC-OMe 
OCW~" I "~O 

PiPr 3 

+ C02Me 
H.,.Gf~C-H 

Cl#mn~ I ulltipipr3 Os 
ip~p~" ~CO 

SCHEME 3. 
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H 

Cl ~ooo Jslm~ pipr 3 RC-=CR 
H 

Clomo(: .s~PIPr3 
~PraP t ~ ' '  CO 

R - - ' R  

CHR pipr3 I I  
OC,,o I x~,C,.- 

~Os ~ ~C-OMe 
c ~ "  I "'°/t" 

WPr 3 

P~Pr 3 
cl,,,.,,, I ,,,,,H 

oc"i?,.i 
PPr3 I~ 

RC-~CR = MeO2CC-=CCO2Me 
SCHEME 4. 

corresponding alkenylosmium compound containing one of the ester units co- 
ordinated to the metallic center 31 (Scheme 4). 

CO2Me / 

H..c//C'~" H 

Claam/Stll~ PiPr 3 

Pra' j '~I'CO 

PiPr 3 H 
OC,,.,~ I t~C-~.c~'H 

~- ~0@ "~" I 
C I ~ "  I "~ ' o~C"OMe 

pipr 3 

(2) 

The complex OsHCI(CO)(pipr3)z also reacts with diynesY Thus, it has been 
reported that the treatment of this compound with 0.5 equiv, of 1,7-octadiyne 
affords, after 6 h at 333 K, the binuclear ix-bis-alkenyl derivative (pipr3)2(CO)C1Os 
{CH=CH(CH2)4CH=CH}OsCI(CO)(P~Pr3)2 in 83% yield (Eq. 3). 

H 
2 C l 'n ' ; s  '*'~ PiPr3 

Pr3iF ~ "  '~CO + HC~C(CH2)4C-=CH 

I~2 CH2)a'CH2 

H.~ H N~ ~ H 
i i C" j. Cl,,.,,ds~ppr 3 PraY,., , ' ~,,CI Os 

przip ~ "~CO OC ~ ' '  "~PiPr z 

(3) 

The structure of the styryl derivative Os{(E)-CH=CHPh}CI(CO)(pipr3)2 has 
been determined by X-ray diffraction analysis. 33 In agreement with OsHCI(CO) 
(pipr3)2, the coordination polyhedron around the osmium atom can be rationalized 
as square-pyramidal with the phosphines, mutually t r a n s  disposed, the chloride 
and the carbonyl group occupying the basal sites, and the alkenyl located at the 
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apex. The sixth (formally unoccupied) position of the octahedron is also well 
shielded by the methyl groups of the phosphines. The shielding effect produces 
the expected bending of the phosphorus-osmium-phosphorus axis, resulting in a 
P--Os--P angle of 167.4(1) °. The coordination number six for osmium can be 
achieved, however, either by addition of carbon monoxide or displacement of the 
chloride ligand with acetate or acetylacetonate anions (Scheme 5). 

The complex Os{(E)-CH=CHPh}CI(CO)(P/Pr3)2 reacts with n-BuLi to give 
the hydride-aryl derivative OsH{C6H4(CH=C~IH}(CO)(pipr3)2, which evolves 
into the hydride-styryl complexes OsH{(E)-CH=CHPh}(CO)L(pipr3)2 (L = CO, 
P(OMe)3) upon coordination of carbon monoxide and trimethylphosphite, and af- 
fords the formato-styryl compound Os{(E)-CH=CHPh}(Kz-O2CH)(CO)(IY'Pr3)2 
under CO2 atmosphere. 36 

The formation of these compounds has been rationalized according to Scheme 6. 
The reaction of Os{(E)-CH=CHPh}CI(CO)(pipr3)2 with n-BuLi involves replace- 
ment of the chloride anion by a butyl group to afford the intermediate Os{(E)- 
CH=CHPh}(n-Bu)(CO)(pipr3)2, which by subsequent hydrogen 13 elimination 
gives OsH{(E)-CH=CHPh}(CO)(P/Pr3)2. The intramolecular reductive elimina- 
tion of styrene from this compound followed by the C--H activation of the o-aryl 
proton leads to the hydride-aryl species via the styrene-osmium(0) intermedi- 
ate Os{'q2-CH2=CHPh}(CO)(pipr3)2. In spite of the fact that the hydride-aryl 
complex is the only species detected in solution, the formation of OsH.{(E)- 
CH=CHPh}L(CO)(pipr3)2 and Os{(E)-CH=CHPh}(K2-O2CH)(CO)(P'Pr3)2 
suggests that in solution the hydride-aryl complex is in equilibrium with unde- 
tectable concentrations of OsH{(E)-CH=CHPh}(CO)(pIpr3)2. This implies that 
the olefin-osmium(0) intermediate is easily accessible and can give rise to ac- 
tivation reactions at both the olefinic and the ortho phenyl C--H bonds of the 

Ph 
I 

pipr3 H.CT~.C--H 
OC,s,,. J ,,,,CI PiPr3 

"Os " .H .t CO Cl,,,,,,(~s,~,,,PiPr a Na( ieC02) OC,,,,. I .~,~tO. 
OC I f '  J "~lC . "Os ~' ~__C-Me 

~ I"r3tc, ~ P'Pr3 
H Ph R=Ph, H 

Ph t "H 

pipr Me 3 / oc,,,,,,d ,,,,,,,,Q----~.,. 
,, us~ . ;C-H 
~.C~" "~0...=_-d- 

pipr 3 "Me ph, C,H 

SCHEME 5. 
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P~Pr 3 
L OC,,,,, I ,,,,,,,L 

~,,Os.,~ ,,H 

P Pr3/c 
H Ph 

L = CO, P(OMe)3 

C02= pipr3 
oc,,,,, I ,,,,q,, 

'Os' j~C-H 
H-C~" i~O 

I p pr 3 
ph/C"H 

coordinated styrene. Although the product resulting from the phenyl C--H acti- 
vation is more stable than that resulting of the olefinic C--H activation, the latter 
is more substitution labile. In addition, it should be pointed out that the 01efinic 
C--H activation is selective; thus only the C--H bond disposed t rans  to the phenyl 
group is activated. 

Carbonylation of the bidentate formato complex Os{(E)-CH=CHPh}(K 2- 
OzCH)(CO)(PiPr3)2 leads to formation of the monodentate formato derivative Os 
{(E)-CH=CHPh}{KLOC(O)H)}(CO)2(pipr3)2, whereas under hydrogen atmos- 
phere it quantitatively yields styrene and the hydride-formato compound OSH(K 2- 
O 2 C H ) ( C O ) ( p i p r 3 ) 2  . T h e  carbon atom of the formato group of Os{(E)- 
CH=CHPh}(K2-OECH)(CO)(P iPr3)2 is susceptible to attack by nucleophiles. Thus, 
the reaction of this complex with diethylamine leads to the styryl-carbamato deriva- 
tive Os{(E)-CH=CHPh}(K2-O2CNEt2)(CO)(pipr3)2. The reactions of the styryl- 
formato complex with HBFa.OEt2 afford different derivatives depending upon the 
conditions. In diethyl ether as solvent one of the two oxygen atoms of the formato 
ligand undergoes electrophilic attack of the proton of the acid to give the unsat- 
urated [Os{(E)-CH=CHPh}(CO)(pip(3)2] + fragment, which can be trapped as 
[Os{(E)-CH=CHPh}(CO)(MeCN)2(P~Pr3)2]BF4 in the presence of acetonitrile. 
In chloroform as solvent, electrophilic attack of the proton takes place at the [3- 
carbon atom of the styryl ligand. In this case the compound formed is the carbene 
[Os(K2-O2CH){CHCH2Ph}(CO)(pipr3)2]BF4 (Scheme 7). 36 
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V 

FORMATION OF HYDRIDE-VINYLIDENE COMPLEXES BY ADDITION 
OF TERMINAL ALKYNES TO OsHCI(CO)(PIPr3)= 

In contrast to the reactions shown in Scheme 3, the complex OsHCI(CO)(P iPr3)2 
reacts with cyclohexylacetylene at room temperature to give the hydride-vinylidene 
derivative OsHCI(C=CHCy)(CO)(P/Pr3)2 in 70% yield (Scheme 8). 37 Kinetic 
measurements yield a second-order rate constant of(6.0 ± 0.2) x 10 -3 M-Is -1 at 

H pipr 3 
CI ....... OIs,~,.~ piPr3 CyC=-CH CI ,,,,,.,. I ,,,,,,,H 

iF r3e~llf ~CO OC~f~ !i~:~CHC , 

PiPr 3 
Cl~//te, I ~CO _ HCI 
C,I~'is'~C~ H 

pipr 3 CH2Cy 

SCHEME 8. 
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- 2 9  °C. When the reaction is carded out using OsDCI(CO)(P iPr3)2 as starting mate- 
rial a 1:1 mixture of the deuterated derivatives OsHCI(C-----CDCy)(CO)(lYPr3)2 and 
OsDCI(C=CHCy)(CO)(P / Pr3)2 is obtained. H,D-exchange between the deuterated 
species does not occur. These observations no doubt indicate that the formation 
of the vinylidene ligand involves a 1,3-hydrogen shift via an alkynyl interme- 
diate. Furthermore, the second-order rate law for the reaction suggests that the 
1,3-hydrogen shift is an intramolecular process. 

The formation of the alkynyl intermediate should proceed by oxidative addi- 
tion of the H--Csp alkyne bond to give, at first glance, a dihydride-osmium(IV) 
species, where both hydride ligands should be nucleophilic centers. In addition, 
it should be noted that coordination of an acetylide, [RC-~-C]-, to a metal cen- 
ter transfers the nucleophilicity from the tx- to the 13-carbon atom, and for these 
systems the transfer is efficient (vide infra). Thus, the direct attack of one of the 
two hydride ligands at the 13-carbon atom of the alkynyl group does not seem 
likely, given the nucleophilicity of these centers. Hence, it can be proposed that 
the H--Csp activation leads to dihydrogen species. In this way the formation of 
the hydride-vinylidene compound could be rationalized as the electrophilic attack 
of an acidic proton of the dihydrogen ligand at the 13-carbon atom of the aikynyl 
group (Scheme 9). 

In favor of a dihydrogen intermediate, the following should be noted: (i) the 
addition of HX molecules to OsHCI(CO)(pipr3)2 is a useful synthetic route for di- 
hydrogen compounds (vide infra), (ii) the electrophilic character of the dihydrogen 
complexes has been demonstrated, 38 and (iii) the addition of electrophiles to metal 
alkynyl complexes is a general method of preparing vinylidene compounds. 39 

In toluene at room temperature, the complex OsHCI(C=CHCy)(CO)(pipr3)2 
evolves after 3 days into the alkenyl derivative Os{(E)-CH=CHCy}CI(CO) 

[Os]..~ CyC----CH j H  [ O S ] f H  

Cy 

~ H  
[Os] [Os] / H2 

"%"cy 
cy 

lOs] = OsCl(CO)(pipr3)2 
S O-IEME 9. 
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(pipr3)2, which reacts with a stoichiometric amount of a toluene-HCl solution to af- 
ford the dichlorocarbene compound OsC12(CHCH2Cy)(CO)(PiPr3)237 (Scheme 8). 

The metalloalkyne complex Ru{(E)-CH=CH(CH2)4C~CH}CI(CO)(P/Pr3)2 
exhibits behavior similar to that of cyclohexylacetylene (Scheme 10). 40 Thus, it 
reacts with OsHCI(CO)(pipr3)2 to give the hydride-vin.ylidene derivative (P/Pr3)2 
(CO)C1Ru{(E)-CH=CH(CH2)aCH=C}OsHCI(CO)(P'Pr3)2, which evolves in 
toluene into the heterodinuclear-I~-bisalkenyl complex (P/Pr3)2(CO)C1Ru{(E)- 
CH=CH(CH2)4CH=CH-(E)}OsCI(CO)(P/Pr3)2. Kinetic measurements between 
303 and 343 K yield first-order rate constants, which afford activation parameters 
o fAH ~ = 22.1 + 1.5, kcal.mo1-1 andAS # = --6.1 + 2.3 cal.K-l.mol-l.  The 
slightly negative value of the activation entropy suggests that the insertion of the 
vinylidene ligand into the Os--H bond is an intramolecular process, which occurs 
by a concerted mechanism with a geometrically highly oriented transition state. 

In agreement with the nucleophilic character shown by the CI~ atom of the 
alkenyl derivative OsHCI{(E)-CH-----CHCy}(CO)(pipr3)2, the heterodinuclear-i~- 
bisalkenyl complex (PiPr3)2(CO)C1Ru{(E)-CH=CH(CH2)4CH=CH-(E)}OsC1 
(CO)(pipr3)2 reacts with HC1. However, interestingly, only the CI~ atom of the 
Os-alkenyl unit is attacked. Thus, the treatment of the i~-bisalkenyl complex 
with the stoichiometric amount of a toluene HCI solution selectively affords 
(pipr3)2(CO)CIRu{(E)-CH=CH(CH2)sCH}OsC12(CO)(pipr3)2 (Scheme 10). This 
observation proves that under the same conditions, the C~ atom of the alkenyl 

H 
CI,,,, I ~pipr 

aOs~t 3 

'Pr3 P ~ "  " ~ C O  

[Ru] 

[ , , ~ ~  c~.H 

"1.  , I .... pipr ~ Him,. II .,, PJPr '-. ml Ru~l~ 3 a~Os~, 3 

,p p4" " co ,p p4' I ' co 
CI 

,p p4 ' co 'p P41 " co 
cI 

HCI 
c= ..... ,.,,Pe~ ct ...... ~s,,,,p'pr~ 

'F,~F,4 "~CO 'F,~F,4 '~CO 

[Ru] = Ru{(E)-CH2=CH(CH2)4C--=CH}CI(CO)(PiPr3)2 

SCHEME 10. 
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ligands of the osmium-alkenyl complexes has a stronger nucleophilic character 
than the C~ atom of the alkenyl ligands of ruthenium-alkenyl compounds. 

Vl 

FORMATION OF DIENYL COMPLEXES BY REACTION 
OF OsHCI(CO)(PIPr3)2 WITH ENYNES 

The complex OsHCI(CO)(PiPr3)2 reacts with 2-methyl-l-buten-3-yne to give 
the dienyl derivative Os{(E)-CH=CHC(Me)=CH2}CI(CO)(pipr3)235 in 86%, 
which is a result of the selective addition of the Os--H bond of the starting complex 
to the carbon-carbon triple bond of the enyne (Eq. 4). 

H 
I 

Me~c,C'H 
H i 

Cl,,,,,,,OIs,,,,, pipr 3 Me H ,,c~C- H (4) 
Pr3iF ~ ~CO + HC-'=C'C---'CH2 ~' Cl""ds:Pipr3 

PraJF ~ ~'CO 

Behavior similar to OsHCI(CO)(pipr3)2 has been observed for the five-coordi- 
nate monohydrides RuHCI(CO)(pipr3)241 and RhH(SnPb3)(acac)(PCy3). 42 How- 
ever, the reaction of cis-(Me3Si)CH=CHC~CSiMe3 with the six-coordinate 
RuHCI(CO)(PPh3)3 gives a stable complex whose molecular structure is formally 
regarded as the result of either 1,2-addition of the Ru--H to the double bond or 
1,4-addition of the Ru--H to the conjugated enyne. 43 

The five-coordinate (E)-dienyl compound Os{(E)-CH=CHC(Me)=CH2}C1 
(CO)(pipr3)2 reacts with Ag[MeCOz] in toluene to give Os{(E)-CH=CHC(Me)= 
CH2}(KZ-O2CMe)(CO)(pipr3)2. Carbonylation of this complex leads to formation 
of the monodentate acetate derivative Os{(E)-CH=CHC(Me)=CH2} (K1-OC(O) 
Me}(CO)2(P iPr3)2. The related chloro complex Os { (E)-CH=CHC(Me)=CH2)C1 
(CO)2(pipr3)2 is similarly prepared starting from Os{(E)-CH-----CHC(Me)=CH2} 
CI(CO)(pipr3)2. The protonation of Os{(E)-CH=CHC(Me)=CHz}(KLOzCMe) 
(CO)(P/Pr3)2 with HBF4.OEt2 leads to the et,13-unsaturated carbene [Os(K 2- 
O2CMe){CHCH=CMe2}(CO)(PiPr3)2]BF4, which is isolated as a mixture of the 
two isomers shown in Scheme 11.44 

The six-coordinate (Z)-dienyl Os{(Z)-CH=CHC(Me)=CH~}(K1-OC(O)Me} 
(CO)2(Pi-Pr3)2 is also known. It is prepared according to Scheme 12. Treatment 
of the dihydride OsH2(KLO2CMe){K1-OC(O)Me}(PiPr3)2 with 1.4 equiv, of 2- 
methyl-1-buten-3-yne in toluene under reflux gives, after 2 h, the hydride-vinyl- 
idene OsH(K2-O2CMe){C=CHC(Me)=CH2}CI(pipr3)2, which affords Os{(Z)- 
CH=CHC(Me)=CH2}{K1-OC(O)Me}(CO)2(PiPr3)z by reaction with carbon 
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monoxide. The selective formation of the dienyl ligand with a Z-stereochemistry 
suggests that of the two possible isomers of the hydride-vinylidene only one is 
present in solution, shown in Scheme 12. In general, however, the (Z)-dienyl com- 
plexes are less stable than the corresponding (E)-dienyl isomer. In this case Z ~ E 
isomerization is not observed. The protonation of Os{(Z)-CH=CHC(Me)=CH2} 

Me 

Me O ' ~ = ~ i ~ O  

, p r 3 p ~ - - ~ i  Pr3 

pip r3" ~ BF4 
O,, I ,,,,,CO 

Me-.~'C" "Os~.._ .~ 
"~-O ~' I -~CO . 

P'Pr 3 
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ipr3P, H ,.H 

OC,,. I ~ : C = C .  H HBF4 '~Os ~ ,,C=C~ 
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{K1-OC(O)Me}(CO)2(pipr3)2 with HBF4.OEt2 produces isoprene and the cis- 
dicarbonyl compound [Os(K2-O2CMe)(CO)2(~Pr3)2]BF4 (Scheme 12). 

The different behaviors of Os{(E)-CH=CHC(Me)=CHe}(K2-O2CMe)(CO) 
(pipr3)2 and Os{(Z)-CH=CHC(Me)=CH2}{KLOC(O)Me}(CO)2(pipr3)2 in the 
presence of HBF4 merits attention. X-ray diffraction and reactivity studies on di- 
enyl complexes indicate that for an adequate description of the bonding situation in 
these types of compounds a second zwitterionic resonance form (b in Scheme 13) 
must be considered. As a result of the significant contribution of the zwitterionic 
resonance form, the Ca atoms of the dienyl ligands have a marked nucleophilic char- 
acter, and their reactions with electrophilic reagents afford et,13-unsaturated car- 
bene derivatives. 41'45 The behavior of Os{(E)-CH=CHC(Me)=CH2}(K2-O2CMe) 
(CO)(P/Pr3)2 is in agreement with this. However, the behavior of Os{(Z)-CH-- 
CHC(Me)=CH2}{KLOC(O)Me}(CO)2(P/Pr3)z markedly differs. The main dif- 
ference between them is the presence of a carbonyl group, trans-disposed to the 
dienyl ligand in the last compound. 

An important contribution of the resonance form b requires the donation of 
electron density form the metal to the dienyl ligand [M(dM) ~ C(p-tr) contri- 
bution]. The presence of a carbonyl group (a strong -tr-acceptor ligand) trans to 
the dienyl reduces the M(dM) --+ C(pTr) contribution and, therefore, the nucleo- 
philicity of the unsaturated "qLcarbon ligand. Then the nucleophilic center of the 
molecule is not the alkenyl ligand but the metallic center, and the protonation 
at the metal leads to the olefin via reductive elimination from a hydride-dienyl 
intermediate. 24 

The cis-trans isomerization of alkenyl ligands in transition metal alkenyl com- 
pounds is proposed to occur via zwitterionic carbene intermediates. 46 According 
to this, the low contribution of the form b to the metal-dienyl bond in Os{(Z)- 
CH=CHC(Me)=CH2}{K1-OC(O)Me}(CO)2(pipr3)2 could explain why this 
compound does not evolve into its (E)-isomer. 

In other words, the nonisomerization of Os{(Z)-CH=CHC(Me)=CH:}{K L 
OC(O)Me}(CO)2(pipr3)2 into Os{(E)-CH=CHC(Me)=CH2){KLOC(O)Me} 
(CO)2(pipr3)2 and the behavior of the first isomer in the presence of HBF4 
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could have the same origin: the presence of a carbonyl group t rans  disposed 
to the dienyl ligand. 

VII 

REACTIONS OF OsHCI(CO)(P/Prs)2 WITH ALKYNOLS: FORMATION 
OF o~,I3-UNSATURATED CARBENE COMPLEXES 

The reactivity of OsHCI(CO)(pipr3)2 toward alkynols depends on the sub- 
stituents at the C(OH) carbon atom of the alkynol (Scheme 14).47 The reaction with 
2-propyn- 1-ol initially affords the alkenyl compound 0s(CH=CHCH20H)CI(CO) 
(P'Pr3)2 in 85% yield, as a result of the anti-addition of the Os--H bond to the 
carbon-carbon triple bond of the alkynol. In chloroform-d solution this complex de- 
composes to a mixture of products, containing the derivatives OsCI/(CHCH=CH2) 
(CO)(pipr3)2 and t)s(CHCHCHtJ)CI(CO)(pipr3)2 (Eq. 5). 

Compounds related to those shown in Eq. (5), containing at the ~/-carbon 
atom of the corresponding ligands a phenyl group instead of a hydrogen atom, 
are directly obtained in 41 and 8% yield, respectively, from the reaction with 
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1-phenyl-2-propyn- 1 -ol. In contrast to the above mentioned cases, the treatment of 
OsHCI(CO)(P/Pr3)2 with 1,1-diphenyl-2-propyn-1-ol leads to the a,13-unsaturated 
carbene compound OsClz(CHCH=CPh2)(CO)(PiPr3)2 in 34% yield. 

pipr 3 H . pipr 3 pipr 3 H ( / /I-t 
oc,,, ........ c =  c cDcJ~ c~,,,,,,, ],,,,,co oc,,,,, I,,,,,d~c .H 

_Os , CI~'(~S~'%HH + C I "  [.~O*-~C-. H Cl I f ' '  [ "~r"'o~CH2 _ O s  " ' " , ,  + ... 

P'Pr3 i'1 PiPr a --ICI" P'Pr3 

H,C,H 

(5) 

The formation of the complexes shown in Scheme 14 and Eq. (5) has been ra- 
tionalized according to Scheme 15. Thus, it has been proposed that the insertion 
of the Os--H bond of OsHCI(CO)(P/Pr3)2 into the carbon-carbon triple bond of 
the alkynol initially gives five-coordinate (E)-alkenyl intermediates, which subse- 
quently isomerize into the 0s{CH=CHC(0H)RIR z} derivatives. The key to this 
isomerization is probably the fact that the five-coordinated (E)-alkenyl interme- 
diates are 16-electron species, while the 0s{CH=CHC(0H)R1R 2} derivatives are 
18-electron species. 

The formation of the complexes Os{CHCHC(6)R 1 }CI(CO)(pipr3)z (R 1 = Ph, 
H) from the corresponding Os{CH=CHC(OH)RIR 2} species could initially in- 
volve the elimination of HC1 to give five-coordinate intermediates of the type 
0s{CH=CHC(0)R1R2}(CO)(PiPr3)2, which by a subsequent hydrogen 13- 
elimination (R2=H) should give 0s{CHCHC(0)R1}H(CO)(PiPr3)2. Then the 
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protonation with HCI of the hydride ligand, followed by displacement of the formed 
dihydrogen ligand by CI-, could give Os{CHCHC(O)R 1 }CI(CO)(P iPr3)2 (R 1 = Ph, 
H). In this context, it should be noted that the formation of hydride intermediates 
from the corresponding 0s{CH=CHC((JH)R1R z} species is the result of the de- 
hydrogenation of the alcohol group of the alkenyl ligand. The dehydrogenation of 
primary and secondary alcohols is a process which plays a main role in the homoge- 
neous catalytic reduction of unsaturated organic substrates.48 From a mechanistic 
point of view, it has been proved that alcohol dehydrogenation proceeds by initial 
heterolytic activation of the H--O bond, followed by a [3-elimination process of 
hydrogen at the C--H bond of a M--OCHRe group. Although the tertiary alco- 
hols can undergo heterolytic activation of the H--O bond, they are not suitable 
as a source of hydrogen because they do not contain a geminal hydrogen. The 
process of dehydrogenation of the 0s{CH=CHC((3H)R1R 2} species, proposed 
in Scheme 15, involves the same sequence of events as that proposed for the 
catalytic dehydrogenation of alcohols. In agreement with this, detectable concen- 
trations of 0s{CHCHC(O)Ph}CI(CO)(pipr3)2 are not obtained from the reaction 
of OsHCI(CO)(pipr3)2 with 1, l-diphenyl-2-propyn- 1-ol. 

The previously mentioned loss of HC1 appears also to be the key to the formation 
of the dichloro-et,[3-unsaturated carbene complexes. The protonation of the OH 
group of the metallacycle of the remaining amount of the 0s{CH=CHC((JH)R l R z} 
species could afford cationic chloro-aquo-ot,[3-unsamrated carbene intermediates. 
Thus, the subsequent displacement of the water molecule by C1- should give the 
dichloro-a,[3-unsaturated carbene complexes. In agreement with this proposal, it 
has been observed that the ruthenium complex RuHCI(CO)(pipr3)2 reacts with 
1-phenyl-2-propyn-l-ol and 1,1-diphenyl-2-propyn-l-ol to give the correspond- 
ing (E)-alkenyl compounds Ru{(E)-CH=CHC(OH)PhR}CI(CO)(pipr3)2, which 
yield [RuCI(CHCH=CPhR)(CO)(pipr3)2]BF4 by protonation with HBFn.OEt2, 
and that the treatment of these cationic carbene compounds with NaC1 affords the 
dichloro-a,13-unsaturated carbene derivatives RuC12 (CHCH=CPhR)(CO)(PiPr3)2 
(R = Ph, H). 45 

VIII 

REACTIONS OF OsHCI(CO)(P~Pr3)= WITH HX MOLECULES" FORMATION 
OF DIHYDROGEN DERIVATIVES 

The complex OsHCI(CO)(pipr3)2 reacts with HX (X = H, SiEt3, C1) molecules 
to give derivatives of the type OsXCI(-qZ-H/)(CO)(P iPr3)2 (X = H, SiEt3, C1), where 
the hydrogen atoms bonded to the osmium atom undergo nonclassical interaction 
(Scheme 16). 

Under hydrogen atmosphere, the complex OsHCI(CO)(pipr3)2 is in equilib- 
rium with the trans-hydride-dihydrogen compound OsHCI(-qZ-Hz)(CO)(pipr3)2. z6 



20 MIGUEL A. ESTERUELAS AND LUIS A. ORO 

PiPr 3 
He l= CI "l"~ iS'°°° H2 

H~" I "~CO 
PiPr 3 

H 
CI,o. J ,,l~Pr st OSier 3 

pipr 3 
HSiEt3 = CI ~teasseO[SOl~o H2 

EraSing" I . '~CO 
PtPr 3 

HCI 

SCHEME 16. 

PJPr a 

Cl~,t L J o~H2 

c,~" J ' ~co  
P~Prs 

Measurements of the equilibrium constant give thermodynamic parameters of 
AH ° = -14.1 -/-0.5 kcal-mo1-1 and AS ° = --304- 1 cal.K-l-mo1-1, while the ac- 
tivation parameters for the dissociation of the hydrogen molecule are AH # = 
14.6 4- 0.2 kcal.mo1-1 and AS#= 99 4- 0.5 cal.K-l.mol-L In dissolution the dihy- 
drogen ligand (rn_u = 0.8 A) is involved in a fast spinning process, and at high tem- 
perature, it exchanges the hydrogen atoms with the hydride ligand. The activation 
parameters for this process are AH # = 17.4 4- 0.5 kcal-mo1-1 and AS # = 1.3 4- 1 
cal.K-t.mol-1. 

Ab initio calculations on the model system OsHCI('q2-Ha)(CO)(PH3)2 con- 
firm that the trans-hydride-dihydrogen disposition is the most stable. In addi- 
tion a cis-hydride-dihydrogen isomer (rH-H = 0.82 ,~), with a relative energy of 
13.8 kcal-mo1-1, occupies a local minimum in the potential hypersurface. In this 
isomer, the dihydrogen ligand lies trans to the carbonyl group. 49 

The reaction of OsHCI(CO)(pipr3)2 with HSiEt3 leads to the silyl-dihydrogen 
complex Os(SiEt3)CI('q2-H2)(CO)(P/Pr3)2 in equilibrium with the dihydride tau- 
tomer OsH2(SiEt3)CI(CO)(P/Pr3)2. 5° Theoretical calculations on the model sys- 
tem OsCI(CO)(PHa)2"H2SiH3" suggest the existence of two stable six-coordinate 

• • • 2 species of very close energy: a dihydrogen complex Os(SIH3)Cl('q -H2)(CO)(PH3)2 
(ri~_H=0.821~,), and an -qa-H--SiH3 isomer OsHCI(-q2-H--SiH3)(CO)(PH3)2 
(ru-si = 1.737/~). The "q2-coordination of the H--SiH3 ligand to the OsHCI(CO) 
(PH3)2 fragment is stronger than that of the dihydrogen ligand by ca. 15 kcal-mol-t, 
a value that compensates almost exactly the superior strength of the hydrogen- 
hydrogen bond with respect to the H--Sill3 one. 51 
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The reaction of OsHCI(CO)(pipr3)2 with HC1 gives the dichloro derivative 
OsC12('f(-Hz)(CO)(PiPr3)2. 35 In solution, this complex is stable under argon for a 
matter of days. However, the dihydrogen unit is highly activated toward heterolytic 
cleavage, as demonstrated by deprotonation with Nail and by reactions with carbon 
monoxide and tert-butyl isocyanide, which afford OsHCI(CO)L(lYPr3)2 (L = CO, 
t-BuNC) and HC1. 

The separation between the hydrogen atoms of OsC12('q2-H2)(CO)(pipr3)z is 
about 0.3 ]k longer than those found in OsXCI(-q2-H2)(CO)(PiPr3)2 (X = H, SiEt3). 
The value of this parameter, 1.1 ~, lies within the reported range for the so-called 
elongated dihydrogen compounds. Although these complexes are often seen as 
frozen structures at various points on the reaction path for the oxidative addition- 
reductive elimination of molecular hydrogen at the metallic center, their nature is 
still an open question. High-level ab initio calculations performed on the related 
model compound OsCI2('q2-Hz)(NH=CH2)(PH3)2 have led to a new perspective 
for the understanding of this class of complexes. Instead of species where the 
oxidative addition-reductive elimination is arrested at some intermediate stage, 
the picture that emerges from the results is that it is more appropriate to describe 
them as species containing two hydrogen atoms moving freely in a wide region of 
the coordination sphere of the metal. 52 

IX 

THE COMPLEX OsCl=(~q2-H=)(CO)(P~Pra)2 AS PRECURSOR OF CARBENE, 
ALKENYL-CARBENE, AND I~-BIS-CARBENE DERIVATIVES 

The elongated dihydrogen complex OsClz(-q2-H2)(CO)(pipr3)2 reacts with 
phenylacetylene to give the dichloro-carbene derivative OsC12(CHCH2Ph)(CO) 
(pipr3)2 (Eq. 6), which has been characterized by X-ray diffraction analysisY 

PiPr 3 pipr 3 
C'",..Js,,,,,, Ha Cl',,,,,.I,,,,,,CO 
c,,"" I"%o * Hc°cPh . 

P~Pra P~Pra CH2Ph 

(6) 

The formation of this derivative goes by elimination of HCI from the start- 
ing material to afford initially a six-coordinated hydride-'rr-alkyne intermediate, 
which evolves to the insertion product. Subsequently, the styryl complex under- 
goes the electrophilic attack of the HC1 proton at the [3-carbon atom to give a 
cationic carbene species, followed by the coordination of the chloride anion to 
the metallic center (Scheme 17). In favor of this proposal, it has been observed 
not only that the elongated dihydrogen ligand of OsC12(~-H2)(CO)(PiPr3)2 is 
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activated toward heterolytic cleavage but also that the styryl complex Os{(E)- 
CH=CHPh}CI(CO)(P/Pr3)2 reacts with HC1 in a manner similar to Os{(E)- 
CH=CHR}CI(CO)(PiPr3)2 (R = Cy, Ru{(E)-CH=CH(CH2)4}CI(CO)(P/Pr3)2, to 
give OsC12(CHCH2Ph)(CO)(P/Pr3)2. 

Complex OsC12(CHCH2Ph)(CO)(pipr3)2 has also been prepared according to 
Scheme 18. 53 The treatment of the complex OsH2CIE(pipr3)2 with styrene affords 
ethylbenzene and the carbyne derivative OsHCI2(CCH2Ph)(P/Pr3)2, which is also 
formed from the reaction of OsHzC12(pipr3)2 with phenylacetylene. 54 The carbyne 
compound reacts with carbon monoxide to give OsC12(CHCH2Ph)(CO)(pipr3)2, by 
1,2-hydride migration from the osmium atom to the a-carbon atom of the carbyne 
ligand. The same method using propylene as olefin leads to OsC12(CHCH2Me)(CO) 
(pipr3)2, 53 whereas the treatment of the hydride carbene OsHCI(CHPh)(CO) 
(P/Pr3)2 with HCI affords OsCI2(CHPh)(CO)(PiPr3)2 and molecular hydrogen. 29 

The reaction of OsHC12(CCHzMe)(PiPr3)2 with carbon monoxide takes place 
within 14 h at 0.036 M and 25°C in dichloromethane-d2. It has been argued that 
a reaction at this rate cannot occur by a mechanism in which an equilibrium 
amount of preformed OsC12(CHCH2Me)(pIpr3)2 is attacked by CO, since DFT 
calculation of the energy of the optimized structure of the transition state for uni- 
molecular rearrangement between hydride-carbyne and carbene gives an energy of 
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SCHEME 18. 
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27.2 kcal.mol -l ,  above the carbyne, which is too large to be consistent with the ob- 
served reaction rate to form the carbonylation product. Therefore, the mechanism 
of this reaction should involve nucleophilic assistance of the hydride-to-carbyne- 
carbon migration; Os--C bond making will lower the activation energy from its 
unimolecular valueY 

Reaction of OsC12(CHCH2Ph)(CO)(pipr3)2 with excess carbon monoxide leads 
to HC1 elimination to form Os{(E)-CH=CHPh}CI(CO)2(PiPr3)z, which reacts 
with the liberated HC1 at the a-carbon atom to yield styrene and OsC12 
(CO)2(pipr3)253 (Scheme 18). The latter is also formed from the reaction of 
the dimer [(Pi Pr3)2HzOs(Ix-CI)3OsH2(P i Pr3)2] + with carbon monoxide. 56 Abstrac- 
tion of chloride from either OsHClz(CCH2Ph)(PiPr3)2 or OsC12(CHCH2Ph)(CO) 
(pipr3)2 with NaBAr' 4 (tM s -= 3,5-C6H3(CF3)2) yields the corresponding coordi- 
natively unsaturated carbyne and carbene complexes [OsHCI(CCHzPh)(pipr3)2] 
[BAr' 4] and [OsCI(CHCHzPh)(CO)(pipr3)2][BA(4], respectively. The carbyne 
[OsHCI(CCH2Ph)(P'Pr3)2] + reacts with carbon monoxide to give [OsCI(CH 
CH2Ph)(CO)(PiPr3)2] + after 1,2-hydride migration to the a-carbon atom of the 
carbyne ligand. This carbene reacts further, eliminating HC1 and undergoing se- 
lective protonation, to yield [OsCI(CO)3(pipr3)2] + and styrene. 53 

The elongated dihydrogen complex OsC12(-qZ-Hz)(CO)(pipr3)2 also reacts with 
2-methyl-l-buten-3-yne. In toluene at room temperature, the reaction affords the 
alkenylcarbene derivative OsClz{CHCH=CMe2}(CO)(pipr3)2 in 50% yield, after 
1 h (Eq. 7). 

pipr 3 
CI ..,, [ .... H 2 ~H3 

~,,~Os ~ + HC~C-C=CH 2 
c, I. '~co 

P'Pr 3 

pipr 3 
Cl,.,., I ,,,,,,CO 

" I ~  "Os- ~H  
CI ~i~ C\_=_.CH3 

I-' I-'raHL; CJ.cH3 

(7) 

This alkenyl-carbene complex is also obtained, in a fashion similar to OsC12 
(CHCH2Ph)(CO)(pipr3)2, by treatment of the dienyl compound Os{(E)-CH= 
CHC(Me)=CH2}CI(CO)(pipr3)z with a stoichiometric amount of a toluene HC1 
solution. This reaction has been rationalized as the electrophilic attack of a proton 
at the 8-carbon atom of the dienyl ligand to afford an unsaturated alkenyl-carbene 
intermediate, followed by the coordination of a chloride anion. In agreement with 
these two steps process, it has been observed that the addition of a stoichio- 
metric amount of HBFa.OEt2 to a diethyl ether solution of Os 
{(E)-CH=CHC(Me)=CH2}CI(CO)(pipr3)2 gives [OsCI{CHCH=CMez}(CO) 
(P~ Pr3)2]BF4 in 80% yield, and that the treatment of the latter with NaC1 in methanol 
affords OsClz{CHCH=CMez}(CO)2(pipr3)2 in 85% yield. 

The unprecedented complex (P/Pr3)2(CO)ClzOs{CH(CH2)6CH}OsC12(CO) 
(pipr3) 2 has been prepared by similar procedures with 1,7-0ctadiyne in a 2:1 molar 
ratio (Eq. 8), and by addition of a stoichiometric amount of a toluene HC1 solution 
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to another toluene solution of (pipr3)2(CO)CIOs{CH=CH(CH2)4CH=CH}OsC1 
(CO)(IY'Pr3)2Y 

pipr 3 
CIu,,~,~ I ttt~t~H2 

2 Os,~ + HC=C(CH2)4C=-CH cl~" I, co 
p'pr 3 

H CH(CH2)~'CH2 H 
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X 

REACTION OF OsHCl(CO)(PIPr3)= WITH n-BuLl: THE CHEMISTRY 
OF THE DIHYDRIDE OsH=(CO)(~q=-CH2=CHEt)(PIPr3) 2 

The complex OsHCI(CO)(pipr3)2 reacts with n-BuLi in hexane at room temper- 
ature to give the dihydride OsH2(CO)('q2-CH2=CHEt)(pipr3)2, which is isolated 
as a colorless oil in quantitative yield. The reaction most probably involves the 
replacement of the C1- anion by a butyl group to give OsH(n-Bu)(CO)(pipr3)2, 
which evolves into the dihydride derivative by a hydrogen 13-elimination reac- 
tion (Scheme 19). 57 Treatment of OsHCI(CO)(pipr3)2 with C3HsMgBr affords 
OsH(-q3-C3Hs)(CO)(pipr3)2 .58 

The 1-butene ligand of OsH2(CO)(TI2-CH2----CHEt)(pipr3)2 can be displaced by 
Lewis bases. Thus, the addition of 1 equiv, of diphenylphosphine to hexane solu- 
tions of the dihydride affords OsH2(CO)(PHPh2)(pipr3)2. 59 X-ray diffraction and 
spectroscopic studies suggest that one of the hydride ligands and the H-P hy- 
drogen atom of the diphenylphosphine interact. The separation between them is 
about 2.6 ]k. Although as a result of the interaction, the 13-H... H-()s unit forms a 
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four-membered ring, in solution, the interaction is strong and blocks the free rota- 
tion of the diphenylphosphine group around the Os--PHPh2 axis. 

The above mentioned interaction is electrostatic in character. As a consequence, 
it can be broken by addition to the OsH2(CO)(PHPh2)(pipr3)2 solutions of an acid 
stronger than the HP hydrogen atom. Thus, the reaction of OsH2(CO) 
(PHPh2)(lYPr3)2 with HBFa-OEt2 in dichloromethane-d2 as solvent gives the cis- 
hydride-dihydrogen derivative [OsH(-q2-H2)(CO)(PHPh2)(pipr3)2]BF4, which in 
solution exchanges the relative positions of the hydride and dihydrogen ligands, 
and does not show H . . .  H interaction between the HP hydrogen atom of the 
diphenylphosphine group and the hydrogen atoms bonded to the osmium atom 
(Scheme 20). 

The addition of acetone to a dichloromethane-d2 solution of [OsH('q2-H2)(CO) 
(PHPh2)(lYPr3)2]BF4 causes the displacement of the dihydrogen ligand and the 
formation of the solvate complex [OsH{'ql-OCMe2}(CO)(PHPh2)(P/Pr3)2]BF4. 
By passing a slow stream of carbon monoxide through a dichloromethane solution 
of this compound, the derivative [OsH(CO)2(PHPh2)(PiPr3)2]BF4 is obtained as a 
ca. 1:2 mixture of cis-dicarbonyl and trans-dicarbonyl isomers. In solution, the 
trans-dicarbonyl slowly isomerizes into the cis isomer. 

An X-ray diffraction study on a single crystal of the cis-dicarbonyl derivative 
reveals that the structure has two crystallographically independent molecules of 
complex in the asymmetric unit. In both molecules the P--H group lies in quadrants 
bordered on the hydride ligand. However, in contrast to OsH2(CO)(PHPh2)(PiPr3)2, 
the four atoms forming the four-membered lb--H... H--0s ring are not coplanar. 
The values of the torsion angle H--Os--P are 66(3) ° and -36(2) °. This seems to in- 
dicate that although there is also a H . . .  H interaction, it is significantly weaker than 
that in OsH2(CO)(PHPh2)(P"Pr3)2. In agreement with this, the H . . .  H separation 
in [OsH(CO)2(PHPh2)(pipr3)2]BF4 is longer than that in the dihydride derivative 
(3.04(9) and 2.83 ,~ versus 2.63(5) ,~). 

Spectroscopic studies suggest that, in solution, the H. • • H interaction persists, 
and although it does not block the motion around the Os--PHPh2 axis, it does reduce 
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the dynamic properties of the diphenylphosphine ligand. The fluxional process in 
the cis-dicarbonyl isomer consists of an oscillation of the diphenylphosphine group 
around the Os--PHPh2 axis. 

The acetone molecule of [OsH{'ql-OCMe2}(CO)(PHPh2)(pipr3)2]BF4 can also 
be displaced by other Lewis bases. Thus, the reactions of the solvate complex 
with acetonitrile, lithium phenylace~lide, and potassium bromide afford the com- 
plexes [OsH(MeCN)(CO)(PHPh2)(P' Pr3)2]BF4, OsH(C2Ph)(CO)(PHPhz)(P iPr3)2, 
and OsHBr(CO)(PHPh2)(pipr3)2, respectively (Scheme 21). In these compounds, 
the hydride and diphenylphosphine ligand are mutually trans disposed, and a 
H. .  • H interaction is not observed. This suggests that although the H . - .  H inter- 
action can contribute to the stability of a particular complex, it is not sufficient to 
determine its stereochemistry. 

The 1-butene ligand of OsH2(CO)('q2-CH2=CHEt)(pipr3)2 can be also displaced 
by cyclopentadiene to yield OsH2(CO)('q2-CsH6)(pipr3)2. Although the two hy- 
dride ligands and the coordinated carbon-carbon double bond of the cyclopen- 
tadiene are in a meridional arrangement around the metal center, which should 
lead to the rapid hydrogenation of the olefin, this complex does not evolve by 
hydrogenation of one of the two carbon-carbon double bonds of the diene, even 
at 60°C. However, the complex OsH2(CO)('q2-CH2=CHEt)(pipr3)2, in pentane 
at room temperature, is capable of selectively hydrogenating the carbon-carbon 
triple bond of 2-methyl-l-hexene-3-yne to afford the methylhexadiene complex 
Os{,q4-CH2=CMeCH=CHCH2Me}(CO)(pipr3)2 (Scheme 22). 60 
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Treatment of the complex OsH2(CO)('qe-CH2=CHEt)(pipr3)2 with benzophe- 
none imine in a 1:1 ratio in hexane at room temperature leads to the orthomet- 
allated compound 0sH{NH=C(Ph)C6H4}(CO)(pipr3)z, which is also formed by 
reaction of the hydride-azavinylidene complex OsH(N=CPh2)(CO)(pipr3)z with 
methanol. 61 The orthometallated compound reacts with one equiv, of HBF4.OEt2 
to afford the five-coordinate cationic complex [OsH(CO)(NH=CPhz)(pipr3)2] 
BF4 .60 Although monodentate nitrogen-bonded imine complexes are rare as a 
consequence of the weak Lewis basicity of the imine nitrogen atom, 62 this five- 
coordinate derivative is relatively stable in the solid state and in solution un- 
der argon, and it is a useful starting material to prepare six-coordinate osmium- 
imine compounds (Scheme 23). The coordination number six for osmium can be 
achieved by reaction with carbon monoxide and trimethylphosphite. By passing 
a slow stream of this gas through a dichloromethane solution of [OsH(CO)(NH= 
CPh2) (pipr3)z]BF4, the cis-dicarbonyl complex [OsH(CO)z(NH=CPhz)(pipr3)2] 
BF4 is formed, whereas the addition of one equiv, of trimethylphosphite to the 
five-coordinate imine complex in dichloromethane yields [OsH(CO)(NH=CPh2) 
{P(OMe)3} (Pi Pr3)z]BF4 .6° 

The 1-butene ligand of OsH2(CO)('q2-CHz=CHEt)(P iPr3)2 can also be displaced 
by heteroallenes. These unsaturated molecules behave as electrophiles. Their g+ 
charged central carbon atom can be attacked not only by conventional nucleo- 
philes but also by metallic bases to form M(~2-CheteroaUene). 63 The stability of 
these intermediates is mainly determined by the energetics of subsequent reac- 
tions. For example, when the metal center binds a hydride ligand, the transfer 
of the hydride ligand from the metal to the central carbon atom of the heteroal- 
lene is generally observed. 64 In agreement with this, the reactions of OsH2(CO) 



28 MIGUEL A. ESTERUELAS AND LUIS A. ORO 

pipr3 KEI H ,,Ph 
H~OIs,,,,,,,,,I / N- 'C'ph 

H [. ~t,C O i,- 
P~Pr 3 

~ iPr3 " -7 BF4 

OCelot t~tt~ L -Os ~, ,11 H~," ~ .~'n 
I ,N=~,  

ipr3p H Ph 

IdPr3 H 
I H t~tltt/s~t~t~t~ N ~ C  ~ Ph 

PPr 3 

I HBF4 

H "---[ BF4 

OCll~ll~ J O~ pIpr3 
u s  Ph 

iprzp~" ~t'N--. C" 
H" ~'Ph 

L =CO, P(OMe)3 
SCHEME 23. 

('~2-CHz=CHEt)(pipr3)2 with carbon disulfide, 57 carbon dioxide, 36 dicyclohexyl- 
carbodiimide, phenylisocyanate, phenylisothiocyanate, and methylisocyanate 6° 
lead to the corresponding insertion products (Scheme 24). 

The dithioformato complex OsH(K2-S2CH)(CO)(pipr3)2 reacts with HBF4.OEt2 
to give two different derivatives depending upon the nature of the solvent used 
(Scheme 25). The addition of one equiv, of HBF4.OEh to a solution of the 
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dithioformato complex in dichloromethane-d2 leads, after a few seconds, to the 
dihydrogen compound [Os(K2-S2CH)('qZ-H2)(CO)(pipr3)2]BF4, with a H-H sep- 
aration of 1.00/~, while the methanedithiolate derivative [OsH(K2-S2CH2)(CO) 
(Pi Pr3)2]BF4 is obtained when the reaction is carried out in diethyl ether as solvent. 57 
In this context, it should be mentioned that although the insertion reactions of 
carbon disulfide into metal-hydride bonds are common, the reduction of carbon 
disulfide to methanedithiolate has been seen only in a few cases 65 and, as far as 
we know, never by reaction of a dithioformato complex with an acid. 

Direct attack of the proton at the carbon atom of the dithioformate ligand does not 
seem likely in view of the electrophilicity of this atom. Hence, it has been proposed 
that in diethyl ether solution the dithioformato complex is in equilibrium with a 
nondetected amount of OS(Kz-SzCHz)(CO)(P/Pr3)2, which could undergo the attack 
of the acid. In good agreement with this assumption, Jia e t  al. 66 have observed that 
the complex RuH(K2-S2CH)(Cyttp) (Cyttp = PhP(CH2CHzCH2PCy2)2) is unstable 
in benzene solution, and slowly isomerizes into Ru(KZ-S2CH2)(Cyttp). 

The formato complex OsH(KLO2CH)(CO)(pipr3)2 has also been prepared by 
treatment of the hydride-chloro compound OsHCI(CO)(P;Pr3)2 with NaOMe in 
benzene-methanol under carbon dioxide atmosphere. Under the same conditions, 
the reaction with carbon disulfide affords OsH(K2-S2COMe)(CO)(pipr3)2 .67 

The bidentate formate ligand of OsH(K2-O2CH)(CO)(pipr3)2 is converted into 
a monodentate group by carbonylation. Thus, the reaction of this compound with 
carbon monoxide gives OsH{K1-OC(O)H}(CO)2(pipr3)2. Similarly, the addition 
of a stoichiometric amount of trimethylphosphite yields OsH{KLOC(O)H}(CO) 
{P(OMe)3}(FU'Pr3)2, and the addition of a stoichiometric amount of ethyne di- 
carboxylic methyl ester leads to OsH{Kx-OC(O)H}(CO)('q2-MeO2CC=--CCO2Me) 
(pipr3)2, which in solution partially dissociates the alkyne. As is shown in 
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Scheme 26, the reactions of OsH(K2-O2CH)(CO)(pipr3)2 with HBF4.OEt2 lead 
to different derivatives depending upon the conditions. In diethyl ether as solvent 
the reaction produces a very unsaturated [OsH(CO)(pipr3)2] + fragment, which can 
be trapped with acetonitrile to give [OsH(CO)(MeCN)E(pipra)E]BF4. However, in 
chloroform-d, the electrophilic attack of the proton occurs at the hydride ligand 
and/or the metal to afford a mixture of products, mainly dihydrogen derivatives. 
On the basis of theoretical calculations and T1 measurements, it has been proposed 
that these derivatives could be the cations [Os{K2-O2CH}('q2-Hz)(CO)(PiPr3)2] + 
and [Os{K LOC(O)H}('q2-H2)(EtzO)(CO)(pipr3)z] +. In addition, it should be men- 
tioned that the carbon atom of the formate ligand of OsH(Ke-O2CH)(CO)(pipr3)2 
is the electrophilic center of the molecule, and therefore susceptible to attack by 
nucleophiles. Thus, the addition of diethyl amine to the solutions of this compound 
produces the carbamato derivative OsH(KE-O2CNEt2)(CO)(pipr3)2. 36 

The previously mentioned reactions of OsH2(CO)('q2-CH2=CHEt)(P/Pr3)2 indi- 
cate that this complex has a high tendency to release the olefin ligand. At the time 
the resulting unsaturated fragment OSHE(CO)(P/Pr3)2 shows a relatively strong 
Lewis base character, which becomes apparent in its reactivity with group 14 
element hydride compounds. Complex OsH2(CO)0q2-CHE=CHEt)(P/Pr3)2 reacts 
with R3E--H (R = Si, Ge, Sn) by oxidative addition to give the corresponding 
OsH3(ERa)(CO)(pipr3)2 (Eq. 9), which can be formulated as derivatives of os- 
mium(IV) with a weak H--E agostic interaction. 68 
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X-ray diffraction and spectroscopic studies and theoretical calculations indicate 
that for the three types of compounds the arrangement of the ligands around the 
osmium atom is the same. In the solid state and in solution at very low tempera- 
tures the coordination polyhedron can be described as a very distorted pentagonal 
bipyramid with a hydride ligand and the carbonyl group in the axial positions. The 
other two hydride ligands lie in the equatorial plane, one between the phosphine 
ligands and the other between the R3E group and one of the phosphine ligands. In 
solution at room temperature all compounds are fluxional. 

pipr3 H 
H,, [ ,,,CO ' "0 " H,,,n I ,,,,,WPr3 

SprY3 L + R3E-H " ~,,Os~-H + .___/Et 
H ~ '  i R3E [ p'pr 3 ~ (9) 

- Et C O  

ER3 = SiHPh2, SiPh3, SiPh(OMe)2, GeHPh:~, 
GePh3, GeEt3, SnPh 3, snnBu3 

Under hydrogen atmosphere, the complex OsHz(CO)('q2-CH2=CHEt)(PiPr3)2 
affords the derivative OsH2('q2-H2)(CO)(P iPr3)269 which, in contrast to OsH3(ER3) 
(CO)(pipr3)2, shows nonclassical interaction between two of the four hydrogen 
atoms bonded to the osmium atom. In solution, these atoms exchange their posi- 
tions giving in the 1H NMR spectra only one resonance, which has a Tlmin of 32 ms 
at -67°C. 70 

Ab initio DFT calculations on the model compound OsH2('qZ-H2)(CO)(PH3)2 
indicate that the dihydrogen ligand lies trans to a hydride, and that the separation 
between the hydrogen atoms of the dihydrogen is 0.87/~. On the basis of separate 
optimization of the 16-electron OsH2(CO)(PH3)2 species and free molecular hy- 
drogen, an Os--H2 bond dissociation energy of 18.9 kcal.mo1-1 is calculated. The 
preferred conformation of the dihydrogen ligand is found to be when the H--H 
vector eclipses the Os--H bond (i.e., lies in the xz plane). However, the barrier 
to rotation is calculated to be very small, 0.54 kcal-mo1-1. This comes from the 
fact that back bonding is better in the plane containing the phosphines, since "trio 
in the orthogonal plane stabilizes the dxz orbital. However, the interaction with 
the cis hydride compensates the loss of back bonding in the plane of the carbonyl 
group and favors the conformation with the lesser back donation. The observed 
dihydrogen alignment is also sterically favored, especially when considering the 
additional bulk of the phosphines used experimentally. 7° 

Regarding OsHX(-q2-Hz)(CO)(pipr3) (X = C1, H), it should be mentioned that 
the stronger electron-donor halide, when cis to the dihydrogen, facilitates loss 
of molecular hydrogen. The complete absence of w-donor ability (when X = H) 
renders dihydrogen loss most difficult. However, a av-donor trans to the dihydrogen 
ligand also makes the dihydrogen loss unobservable, as is the case of OsClz('q z- 
Hz)(CO)(pipr3)2 .70 
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XI 

REACTIONS OF OsH2(~12-H2)(CO)(PIPra)2 WITH ALKYNES: ALKYNYL 
AND RELATED COMPOUNDS 

The reactivity of the dihydride-dihydrogen complex OsH2(lq2-H2)(CO) 
(PiPr3)2 toward alkynes is as expected for the 16-electron dihydride OsH2(CO) 
(PiP r3)2, suggesting that in solution the dihydride-dihydrogen complex dissociates 
the hydrogen molecule. Thus, the reaction of OsH2('q2-H2)(CO)(pipr3)2 with one 
equiv, of phenylacetylene affords the alkynyl-hydride-dihydrogen OsH2(C2Ph) 
(Iq2-H2)(CO)(pipr3)2, which can be spectroscopically characterized under hy- 
drogen atmosphere. When the hydrogen atmosphere is evacuated and the sys- 
tem refilled with argon, the 16-electron derivative OsH2(CEPh)(CO)(pipr3)2 is 
formed. After several hours under hydrogen atmosphere, the dihydrogen complex 
is converted into OSHE(CO)('qE-CH2=CHPh)(P i Pr 3)2, which subsequently evolves 
into OSHE(~-He)(CO)(P iPr3)2 and styrene. Complex OsH2(CO)('q2-CHz=CHPh) 
(P/Pr3)2 can also be formed from OsH(C2Ph)0q2-H2)(CO)(P/Pr3)2 under argon at- 
mosphere by stirring in 2-propanol, which dehydrogenates into acetone. 71 These 
chemical transformations can be elegantly accommodated by the cycles shown in 
Scheme 27. Cycle A summarizes the stoichiometric reduction of phenylacetylene 
with molecular hydrogen in the presence of OsH2(~q2-H2)(CO)(pipr3)2, whereas 
cycle B contains the stoichiometric steps for the hydrogen transfer from 2-propanol 
to phenylacetylene. 

Complex OsHz(-q2-Hz)(CO)(pipr3)2 reacts with trimethylsilyl acetylene in a 
manner similar to that of phenylacetylene, giving rise to the related alkynyl- 
hydride-dihydrogen compound OsH(C2SiMea)('q2-H2)(CO)(pipr3)2 . Spectrosco- 
pic studies indicate that both OsH(CzR)('q2-H2)(CO)(P/Pr3)2 derivatives are not 
only isoelectronic with OsHCI('q2-Hz)(CO)(pipr3)2 but also isostructural, show- 
ing a similar reactivity pattern toward Lewis bases. Thus, their reactions with this 
type of ligand lead to the corresponding six-coordinate alkynyl-hydride derivatives 
OsH(CzR)(CO)L(pipr3)2 and molecular hydrogen (Scheme 28). 

There is, however, a marked difference in reactivity between OsHCI('q2-He) 
(CO)(~Pr3)2 and OsH(C2R)('qZ-H2)(CO)(pipr3)2 toward terminal alkynes. 
While the hydride-chloro compound reacts with phenylacetylene to give 
Os{(E)-CH=CHPh}CI(CO)(pipr3)2, the alkynyl analogues upon treatment with 
one equiv, of the corresponding alkynes give molecular hydrogen and the bis- 
alkynyl compounds Os(C2R)2(CO)(PiPr3)2, which coordinate Lewis bases to af- 
ford six-coordinate bis-alkynyl derivatives. 71'72 

Although the Lewis basicity of the nitrogen atom of imines is weak, the bis- 
alkynyl complex Os(C2Ph)2(CO)(pipr3)2 alSO coordinates benzophenone imine to 
give the six-coordinate bis-alkynyl complex Os(C2Ph)2(CO)(NH=CPh2)(PiPr3)2, 
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SCHEME 27. 

which is isolated as a 1:3 mixture of cis-bis-alkynyl and trans-bis-alkynyl isomers. 
In toluene under reflux, the mixture is converted into the ortho-metallated com- 
pound (Ss(C2Ph){NH=C(Pb)C6I-I4}(CO)(P/Pr3). This complex reacts with HBF4. 

r 1 , 

OH2 to give phenylacetylene and [Os{NH=C(Ph)C6H4}(CO)(H20)(P'Pr3)2]BF4, 
which by reaction with MeLi affords 0s(Me){NH-------C(Ph)C~6I-I4}(CO)(P/Pr3)2 
(Scheme 29). 73 

The bis-alkynyl complex Os(CzPh)2(CO)(pipr3)2 reacts with molecular hydro- 
gen to give OsH(CzPb)(~lZ-H2)(CO)(pipr3)2 and styrene. This reaction and that 
previously mentioned between OsH(C2Ph)("qZ-H2)(CO)(P/Pr3)2 and phenylacety- 
lene to give Os(C2Ph)2(CO)(pipr3)2 can be accommodated by the cycle shown in 
Scheme 30, which illustrates a new stoichiometric hydrogenation of phenylacety- 
lene to styrene where, visibly, styryl intermediates are not involved. 71 
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R = Ph; L = CO, P(OMe)a, Hpz 
R = SiMe3; L = P(OMe)3, Hpz 

Under argon, in 2-propanol and in the presence of traces of water, the carbon- 
carbon triple bond of one of the two alkynyl ligands of the complex Os(C2Ph)2 
(CO)(pipr3)2 call be broken to give Os(CH2Ph)(C2Ph)(CO)2(pipr3)2. The reac- 
tion involves a metal-promoted, hydration disproportionation of the transformed 
alkynyl ligand catalyzed by the solvent. Thus, the treatment of Os(C2Ph)2 
(CO)(pipr3)2 with H2180 yields Os(CH2Ph)(C2Ph)(ClsO)(CO)(~Pr3)2, and the 
reaction of Os(C2Ph)2(CO)(P/Pr3)2 with water in the presence of deuterated 2- 
propanol affords Os(CD2Ph)(C2Ph)(CO)2(P/Pr3)2 (Scheme 3 1). 74 

The process has been rationalized according to Scheme 32. The initial step could 
involve the electrophilic attack of the -OH proton from the alcohol to the 13-carbon 
atom of one of the alkynyl ligands. The alkoxide anion formed should regenerate 
2-propanol by water deprotonation. At this stage, the OH- anion would attack 
the vinylidene ligand to give an o~-hydroxy-alkenyl group. This is in agreement 
with studies on vinylidene complexes, which have identified the electron defi- 
ciency of the vinylidenes at the c~-carbon atomy The reaction of the o~-hydroxy- 
alkenyl species with a second 2-propanol molecule could yield a hydroxy-carbene 
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intermediate. The deprotonation of the hydroxy-carbene group by the alkoxide 
anion formed in the last step should afford an acyl complex. Finally, the CO de- 
insertion could give Os(CH2Ph)(C2Ph)(CO)2(pipr3)2. 

Although a reaction pattern similar to that mentioned for phenylacetylene 
and trimethylsilylacetylene might be expected for terminal activated alkynes, 
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methylpropiolate reacts with OsH2(~q2-H2)(CO)(pipr3)2 to afford the alkynyl- 
alkenyl derivative 0s(C2CO2Me){CH=CHC(0)OMe}(CO)(pipr3) (Scheme 33). 

The molecular structure of this compound determined by X-ray diffraction anal- 
ysis reveals a significant contribution of the resonance form b (Scheme 34) to 
the osmium alkenyl bond, which is improved by the presence of the carboxyl 
substituent. 71 

The complex OsH2('q2-H2)(CO)(pipr3)2 also reacts with internal alkynes; the 
reaction with diphenylacetylene leads to cis- and trans-stilbene and Os('q2-C2 
Ph2)(CO)(pipr3)2 which has been characterized by X-ray diffraction analysis. 
The structural analysis reveals a smaller contribution of sp hybridization of the 
acetylenic carbon atoms, and a loss of the acetylenic character of the C2Ph2 
group. As a result, the Os--C bonds are very strong, and the carbonylation of 
Os('q2-C2Ph2)(CO)(pipr3)2 does not produce the displacement of C2Ph2; the 
addition of carbon monoxide gives Os( 'q2-C2Ph2) (CO)2(p ipr3)2  . T h e  formation 
of stilbene from the reaction of OsH2('q2-H2)(CO)(PiPr3)2 with diphenylacety- 
lene probably involves hydride-alkenyl species as intermediates. In this context, 
it should be mentioned that complex OsH2('q2-H2)(CO)(pipr3)2 reacts with 

o s  = ~- o s .  II 
H ~X~c/C\  

I I H 
H H 

a b 

Sctm~m 34. 
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diethylacetylenedicarboxylate to afford the hydride-alkenyl OsH{C[C(())OEt]= 
CHCO2Et}(CO)(pipr3)2 (Scheme 33). 76 

Xll 

REACTION OF OsHCl(CO)(PIPr.q)= WITH NaBH4: THE CHEMISTRY 
OF OsH(~2-H2BH2)(CO)(P/Pr3)2 

The reaction of OsHCI(CO)(pipr3)2 with NaBH4 in methanol leads to the octahe- 
dral compound OsH('q2-H2BH2)(CO)(pipr3)2 (Eq. 10), which has a rigid structure 
in solution only at low temperatures. Above ca. -30°C an exchange process takes 
place, which involves the bridging hydrogen atoms and the terminal hydrogens 
attached to boron but not the metal hydride ligand) 3 
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This tetrahydridoborate complex reacts with Lewis bases L such as CO, 
P(OMe)3, PMe3, and pipr3 to form dihydride-osmium(II) complexes OsH2(CO) 
L(pipr3)2, whereas the reactions with electrophiles afford monohydride derivatives 
(Scheme 35). The reaction with HBFa.OEt2 leads to the binuclear complex 
[(PiPra)2(CO)HOs(Ix-'q4-H2BH2)OsH(CO)(PiPr3)2]BF4, consisting of two OsH 
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(CO)(pipr3)2 fragments bridged by a tetrahedral BH4 unit. The reactions with 
carboxylic acids and pyrazole give the mononuclear compounds OsH(K2-O2CR) 
(CO)(P/Pr3)2 and OsH(pz)(CO)(Hpz)(P iPr3)2, respectively. 77 It should be pointed 
out that the N--H hydrogen atom of the pyrazole ligand of OsH(pz)(CO) 
(Hpz)(pipr3)2 lies between this azole group and the pyrazolate forming an in- 
tramolecular N. .  • H . . .  N hydrogen bond, as has been proved for the related vinyl- 
idene complex OsH(pz)(C=CHPh)(Hpz)(P/Pr3)2 by X-ray diffraction analysis. 78 

The complex [(P/Pr3)2(CO)HOs(I~-'q4-H2BH2)OsH(CO)(PiPr3)2]BF4 can be 
considered to be the result of the stabilization of the unsaturated [OsH(CO) 
(pi Pr3)2]+ fragment by OsH(~-H2BH2)(CO)(P i Pr3)2. So, the mononuclear tetra- 
hydroborate complex is a metalloligand that can be displaced by other coordi- 
nating molecules. Thus, under normal conditions (25°C, 1 atm of hydrogen), the 
binuclear tetrahydridoborate complex reacts with molecular hydrogen to afford 
the five-coordinate hydride-dihydrogen complex [OsH('q2-H2)(CO)(PiPr3)2IBF4, 
which coordinates water to give [OsH('q2-H2)(CO)(H20)(pipr3)2]BF4. In chloro- 
form-d as solvent, the latter is converted into its precursor by dissociation of 
the water molecule (ca. 20% in 1 h). Complex OsH(~q2-H2BH2)(CO)(pipr3)2 can 
also be displaced from [(P/Pr3)2(CO)HOs(I~-Xl4-H2BH2)OsH(CO)(pipr3)2]BF4 
by tetrafluorobenzobarrelene (fib), methyl vinyl ketone, and acetonitrile. These 
displacement reactions lead to [OsH(CO)(tfb)(P/Pr3)2]BF4, [OsH(CO){'rr-CH2= 
CHC(=O)Me}(pipr3)2]BF4, and [OsH(CO)(MeCN)2(PiPr3)2]BF4, respectively 
(Scheme 36). 77 

The complex OsH(pz)(CO)(Hpz)(pipr3)2 is a useful starting material to pre- 
pare new pyrazole compounds. Reaction with HBF4.OEt2 leads to the cation 
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[OsH(CO)(Hpz)2(pipr3)2]BF4, which can be deprotonated by Nail, while treat- 
ment with HC1 gives the neutral hydride-chloro complex OsHCI(CO)(Hpz) 
(PiPr3)2, which can also be prepared by addition of pyrazole to OsHCI(CO) 
(Pi Pr3)2 (Scheme 37).77 

Xlll 

DECOMPOSITION OF OsH(-q2-H2BH2)(CO)(PIPr3)2 IN THE PRESENCE 
OF ALCOHOLS: SYNTHESIS AND REACTIONS 

OF HYDRIDE-ALKYL COMPOUNDS 

At room temperature in methanol as solvent, complex OsH(~-H2BH2)(CO) 
(PiPr3) 2 decomposes to give the dihydride-dihydrogen compound OsH2('q2-H2) 
(CO)(pipr3)2. If the decomposition, however, is carded out under reflux the cis- 
dihydride-cis-dicarbonyl derivative OsH2(CO)2(pipr3)2 is formed. 13 

Treatment of OsH(~-H2BH2)(CO)(PiPr3)2 with ethanol under reflux does not 
lead to the formation of OsH2(CO)2(pipr3)2 but instead gives the hydride-methyl 
osmium(II) compound OsHMe(CO)2(PiPr3)2 in good yield. 2-Methoxyethanol 
behaves in a manner similar to ethanol, and the reaction with the tetrahydridoborate 
complex yields OsH(CH2OMe)(CO)2(pipr3)2 (Scheme 38). 79 

The hydride-methyl complex OsH(Me)(CO)2(P/Pr3)2 reacts with electrophilic 
reagents. The reaction products depend on the nature of the reagent (Scheme 
39). Whereas the reaction with iodine gives almost quantitatively the diiodide 
OsI2(fO)2(pipr3)2, the reaction with a five-fold excess of phenylacetylene does 
not lead to the formation of the previously mentioned bis-alkynyl complex 
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Os(C2Ph)2(CO)2(Pipr3)2. It gives instead the hydride-alkynyl OsH(C2Ph)(CO)2 
(P/Pr3)2 in 71% yield. Similarly, upon treatment of OsH(Me)(CO)E(P/Pr3)2 with 
HC1, MeCO2H, and CF3CO2H the monohydrides OsI-IX(CO)2(P/Pr3)2 (X = CI, 
MeCO2, CF3CO2) are obtained. The reaction with excess trifluoroacetic acid 
in benzene under reflux gives the bis-trifluoroacetate OS{K1-OC(O)CF3}2(CO)2 
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(PiPr3) 2. The protonation of OsHMe(CO)2(pipr3)2 with a diethyl ether solution 
of HBF4 in the presence of acetone leads to the quantitative formation of the 
cationic hydride complex [OsH(CO)E{'ql-OCMe2}(pipr3)2]BF4. If water instead 
of acetone is used as a Lewis base, the aquo hydride compound [OsH(CO)2(H20) 
(Pi Pr3)E]BF 4 is obtained also in excellent yield. 

The reactions shown in Scheme 39 indicate that the proton attack preferen- 
tially leads to cleavage of the Os--Me and not the Os--H bond. This finding 
agrees with the assumption s° that in compounds of 5d transition metals, M--H 
bonds are in general more stable (thermodynamically) than their M--C coun- 
terparts. The M--H bond causes a higher activation energy for the irreversible 
H2 elimination compared with the CH4 elimination, and thus the observed cleav- 
age of the Os--Me bond in OsH(Me)(CO)E(pipr3)2 seems to be kinetic in 
nature. 

The acetone ligand of [OsH(CO)2{rlI-OCMe2}(pipr3)2]BF4 can be readily dis- 
placed by acetonitrile, trimethylphosphite, and pyrazole to yield the cationic com- 
plexes [OsH(CO)EL(pipra)2]BF4 (L = MeCN, P(OMe)3) and [OsH(CO)E(Hpz) 
(pipr3)2]BF4 (Scheme 40). The substitution is certainly facilitated by the weak- 
ness of the Os-acetone bond. The pyrazole ligand in [OsH(CO)2(Hpz)(pipra)2]BF4 
contains an acidic NH group which is capable of reacting with the methoxy- 
bridged dimers [M(l~-OMe)(cod)]2 (M = Rh, Ir; cod = 1,5-cyclooctadiene) and 
[Rh(Ix-OMe)(tfb)]2 to give the heterobinuclear complexes [(CO)2(pipr3)2 
Os(ix-H)(Ix-pz)M(diolefin)]BF4 (M = Rh, Ir; diolefin = cod. M = Rh; diolefin = 
fib). 
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The acetone ligand in [OsH(CO)2{'qI-OCMe2}(pipr3)2]BF4 Call also be dis- 
placed by alkenes and alkynes. Treatment of this complex with methyl vinyl ketone 
in 1,2-dichloromethane leads, after 14 h under reflux, to [0s{CH2CH2C(0)Me} 
(CO)2(Pipr3)2]BF as a result of the insertion of the carbon-carbon double bond of 
the unsaturated substrate into the Os--H bond of the starting material (Scheme 41). 
The reaction of [OsH(CO)2{K 1-OCMez}(PiPra)2]BF4 with methyl-2-butiolate leads 
to [0s{C[C(0)OMe]=CHMe}(CO)2(~Pra)2]BF4, containing a four-membered 
ring with an exocyclic carbon-carbon double bond. This complex is the result 
of the regioselective migration of the hydride ligand from the metal to the ~CMe 
carbon of the alkyne. This selectivity, however, is not observed for the inser- 
tion of the carbon-carbon triple bond of methyl propiolate into the Os--H bond 
of the acetone complex. The reaction of [OsH(CO)2{KI-OCMe2}(pipr3)2]BF4 
with methyl propiolate affords a mixture of the alkenyl derivatives [()s{C[C(()) 
OMe]=CH2}(CO)E(pipr3)2]BF4, and [0s{CH=CHC(0)OMe}(CO)2(PiPr3)2] 
BF4.79 
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XIV 

REACTIONS OF OsHCI(CO)(PIPr3)2 WITH CsHe AND Na[HBpz3]: 
CYCLOPENTADIENYL ANO TRIS(PYRAZOLYL)BORATE COMPOUNOS 

Treatment of a boiling methanol suspension of OsHCI(CO)(P / Pr3)2 with freshly 
distilled cyclopentadiene in a 1:25 molar ratio for 2 days gives OsH(cp)(CO) 
(pi Pr3).sl In this context, it should be mentioned that the knowledge of cyclopenta- 
dienyl-osmium chemistry is rather limited. Certainly, half-sandwich pentamethyl- 
cyclopentadienyl- and cyclopentadienyl-ruthenium complexes exhibit a particu- 
larly rich and interesting chemistry, which has been very important in the 
development of the organometallic field. 82 However, the chemistry of the related 
half-sandwich osmium complexes has attracted comparatively less attention, 83 in 
particular that containing the Os(cp) unit. 84 This is in part due to the lack of conve- 
nient osmium synthetic precursors 85 and the higher kinetic stability of the Os(cp)L3 
compounds in comparison with the related iron and ruthenium. 86 The complex 
OsH(cp)(CO)(PiPr3), which is also prepared by reaction of OsH(cp)(PiPr3)287 
with carbon monoxide, is a starting point for half-sandwich osmium complexes, 
including hydride, halide, vinylidene, and alkenyl-vinylidene, derivatives. 81 

The complex OsH(cp)(CO)(pipr3) reacts with HBF4.OEt2.The reaction leads 
to the transoid-dihydride compound [OsH2(cp)(CO)(PiPr3)]BF4. The hydride li- 
gand in OsH(cp)(CO)(P/Pr3) is readily replaced by a chlorine ligand by treatment 
with CC14. The resulting complex Os(cp)Cl(CO)(pipr3) reacts with AgBF4 in 
the presence of phenylacetylene and 1-ethynyl-l-cyclohexanol to give the sta- 
ble vinylidene derivatives [Os(cp)(CO)(C=CHPh)(pipr3)]BF4 and [Os(cp)(CO) 
{C=CHC=CH(CH2)3C~-I2}(P/Pr3)]BF4, respectively (Scheme 42). 

The five-coordinate complex OsHCI(CO)(pipr3)2 reacts with Na[HBpz3] in 
methanol at room temperature to give OsH('o2-HBpz3)(CO)(pipr3)2, which in 
toluene under reflux evolves into OsH('q3-HBpz3)(CO)(pipr3) by dissociation 
of triisopropylphosphine. 88 This complex is analogous to the half-sandwich cy- 
clopentadienyl derivative OsH(cp)(CO)(pipr3). Interestingly, the v(CO) vibrations 
of both compounds are similar (1905 (HBpz3) and 1900 (cp)), suggesting that the 
electron-donating abilities of the two ligands are also similar. 

In spite of this fact, there is a marked difference in their reactivities toward 
HBF4. While the addition of one equiv, of HBF4-OEt2 to dichloromethane solu- 
tions of OsH(cp)(CO)(P i Pr3) affords the dihydride [OsH2(cp)(CO)(P i Pr3 )] BF4, as 
has been previously mentioned, the reaction of the trispyrazolylborate complex 
OsH(-q3-HBPz3)(CO)(pipr3) with HBF4.OEt2 leads to the dihydrogen derivative 
[Os(-q3-HBpza)(CO)(~-H2)(PiPr3)]BF4, with a separation between the hydrogen 
atoms of the dihydrogen ligand of 0.99 2k, and a pKa at 213 K of 9.3 on the 
pseudo-aqueous scale. The dihydrogen ligand can be displaced by acetone to give 
[Os(,q3-HBpz3)(CO){-q1-OCMe2}(P/Pr3)]BF4 (Scheme 43). 



Hydrido-Chloro-Carbonylbis(triisopropylphosphine)osmium(ll) 45 

H 
CI,,,,,,, J ,~,l P~Pr3 O us 

iPr3P~#¢ ~CO - [HPiPra]C I 

C014 

, HBF4'OEt2 
i t l t t O s  I= p p,~ - -  

r3 ~ ~ H  

OC 

0014 

, AgBF4 
• ,,,Os 
'Pr3P"' I \CI  " AgCl 

OC 

SCHEME 42. 

q BF4 
i 

• ~t~Ost~ 
'Pr3P~'~ ~ ' H  

H CO 

i 
. ~ O s ~  

'Pr3P~'~'~ "~Cx ,, 
OC 

Ph 

H C - ~  ~ i t  q BF" 
OH= . ~,~ds .. 

- H20 ,Pr3P~ t~ ~ "4C..~C. H 
o c  @ 

The higher tendency of the trispyrazolylborate ligand to stabilize the dihydro- 
gen ligand in comparison with the cyclopentadienyl group merits some additional 
comment. Often differences in steric and electronic properties as well as differ- 
ences in symmetry have been argued to explain the tendency of the cyclopenta- 
dienyl ligand to afford higher coordination numbers than the trispyrazolylborate. 
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In this case, the electron density of the metallic centers of both systems appears 
to be similar; therefore, the electronic factors do not appear to play a signifi- 
cant role. Furthermore, it is not reasonable to think that the size of the trispyra- 
zolylborate and cyclopentadienyl groups can affect the coordination mode of the 
smallest known ligand. However, it should be noted that the symmetry of the 
M(-qa-HBpz3) fragment determined by the N--M--N angle (87 ° for 8 group), 89 
affects the coordination mode of the other ligands of the complex rather than 
the symmetry of the M(cp) unit. For example, it has been suggested 9° that the 
[Ru('q3-I-IBpz3)] + unit is strongly hybrid biased to preferentially bind three addi- 
tional ligands for an octahedral six-coordinate structure to be obtained and main- 
tained. The diffuse electron clouds of the cyclopentadienyl ligand are rather in- 
effective in promoting strongly directional frontier orbitals. As a consequence, 
processes involving coordination number increase are less likely for the trispyra- 
zolylborate ligand. 

XV 

REACTIONS OF OsHCI(CO)(PIPr3)2 WITH NaXR (X = O, S) 

The complex OsHCI(CO)(PiPr3)2 reacts with NaOH, NaSH, phenolates, and 
thiophenolates to give OsH(XR)(CO)(PiPr3)2 (X = OH, 91 SH, 92 OC6H5, OC6F5, 
5C6H5, SC6F5, OC6C1593) in good to excellent yields. Whereas in the phenolate 
compounds OsH(OC6Xs)(CO)(pipr3)z (X = H, F) the phenolate group is K 1- 
bonded, in the related pentachlorophenolate derivative, a bidentate coordination 
mode is present (Scheme 44). This has been confirmed by X-ray diffraction anal- 
ysis, which reveals a surprisingly short Os--Cl distance of 2.574(1)/~.93 

The hydroxo complex OsH(OH)(CO)(PiPr3)2 reacts with dimethyl acetylenedi- 
carboxylate to afford 0sH{OC(OMe)CHC(CO2Me)0](CO)(pIpr3)2, which has 
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been characterized by X-ray diffraction analysis (Scheme 45). 91 The formation of 
the K2-O-donor ligand of this compound is the result of the unprecedented trans 
addition of the O--H bond of the starting complex to the carbon-carbon triple bond 
of the alkyne. 

Bergman 94 has reported the reaction between the saturated hydroxo compound 
Ir('qS-CsMes)(Ph)(OH)(PMe3) and dimethyl acetylenedicarboxylate. In contrast to 
the above mentioned case, the alkyne undergoes an insertion reaction into the M--O 
bond to afford the enol complex Ir('qS-CsMes)(Ph){(Z)-C(CH2Me)=C(CO2Me) 
OH}(PMe3). Similarly, the reactions of the complexes trans-Pd(C6H4CH=NPh) 
(NHPh)(PMe3)2 and trans-Pd(C6Hs)(NHPh)(PMe3)2 with dimethyl acetylenedi- 
carboxylate result in the insertion of the acetylene into Pd--N bonds. 95 In addition, 
we must point out the different behavior of OsH(OH)(CO)(P iPr3)z and its precursor 
OsHCI(CO)(P iPr3)2, which reacts with dimethyl acetylenedicarboxylate by inser- • r 1 
tion of alkyne into the Os--H bond to give the alkenyl derivatwe Os{C[C(O)OMe]= 
CHCO2Me}CI(CO)(P/Pr3)2 (Scheme 4). 

The complex OsH(OH)(CO)(pipr3)2 also reacts with methyl acrylate, methyl 
vinyl ketone, and allyl alcohol. 91 Reaction with methyl acrylate leads to OsH(OH) 
(CO)('qz-CH2=CHCO2Me)(pipr3)2 containing the olefin trans to the hydride li- 
gand. In solution, this complex releases the olefin to generate the starting complex. 
The thermodynamic magnitudes involved in the equilibrium have been determined 
in toluene-d8 by 31p{IH} NMR spectroscopy. The values reported are AH ° = 
17.0 4- 0.5 kcal-mo1-1 and AS ° = 54.0 4- 1.2cal.K-l-mol -]. In the presence of 
the methyl vinyl ketone complex OsH(OH)(CO)(pipr3)2 affords OsH{CHCHC(0) 
Me}(CO)(PiPr3)z and water, whereas in the presence of allyl alcohol the loss of 
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water leads to the hydride-ethyl derivative OsH(Et)(CO)2(P/Pr3)2 (Scheme 45), 
which is another member of the OsH(alkyl)(CO)2(FPr3)2 series (Scheme 38). 

Under a carbon dioxide atmosphere the complex OsH(OH)(CO)(pipr3)2 gives 
the bicarbonato derivative OsH(K2-O2COH)(CO)(pipr3)2, which by carbonylation 
affords OsH{K1-OC(O)OH}(CO)2(FPr3)2. The complex OsH(OH)(CO)(PiPr3)2 
also reacts with phenyl isocyanate to give the carbamato derivative OsH(K2-O2 
CNHPh)(CO)(pipr3)2, which is the result of adding the O--H bond of the hy- 
droxo complex to the C=N double bond of the heteroallene. The reactions of 
OsH(OH)(CO)(P/Pr3)2 with Lewis bases that are not bulky such as CO, P(OMe)3, 
and t-BuNC lead to the corresponding six-coordinate hydride-hydroxo compounds 
OsH(OH)(CO)L(P/Pr3)2 (Scheme 45). 91 

In a manner similar to OsH(OH)(CO)(pipr3)2, the hydride-metallothiol com- 
plex OsH(SH)(CO)(P/Pr3)2 adds Lewis bases that are not bulky such as CO and 
P(OMe)3 to give the corresponding six-coordinate hydride-metallothiol deriva- 
tives OsH(SH)(CO)L(PiPr3)2 (L = CO, P(OMe)3). OsH(OH)(CO)(PiPr3)2 and 
OsH(SH)(CO)(pipr3)2 also show a similar behavior toward dimethyl acetylenedi- 
carboxylate. Treatment of OsH(SH)(CO)(PiPr3)2 with this alkyne affords 

t 1 . 

OsH{SC(CO2Me)CHC(OMe)O}(CO)P'Pr3)2, which is the result of the trans 
addition of the S--H bond to the carbon-carbon triple bond of the alkyne. Phenyl- 
acetylene, in contrast to dimethyl acetylenedicarboxylate, reacts with OsH(SH) 
(CO)(PiPr3)2 by insertion of the carbon-carbon triple bond into the Os--H bond 
to give the unsaturated alkenyl-metallothiol derivative Os{(E)-CH=CHPh}(SH) 
(CO)(P i Pr3)2, the inorganic counterpart of the organic ct,13-unsaturated mercaptans 
(Scheme 46). 92 

The hydride-phenolate complexes OsH(OC6Xs)(CO)(pipr3)2 (X --- H, F) re- 
act with molecular oxygen to give stable 1:1 adducts OsH(OC6Xs)(CO)('q2-O2) 
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(PiPr3)2, and with CS2 by insertion to yield OsH(KZ-S2COC6Xs)(CO)(PiPr3)2 
(Scheme 47).  93 Similarly, the reactions of the hydride-thiophenolate complexes 
OsH(SC6Xs)(CO)(pipr3)2 (X = H, F) with CS2 give the trithiocarbonate com- 
pound OsH(K2-S2CSC6Xs)(CO)(pipr3)2 (X = H, F). 

The complex OsH(SC6Hs)(CO)(PiPr3)2 not only reacts with CS2 but also with 
MeSCN and the isomer MeNCS (Scheme 48).  67 Whereas with the thionitrile a 
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simple addition occurs to give the six-coordinate derivative OsH(SC6Hs)(CO) 
(NCSMe)(PiPr3)a, the heteroallene undergoes insertion into the Os--SC6H5 bond 
to afford OsH{KSKN-SC(SC6Hs)NMe}(CO)(pipr3)2, which is isolated as a mix- 
ture of the isomers shown in Scheme 48. 

Treatment of OSH(KO, KCI-OC6C15)(CO)(pipr3)2 with C12 leads to the for- 
mation of OsCI(KO, KCI-OC6C15)(CO)(pipr3)2 by cleavage of the Os--H bond 
(Eq. 11). 93 
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XVl 

OTHER METATHETICAL REACTIONS ON THE CHLORIDE LIGAND 
OF OsHCI(CO)(PIPr3)= 

The chloride ligand in OsHCI(CO)(pipr3)2 can be also replaced by acetate, 
acetylacetonate, or iodide (Scheme 49). The reactions with the O-donor ligands 
lead to six-coordinate complexes OsH(K2-O2CMe)(CO)(pipr3)2 and OsH(acac) 
(CO)(P i Pr3)2,12 respectively, whereas the treatment of OsHCI(CO)(P i Pr3)2 with 
Li! affords the five-coordinate derivative OsHI(CO)(pipr3)2. 67 Complex OsH 
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(K2-O2CMe)(CO)(P/Pr3)2 is a further member of the series OsH(K2-OzCR)(CO) 
(pIpr3)2 (Scheme 35). 

In a manner similar to OsHCI(CO)(P/Pr3)2, the complex OsHI(CO)(pipr3)2 co- 
ordinates molecular hydrogen to give the dihydrogen derivative OsHI(-q2-H2)(CO) 
(pipr3)2, with a separation between the hydrogen atoms of the dihydrogen ligand 
of 0.97 ~.70 The starting hydride-iodo complex also reacts with CS2. The reaction 
quite smoothly affords the dithioformato OSI(K2-S2CH)(CO)(PiPr3)2 by insertion 
of the heteroallene into the Os--H bond (Scheme 50). Although reaction interme- 
diates have not been isolated, it has been proposed that initially a coordination of 
the heteroallene to the osmium center occurs which is followed by the hydride 
migration step. In agreement with this proposal, it has also been observed that 
the reaction of OsHCI(CO)(pipr3)2 with CS2 in acetone affords OsHCI(CO)('q z- 
S=CS)(pipr3)2, whereas if dichloromethane instead of acetone is used as solvent, 
the insertion product OsCI(K2-S2CH)(CO)(pipr3)2 is obtained. 67 

XVII 

OsHCI(CO)(PJPr3)2 AS A HOMOGENEOUS CATALYST 

The OsHCI(CO)(pipr3)2 complex is an active catalyst precursor for the hydro- 
genation of olefins, diolefins, phenylacetylene, or benzylidenacetone.26,3z,96,97 As 
expected from the chemistry described in Scheme 3, the formation of the styryl 
complex Os{(E)-CH=CHPh}CI(CO)(pipr3)2 together with its subsequent reac- 
tion with hydrogen to regenerate OsHCI(CO)(P/Pr3)2 constitutes a catalytic cycle 
for the reduction of phenylacetylene to styrene. At 60°C and atmospheric pres- 
sure, selectivities close to 100% are achieved for the hydrogenation of the alkyne 
to alkene, while reduction of the double bond begins to take place only when most 
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of the alkyne has been consumed. The catalytic activity depends on the nature of 
the solvent (benzene, 1,2-dichloroethane, propan-2-ol). Detailed kinetic studies 
indicate that the rate of formation of styrene is determined by the rate of reaction 
of alkenyl compounds with hydrogen. The elementary steps involved in the for- 
marion of styryl derivative Os{(E)-CH=CHPh}CI(CO)(P'Pr3)2 are too fast to be 
observed by spectroscopic methods, but on the basis of the observations collected 
in Scheme 4 when alkyne dicarboxylic methyl ester is used, the catalytic cycle 
shown in Scheme 51 has been proposed. The slow step of this catalytic cycle is the 
reaction of this styryl complex with hydrogen to yield the alkene and regenerate 
the monohydrides in equilibrium with the dihydrogen complexes (Scheme 51). 3] 

Independent studies of the reduction of C--~C and C--C bonds indicate that the 
latter is kinetically favored. Thus, in the absence of phenylacetylene, the rate of 
hydrogenation of styrene to ethylbenzene is about one order of magnitude faster 
than those for C~C bond reduction, indicating that the origin of the selectivity 
cannot be kinetic. The styryl compound represents a thermodynamic sink that 
causes virtually all the osmium present in solution to be tied up in this form, and 
therefore the kinetically unfavorable pathway becomes essentially the only one 
available in the presence of alkyne. 31 

The complex OsHCI(CO)(pipr3)2 is also an effective catalyst precursor for the 
selective hydrogenation of benzylideneacetone to 4-phenylbutan-2-one. 97 In con- 
trast to the hydrogenation of phenylacetylene, kinetic studies on the hydrogenation 
of benzylideneacetone by OsHCI(CO)(PiPr3)2 show that the reaction is indepen- 
dent of the pressure of hydrogen and first order with respect to the concentration 

H 
Cl~s,. O~sm~t pipr 3 

. = P. I _ _ ' c °  
y H --  Ph 

H 
CI ~'m Ois .t~ ~ PiPr3 

,p~p4 %'co 

Ph~ Ph 
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of catalysts and substrate. On the basis of these kinetic data and on spectroscopic 
observations Scheme 52 has been proposed. 

Interestingly, the complex trans-hydride-dihydrogen-OsHCl('q2-H2)(CO)(P iPr3) 
plays a major role on the process; thus, isomerization to cis-hydride-dihydrogen- 
OsHCI('q2-H2)(CO)(pipr3)2 and subsequent hydrogen dissociation produces a re- 
arrangement to give a new mono-hydride isomer which contains the hydride ligand 
and the coordination vacancy in a cis disposition. Then, coordination of the ben- 
zylideneacetone and its subsequent insertion in the Os--H bond must lead to an 
alkyl intermediate that, by reaction with molecular hydrogen, gives 4-phenylbutan- 
2-one and regenerates the catalyst. 

OsHCI(CO)(pipr3)2 is also a very active and selective catalyst for the addi- 
tion of triethylsilane to phenylacetylene at 60°C, to yield trans- and cis-PhHC= 
CH(SiEt3). 5° The reaction of OsHCI(CO)(pipr3)2 with triethylsilane is the rate- 
detenm'ning step. The catalytic reaction proceeds via a silyl dihydrogen interme- 
diate of the formula Os(SiEt3)CI(-q2-H2)(CO)(pipr3)2 and its dihydride tautomer, 
OsH2(SiEt3)CI(CO)(pipr3)2 (Scheme 53). 

The hydrogenation and hydrosilylation mechanisms using OsHCI(CO)(~Pr3)2 
as catalyst show significant differences (Schemes 51 and 53). Thus, although 
the very stable Os{(E)-CH=CHPh}CI(CO)(P/Pr3)2 is the only complex observed 
under catalytic conditions in both cases, the hydrosilylation catalysis proceeds 
by initial reaction of HSiEt3 with OsHCI(CO)(P/Pr3)2. The formation of cis- 
PhHC=CH(SiEt3) seems to occur by isomerization of a vinyl intermediate formed 

H2 

[ s] " f ' ~  [Os] 

H2ph H2 / CH2P h 

[Os] = OsCl(CO)(PiPr~)2 

SCHEME 52. 
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by displacement of the coordinated dihydrogen ligand and subsequent insertion 
of phenylacetylene into the Os--SiEt3 bond of Os(SiEt3)CI('q2-H2)(CO)(P iPr3)2. 5° 
The related RuHCI(CO)(pipr3)2 complex is also an active catalyst and very se- 
lective for the hydrosilylation of phenylacetylene, with selective formation of cis- 
PhHC=CH(SiEt3), most probably through a similar mechanism. 98 

The OsHCI(CO)(pipr3)2 complex is a modest catalyst for the hydrogen transfer 
from 2-propanol to unsaturated substrates, such as styrene, cyclohexene, cyclo- 
hexadienes, ketones, and unsaturated ketones at 83°C. 96'99 However, the addi- 
tion of NaBH4 leads to an important increase of activity due to the initial for- 
mation of OsH('q2-H~BH2)(CO)(pipr3)2 such that under hydrogen transfer con- 
ditions the catalyst precursor OsH2(TI2-H2)(CO)(pipr3)2,13 is formed. It affords 
OsH2(CO)(PiPr3)2 that acts as the catalyst. Spectroscopic and kinetic studies in- 
dicate that the hydrogen transfer from 2-propanol to ketones follows the catalytic 
cycle shown in Scheme 54. 32 

In particular the formation of Os-OCH(CD3)2 species by insertion of acetone-d6 
into the Os--H bond has been observed 32 (Eq. 12). 

{ (CD3)2CO}OsHCI(CO)(pipr3)2 ~ " { (CD3)2HCO} OsCI(CO)(pipr3)2 
(12) 

Competitive reduction tests for cyclohexanone:styrene, under transfer condi- 
tions, show preferential reduction of cyclohexanone; however, under hydrogena- 
tion conditions the styrene is reduced exclusively. 99 It is worth mentioning that 
the OsHz(~q2-H2)(CO)(P iPr3)2 precatalyst, formed by addition of NaBH4 to OsHC1 
(CO)(pipr3)2, rapidly reduces phenylacetylene to styrene, under transfer condi- 
tions, but the reaction rate falls progressively due to the formation of Os(C~CPh)2 
(CO)(PiPr3)2. 72 As previously mentioned, an alkynyl-dihydrogen intermediate 
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Me2C= O "~C---O /~/~ OsHX(CO)(pier3)2. 

Me2HCO-OsX(CO)(PiPr3)2 (R2C=O)OsHX(CO)(PIPra)2 

SCHEME 54. 

OsH(C2Ph)(,q2-H2)(CO)(P/Pr3)2 has been isolated by treating OsH2('q2-H2)(CO) 
(pipr3)2 with a stoichiometric amount of phenylacetylene. 71 This alkynyl- 
dihydrogen complex appears to be involved in the catalytic cycles shown in 
Schemes 27 and 30. 71 

The related dihydride-dichloro complex OsH2C12(pipr3)2 is alSO an active cata- 
lyst for the hydrogenation of olefins, diolefins, and a-[3-unsaturated ketones, 14 but 
attempts to hydrogenate phenylacetylene show a rapid deactivation of the catalyst 
due to formation of a hydride-carbyne complex. 54 

The potential of osmium complexes as homogeneous catalysts has been high- 
lighted in two recent reviews. 1°°'1°1 

XVlll 

FINAL REMARKS 

This chapter has discussed the chemical regions opened up by the discovery of 
OsHCI(CO)(pipr3)2. The title compound is not only a useful starting material for 
the preparation of a broad variety of organometaUic osmium compounds, but the 
study of its reactivity has led to the discovery of novel reactions. For example, 
the addition of HSiEt3 molecules to give an Os('qZ-H2) derivative is a simple route 
for preparing dihydrogen compounds, altemative to the coordination of molecular 
hydrogen to unsaturated compounds or to the protonation of saturated hydride 
complexes, The reaction of OsCI2('q2-H2)(CO)(pipr3)2 with terminal alkynes to 
afford carbene derivatives is also a reaction without precedent in organometallic 
chemistry. 

The reactivity of the OsHCI(CO)(P iPr3)2 complex toward terminal alkynes is re- 
markable and intriguing. Why does the title compound react with cyclohexylacety- 
lene or the metalloalkyne complex Ru{ (E)-CH--CH(CH2)4C-=-=CH}CI(CO)(pipr3)2 
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affording vinylidene derivatives before the insertion products? Are xr-alkyne 
intermediates involved in the formation of  the vinylidene species? These are 
some open questions to be answered in the future. The synthesis of the complexes 
Os(cp)Cl(CO)(pipr3) and Os(HBpz3)CI(CO)(pipr3) is also noteworthy; these com- 
plexes could be appropriate entries for future developments of  osmium chemistry. 

We have also underlined the potential of  the OsHCI(CO)(P/Pr3)2 complex in ho- 
mogeneous catalytic reactions, showing that derived Os('q2-H2) intermediates are 
formed under catalytic conditions. Stoichiometric and catalytic reactions involving 
the title complex have advanced together. 

In spite of  the rich chemistry developed starting from the OsHCI(CO)(pipr3)2 
complex, the presence of  a carbonyl group in its coordination sphere is probably 
a limitation for some subsequent developments. In this context it seems impor- 
tant to mention the encouraging reactivity of  the related osmium(IV) complex, 
OsH2CI2(pipr3)2, that in methanol afford OsHCI(CO)(PiPr3)2 . We believe that 
both interrelated osmium complexes present not only a rich chemistry but also a 
promising future as starting materials in organometallic chemistry. 
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INTRODUCTION 

The discovery of polyhedral boranes and polyhedral heteroboranes, which con- 
tain at least one atom other than in the cage, initiated a new era in boron chemistry.l-4 
Most commonly, of the three commercially available isomeric dicarba-closo- 
dodecaborane carboranes(l,2-, 1,7-, and 1,12-), the 1,2-isomer 1 has been used 
for functionalization and connection to organic molecules. The highly delocalized 
three-dimensional cage bonding that characterizes these carboranes provides ex- 
tensive thermal and kinetic stabilization as well as photochemical stability in the 
ultraviolet and visible regions. The unusual icosahedral geometry of these species 
provides precise directional control of all exopolyhedral bonds. 

61 

Copyright © 2001 by Academic Press. 
All rights of reproduction In any form reserved. 

0065-3055/01 $35,00 



62 SANG OOK KANG AND JAEJUNG KO 

H H 

The dots represent 
carbons; all other 
vertices are B-H 

Although the similarity between benzene, the planar aromatic two-dimensional 
system, and the icosahedral three-dimensional carboranes may seem remote, there 
is much the two have in common. The reasons for the overall similarities in 
stability and reactivity in these two seemingly different molecules probably lie 
in their comparable molecular orbital systems. Benzene has six ¢r molecular 
orbitals, three bonding and three antibonding. 5 The six available "tr electrons 
nicely fill the bonding set. o-Carborane 1 accommodates 26 electrons in a sys- 
tem of 13 delocalized bonding molecular orbitals and thus resembles its two- 
dimensional analog benzene. 6 This similarity in molecular orbital description 
results in great thermodynamic stability for 1, as well as reactivity reminiscent 
of benzene. 

In recent years, the coordination behavior of organometallic compounds con- 
taining bidentate aromatic ligands such as 2-[(dimethylamino)methyl]phenyl 
(HArN), 7-11 1,2-benzenedithiol, 12-14 and o-bis(dimethylsilyl)benzene 15-18 has 
been the focus of extensive studies. The corresponding lithium compounds, LiAr N 
and (LiS)ECrH4, are the common starting materials for the preparation of new 
complexes. Although the HAt N, C6H4(SH)2, and o-bis(SiMeEH)C6H4 ligand sys- 
tem have been used extensively during the past decade as intramolecularly biden- 
tate coordinating ligands for many different metals, the three-dimensional ana- 
logues of these interesting compounds containing an o-carboranyl unit remain 
virtually unexplored. Considering the rich chemistry of aryl derivatives and the 
similarities in stability and reactivity between benzene and o-carborane, 
o-carborane may be promising for further transformations as a chelating 
ligand. 

In this account, we give an overview of chemistry of o-carboranyl derivatives. 
The following topics are discussed: (i) group IV-B derivatives (Si, Ge, Sn) of 
o-carborane, (ii) metal compounds containing an X,Y-carboranyl chelating li- 
gand, (iii) metal compounds containing a dithiolato-o-carborane, (iv) reactivity of 
o-carborane, and (v) ligand design derived from o-carborane. Although numerous 
works on the chemistry of 7,8-dicarba-nido-undecaborate on the coordinating be- 
havior of electron-rich elements such as sulfur and phosphorus 19-2~ and the C--C 
bond formation directing for the BNCT 23-25 have been well documented, these 
two areas are beyond the realm of this account. 
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GROUP IV-B DERIVATIVES (Si, Ge, Sn) OF o-CARBORANE 

A. Chemistry of Bissilyl and Bistanna o-Carboranyl Derivatives 

A primary objective of the syntheses of 1,2-bis(chlorodimethylsilyl)carborane 2 
has been the incorporation of the B10C2 carborane nuclei into the backbone of 
essentially inorganic polymers. Heying et  al. 26 has prepared compound 2 through 
the reaction of o-C10H10C2Li2 and 2 equiv, of Me2SiC12. 

CI CI / \ Li Li Me2Si~iMe2 
2Me2SiCI2 ~,- 

CI CI H 
/ \ NH3 Me2S~ ile2 P- Me2Si/a~si~ Me2 

H20 

Me2S~Me2 

4 
When 1,2-bis(chlorodimethylsilyl)carborane 2 was treated with ammonia, an 

amminolysis reaction occurred to give the cyclic tetramethyldisilaazane 3, The 
ease with which this reaction occurs to form five-membered ring bears notice. 
Hydrolysis of 2 gives cyclic siloxane compound 4. Utilization of the same general 
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preparative procedure as for 2 has proven quite satisfactory for the preparation of 
1,2-bis(chlorodimethylgermyl)carborane 5 and 1,2-bis(chlorodimethyltin)carbo- 
rane 6. Employment of an aryl- instead of alkyl-substituted dichlorotin deri- 
vatives resulted in a noncyclic and difunctional compound. In the reaction 
of (C6H5)ESn2C12 with p-Bl0H10C2Li2, polymeric material 7 was obtained 
exclusively. 

C6Hs CsHs 

C6Hs C6Hs 

CI CI 
M _/ \ e2bn~nMe2 

6 ,l Li2PPh 

Me2 

Me2 

Na2Fe(CO)4 
Me2 

n/Fe(CO)4 

Me2 

Me2 

/ ! 

Me2 

9 10 

The difunctional 1,2-bis(chlorodimethyltin)carborane 6 is a useful starting ma- 
terial for further reactions. Recently, we 27 reported that the compound 6 reacted 
with Na2Fe(CO)4 to give the orange distannairon compound 8 in high yield. Cyclic 
distannaphosphane compound 9 has been prepared. Treatment of 6 with Li2NBu 
gave the cyclic five-membered product 10. The X-ray structure analysis of 9 reveals 
an expected structural feature. The cyclic five-membered configuration C2Sn2P is 
bent, and the phenyl group in P is perpendicular to the bisector of Sn2C2 frag- 
ment. Analogous to the tin compound, the germanium compound 5 reacted with 
Na2Fe(CO)4, LizPC6H5, and Li2NBu to give the digermylairon, phosphane, and 
azane products, respectively. 
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B. Double Silylation Reaction of o-Bis(silyl)carborane 

The double silylation reaction, pioneered by Kumada and co-workers, 28 is a 
convenient synthetic route for obtaining compounds in which two Si--C bonds 
are created by the addition of two silicon units to unsaturated organic substrates 
such as alkynes, 29-31 alkenes, 32-34 and 1,3-dienes. 35-37 Platinum and nickel com- 
plexes are excellent catalysts for the transformation of silicon-containing linear 
compounds and for hydrosilylation. Alkynes and olefins underwent dehydrogena- 
tive 1,2-double silylation with o-bis(dimethylsilyl)benzene A in the presence of a 
catalytic amount of Pt or Ni compounds to afford benzo-1,4-disilacyclohexene. Its 
congener, 1,2-bis(dimethylsilyl)carborane 11, remains virtually unexplored. Re- 
cently, we 38-39 reported the cyclic bis(silyl)platinum complex 12 which is a key 
intermediate in the platinum-catalyzed double silylation of alkynes. The 29Si NMR 
spectrum of 12 shows the expected pattern of a doublet of doublets (1Jr~_si = 
1238.6Hz, 2Jsi-P(trans) = 148.8 Hz, 2Jsi-P(cis) = 12.8 Hz) from coupling to two 
different 31p nuclei, along with satellites arising from coupling to 195pt. The 
29Si NMR resonsnce of 39.6 ppm, a doublet of doublets, strongly resembles the 
literature values for the cis-PtSizP2 complexes. 4° 

Me2 Me2 
i- H ~ S i - H  

i-H "~ /J " -  ~" SJ- H 
Ms2 Me2 

A 11 

Me2 Me2 ~ Si--H Pt(CH2=CH2)(PPh3)2 j " ~ . ~ j -  Si PPh3 

--SieH ~ S / 2 \ P P h  3 

12 

Complex 12 was found to be a good reactant in the double-silylation reac- 
tion. Thus, thermolysis of a toluene solution of 12 and diphenylacetylene at 
120°C for 12 h afforded 5,6-carboranylene- 1,1,4,4-tetramethyl-2,3-diphenyl- 1,4- 
disilacyclohex-2-ene 13. When 1-hexyne was employed in the reaction with 12 
under the same reaction conditions, the five-membered disila ring compound 18 
was isolated. A key feature in the 1H NMR spectrum of 18 includes a singlet at 
6.24 ppm assigned to the vinyl proton. A characteristic high-frequency 13C NMR 
resonance at 138.50 ppm provides evidence for a tethered sp 2 carbon atom between 
the two silicon atoms. 
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Me2 
Si PPh3 

S~Pph 3 Me2 

RC~---CR' 

n-C4HsC---CH 

Me2 

r ~  Si ,H 

 c=c / / \ 
~ i ~ e 2  C4Hg-n 

18 

Me 2 

~ S(.~_.R (3) 

Si R' 
Me2 

13 R= R'=Ph 

14 R= Ph, R '=H  

15 R= R'= Et 

16 R= R '=Me 

17 R = R'= COOMe 

Me2 
. ~ S i  PPh3 / 

~ . S  / \PPh3 
Me2 

NC H 

H 

3 ph ~ " / ~ O  

Me2 

Ph~ 19 

Me2 
N/si~ ~ 

Me2Si, SiMe2 
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Thermolysis of 12 with trans-cinnamaldehyde afforded the insertion com- 
pound 19, formed through the di-insertion of two carbonyl ligands into the C--Si 
bond of 12. The reaction of 12 with fumaronitrile yielded the cyclization prod- 
uct 20. X-ray study revealed 20 to be a cyclization product which contains two 
types of disilyl moieties, imino and N,N-bis(silyl)amino, which are connected by 
a five-membered ring. 

The double silylation reactions of 12 were stoichiometric processes involving 
reaction of a stable PtSi2P2 complex with a variety of unsaturated organic sub- 
strates. A catalytic process would be preferred. Recently we 41-42 have succeeded 
in the isolation of the bis(silyl)nickel complex that would be suitable as a catalyst. 
The reaction of 1,2-bis(dimethylsilyl)carborane with Ni(PEt3)4 yielded the cyclic 
bis(silyl)nickel complex 21. Complex 21 was found to be a good catalyst for the 
double silylation reaction of alkynes and alkenes. Thus, the reaction of I with 
RC--=CR ' in the presence of a catalytic amount of 21 afforded the six-membered 
disilylene ring compounds o-BIoH~oC2(SiMe2)2(CR=CW) 22--26. In contrast, 
the reaction of bis(trimethylsilyl)acetylene with 11 in the presence of a catalytic 
amount of 21 afforded the six-membered disilylene ring compound 27 and the 
five-membered disilylene ring compound 28. 

SigH 
Ni(PE~)4 ~ / Ni(PEta)2 

SIgH ~ ~SI Me2 Me2 

11 21 

e 3 '  ~ . 
RC~---CR , 

Mo2 
~ S i  I~SiMe: ~Me2kc~---dSiMe3 

"t~o2 SiMe3 Me2 

27 28 

Me2 

Me2 

22 R = R ' =  Ph 

23 R= Ph, R '=H 

24 R= R'= Et 

25 R= R'=Me 

26 R= Ph, R'= Me 
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The disilanickela compound 21 is not effective in the nickel-catalyzed dou- 
ble silylation reaction with styrene. However, the stoichiometric reaction of 21 
with styrene afforded 4,5-carboranylene-1,1,3,3-tetramethyl-2-phenylmethylene- 
1,3-disilacyclopentane 29. A key feature in the 1H NMR spectrum of 29 includes 
a singlet at 7.71 ppm assigned to the vinyl proton. A characteristic low-frequency 
~3C NMR resonance at 139.75 ppm provides evidence for a tethered carbon atom 
of the two silicon moieties. Unambiguous confirmation was provided by X-ray 
crystallographic analysis of 29. 

The disilanickela complex 21 is an effective catalyst for the double silylation of 
some alkenes. Thus, reaction of 11 with 2 equiv, of 4-vinylanisole in the presence of 
a catalytic amount of 21 afforded a moderate yield of the five-membered disilylene 
compound 30. However, treatment of 11 with 1.2 equiv, of 1,1-diphenylethylene 
in the presence of a catalytic amount of 21 gave five-membered disilylene ring 
compound 31, which contained a saturated side chain. 

~ Me2 
SigH 

SigH 
Me2 

+ 21 
H2C=CHC6H4OCH3 ~ Me2 H 

/c=c 

OCH3 
30 

H2C=CPh2 

~ M e 2  s~ /H 
s(C\cHPh2 
Me2 

31 

The disilanickela complex 21 was also found to be a good catalyst for the 
dehydrogenative double silylation of aldehydes. The nickel-catalyzed reactions 
of 1,2-bis(dimethylsilyl)carborane 11 with aldehydes such as isobutyraldehyde, 
trimethylacetaldehyde, hexanal, and benzaldehyde afforded 5,6-carboranylene- 
2-oxa-l,4-disilacyclohexane. 32,34,36 The dehydrogenative 1,4-double silylation of 
methacrolein and trans-4-phenyl-3-buten-2-one in the presence of a catalytic 
amount of Ni(PEt3)4 also took place under similar conditions. In contrast, the reac- 
tion of 11 with ct-methyl-trans-cinnamaldehyde and trans-cinnamaldehyde under 
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the same reaction conditions yielded products formed via the di-insertion of two 
carbonyl ligands into the C--Si bond of 11. The reaction of 21 with diphenylketene 
yielded the 1,2-adduct across the carbonyl group. 

Me2 Me2 
RcHo o 

i__H + Ni(PEt'3)4 ~ S i ~ . , .  R 

Me2 Me2 

al 

R 3 / ~ ~ O  
R2 

Me2 

H 

Si--O~R3 

R2 

37; R1 = H, R2 = Me, R3 =H 39; 

38; R1 = Me, R2 = Me,  R 3 = Ph 40; 

Me2Si 

Re 

32; R = iC3H 7 

33; R = CMe3 

34; R = (CH2)4CH3 
35; R = Ph 

36; R = C6H4-CN-4 

~O~siMe2 

o/R,, 

R 1 = Ph, R 2 = CH 3 

R1 = Ph, R 2 = H 

C. Reactivity of Strained Compounds, o-Carboranylene- 1,2-disilacyclobutene 

There exists considerable interest in cyclic molecules containing Si--Si and 
Si--C bonds because these compounds have been shown to undergo insertion re- 
actions with small molecules, intermolecular ring enlargements, and ring-opening 
polymerization (ROP) reactions. 43-44 Concomitantly there has been interest in 
the incorporation of carboranes into organic and silicon-containing polymers to 
make advanced thermooxidatively stable materials and ceramic precusors. 
Recently, Rege e t  al. 45 reported that the novel strained compound 1,2-(1,1,2,2- 
tetramethyldisilane-l,2)carborane 41 was synthesized by the reaction of 1,2- 
dilithiocarborane and dichlorotetrarnethyldisilane. 

In contrast to its organic analog, o-(disilanyl)-phenylene, 46 the reaction of 41 
with ethanol leads to cleavage of a S i C  bond rather than a Si--Si bond. 
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~ _i CIMe2SiSiMe2CI ~ i  iMe2 

Li ~ ~SiMe2 

41 

Similar to other cyclic disilanes, exposure of a solution of 41 to oxygen leads 
to the insertion product of an oxygen into the Si--Si bond. Compound 4 had been 
made previously by reacting 1-120 with 1,2-bis(chlorodimethylsilyl)carborane. 
Compound 41 does not polymerize spontaneously at room temperature or in the 
presence of AICIa. The contrast in reactivity between o-(disilanyl)phenylene and 
41 is presumably due to a lack of significant electron delocalization between the 
Si atoms and the carborane cage in 41. Recently, we 46 reported the synthesis of 
1,2-(1,1,2,2,-tetraethyldisilane)carborane 43 by the reaction of B10H10C2Li2 with 
tetraethyldichlorosilane. 

Me2 

''SiMe2 ~ H  OEt 

41 42 

02 

Me2 

Me2 

~ _i CEt2SiSiEt2CI ~ i  iEt2 

Li ~"~// ~SiEt2 

43 

Compound 43 is a colorless solid stable to air and to brief heating to 120 ~ 124 ° C. 
Similar to its organic analogue, 3,4-benzo- 1,1,2,2-tetraethyl- 1,2-disilacyclobut-3- 
one, compound 43 shows interesting chemical behavior. Thermolysis of a toluene 
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solution of 43 and phenylacetylene in a 1:6 molar ratio at 120°C for 48 h in the 
presence of a catalytic amount of Pd(PPh3)4 afforded 5,6-carboranylene-l,l,4,4- 
tetraethyl-2-phenyl- 1,4-disilacyclohex-2-ene 44. The reaction of 43 with benzalde- 
hyde in the presence of a catalytic amount of Pd(PPh3)4 at 140~160°C afforded 
5,6-carboranylene- 1,1,4,4-tetraethyl-2-oxa-3-phenyl- 1,4-disilacyclohexane 45. 
Similar nickel-catalyzed reaction of 43 with benzonitrile gave the cyclic six- 
membered product 46 in 42% yield. 

Et2 

"Si \H Et2 

43 ~C~N/Pd(PPh3)4  

Et2 

Et2 

~ s i \  o 

44 

~ S i ~  

45 46 

D. Organotin Compounds Containing the C,N-Chelating 
o-Carboranylamino Ligand 

Organometallic compounds that have interesting properties and special reac- 
tivity can be prepared using C,N-chelating ligands. 47-49 These properties are at- 
tributable to an extention of their coordination number by intramolecular coordi- 
nation of a C,N-chelating ligand. Recently, we 5° have investigated the synthesis of 
intramolecularly coordinated organotin compounds bearing a bulky o-carborane 
unit that might potentially stabilize the pentacoordinate tin center. Thus, the reac- 
tion of Li Cab c'N 47 with organotin halides afforded a variety of organotin com- 
plexes containing the o-carboranylamino ligand. 1H and 119Sn NMR spectroscopy 
indicates that the tin center in (CabC'N)SnR1R2X is pentacoordinate as a result of 
intramolecular Sn-N coordination. The reaction of 2 equiv, of (CabC'N)SnMe3 with 
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HgCI2 results in transmetalation of (CabC'rq)SnMe3, giving the diorganomercury 
compound (CabC'N)2Hg 52. 

Me2 
N 

Li Cab c,N 

47 

R1R2SnX 

R 2 Me2 

(CabC, N)SnN1R2X 

48;R I=R e=Me, X=CI 
49; R 1 = R 2 = Ph, X = CI 

50;R I = R  2=Me, X=Br 
51;R1 = R2=X, X=CI  

The mercury atom is four-coordinate, both nitrogen atoms being involved in 
intramolecular coordination. The reaction of (CabC'rq)SnMe2Br with Na afforded 
the bis(o-carboranylamino)distannane [(CabC'N)SnMe2]2 53. The two tin atoms 
exhibit approximately trigonal-bipyramidal geometry. 

MR Me2 

Me 

BrJ ~ Na r ~  Me Me 
Me2N Sn ~ N  

M e'*"" "" ! M 
Me2 

50 53 

E. Metal Complexes Containing the P, Si-Chelating 
o-Carboranylphosphino Ligand 

Phosphinoalkylsilanes as chelate ligands with transition metals have been stud- 
ied, principally to provide a better understanding of metal-catalyzed industrial 
reactions such as hydrosilylation. 51 Although many examples of bis-chelate metal 
complexes possessing a cis-arrangement of the phosphinoaikylsilyl ligands in a 
typical square-planar M(II)(M = Pd, Pt) environment have been synthesized, 52 
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few trans bis-chelates have received scrutiny due to their inaccessibility. Recently, 
we 53 reported the general synthesis of a new class of stable trans bis-chelates with 
a bulky o-carborane. The synthesis of phosphinosilanes 55-57 is shown schemati- 
cally in Eq. (1). 

H 
/ 

H H H PR2 Me2Si/ PR2 

2. R2PCI 2. HMe2SiCI \~}-k~-.~/ 
(1) 

54 55; R = Me 

56; R = OEt 

57; R =Ph 

The reaction of (PPh3)2Pt(C2H4) and phosphinosilanes 55,56 leads to trans- 
(CabP'Si)2pt. A trans-arrangement for the phosphinosilyl ligands in a typical square 
planar Pt(II) environment is proposed by 1Jr~_p values in the range of 4049-4055 Hz 
for compound 56. This conclusion was substantiated for compound 56 by a single- 
crystal X-ray study. Initial attempts to isomerize trans isomer have been unsuc- 
cessful. However, in the presence of dimethyl acetylenedicarboxylate (DMAD) the 
trans isomer 56 cleanly rearranges to the thermodynamically favored cis isomer, 
cis-(CabP'Si)2Pt 57, at 110°C within an hour. 

H 
M e 2 S ~ P R 2  

(PPh3)2Pt(C2H4) R2P SiMe2 R2P~ jSiMe2 ~,pt_// DMAD ./Pt~ 

55 56 57 

trans-( Cab Si,P) 2Pt ci$-(CabSi,P)2Pt 

Other Group 10 metal complexes, such as Pd2(dba)3 and Pt(cod)z, were tested 
for chelate-assisted oxidative addition of 55. Use of Pd2(dba)3 in the reaction of 55 
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give bis-chelates 58 and 59 in 34% yield with trans:cis ratio of 2:1. The reaction 
of Pd2(dba)3 with 56 and 57, on the other hand, is cis-selective, producing the 
compounds 611-61. These results indicate that the stereoselectivity of the reaction 
is dependent on the electronic and steric characteristics of the ligands around the 
metal center. The Pt complex, (PPh3)2Pt(C2I-I4), reacted with 55 to generate the 
chelating cis-Pt(U) hydrido silyl complex (CabP'Si)pt(H)(PPh3) 62. In a similar 
fashion, 55 was found to react cleanly with Pt(cod)2 and (Cab)PPh2 to provide the 
sterically encumbered cis Pt(/I) hydrido silyl complex (CabZSi)pt(H)[(Cab)PPh2] 
63. Although the hydride ligand was not located by X-ray diffraction, its 
presence was confirmed by its 1H NMR resonance operating at around 
8-1(1JPt.n~ 1120 Hz). 

H 
Me2Si~Me2 

Pd2(dba)3 =' 

H 
MesS,~ R2R i'/ "P = OEt, Ph 

Me2P\ /SiMe2 Me2P,,, /SiMe2 
Pd~ + P ~  

MesS~Me2 Me Me2 

58 59 

trans-(CabSi,P)2Pd cis-(CabSi,P)2Pd 

RsP~. 7SiMe2 
Pd 

R2P~Me2 

cis-(CabSi,P)2Pd 

60; R = OEt 

61; R = Ph 
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H 
M e 2 S ~ P h 2  

55 

(PPh3)2Pt(C2H4) 

H .PPh3 

Me2Si / "PPh2 

62 

Pt(cod)2 / L = (Cab)PPh2 

H'-pt/L 
Me2Si / ~PPh2 

63 

F. Organotin Compounds Containing a C,P-Chelating 
o-Carboranylphosphino Ligand 

Although triorganotin halides containing a C,Y-chelating ligand in which 
Y ---- nitrogen atom or oxygen atom containing substituents have been intensively 
studied, 54-56 few compounds 57-58 containing phosphorus substitutents 64-65 
have been reported. Recently, we 59 reported the synthesis of intramolecularly 
coordinated organotin compounds beating a bulky o-carborane unit and phos- 
phorus unit. The reaction of LiCab c'P 66--67 with organotin halides afforded com- 
pounds 68-71. 1H, 31p, and 119Sn NMR spectroscopy of 68---71 indicates that the 
tin center is pentacoordinate as a result of intramolecular Sn~--P coordination. 
The X-ray crystallographic studies of 68 and 70 show that the Sn~--P coordina- 
tion is relatively weak. Substitution reactions of 68 with NaI, NaB(CN)H3, and 
NaCpFe(CO)2 readily occur to give the expected products with the moiety in- 
tact. The compound 68 also reacted with Pd2(dba)3 or Pt(cod)2 to give the chloro 
bridged dinuclear complexes. Compound 68 is easily cleaved by donor molecules 
such as pyridine or triethylphosphine to give the mononuclear compound 74. In 
a fashion similar to that of (CabC'N)SnR1R2X, the Wurtz type reaction of 69 with 
Na afforded the bis(o-carboranylphosphino)distannane [(CabC'P)SnMe2]2 76. The 



~ °  I ,,,"Me Sn" 
I~e CI 

P" Sn'~" Ph 

cI 
P 

Ph2 

64 65 L in 
Me2SnX 2 

Me Ph2 

x / ~  )° 

66; n = O  

67; n = 1 

M~ 
M e ~  
CI/..Sn ~ PPh2 

Pd2(dba)3 

or Pt(cod)2 

68; n = O ,  X = C I  

69; n=O, X=Br  

70; n = l ,  X = C I  

71; n = l ,  X = B r  

Me2 Ph2 ~ ~/c, p ~  

Ph2 Me2 

68 

~ t 3  
Me2 
Sn .CI 

/ \ ,  
Ph2 

72; M = P d  

73; M = Pt 

74; L = pyridine 

75; L = PEt3 
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Me 
Me~ 

Sn~ PPh2 
CLJ Na 

Ph2P~s ;  Me Me 
n --S ~'~ 

M e"~' M PPh2 

76 

l Pd2(dba)3 

Ph2P~ ~SnMe2 

P h 2 ~  riMe2 

77 

reaction of 76 with Pd2(dba)3 afforded bis-chelate palladium compound 77 in high 
yield. The structure of 77 was unambiguously determined by single-crystal X-ray 
crystallography. 

lU 
METAL COMPOUNDS CONTAINING AN X,Y-CARBOFIANYL 

CHELATING LIGAND 

A. Metal Compounds Containing a B,N- or B,P-Carboranyl Chelating Ligand 

Organometallic compounds containing the bidentate ligand 2-[(dimethylamino) 
methyl]phenyl(HAr ~) have been extensively studied. Many subclasses of these 
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interesting compounds such as phenylazo-, N,N-dialkylamino-, and diphenylphos- 
phino derivatives of o-carborane remain virtually unexplored. Recently, Zakharkin 
and co-workers 6° have reported the synthesis of such intramolecularly coordinated 
complexes using ligands 78-80. The method involves cyclometallation of carbo- 
ranes containing substituents with a donor atom such as nitrogen or phosphorus. 
Thus, the reaction of carborane azo-derivative with carbonyl compounds of man- 
ganese and rhenium gives rise to the metallation of the carborane nucleus with the 
formation of exo-cyclic derivatives containing the B--M bond stabilized by the 
intramolecular interaction between the nitrogen and the transition metal atom A 
rather than the metallation of the benzene nucleus to form a benzochelate B. Both 
phenylazo derivative of o-carborane and N,N-dialkylaminomethylene carboranes 
can enter the cyclometailation reaction 83-84 with manganese, rhenium carbonyl 
complexes, and palladium complex 85. The diphenylphosphinomethylene carbo- 
rane 80 reacts with ruthenium or osmium salts under the conditions of reductive 
carbonylation to form hexa-coordinated complexes 86--87 in which one of the 
coordinated sites is occupied by the bridged B--H . . . .  M bond. Cyclometallation 
of 80 occurs under the action of Rh(I) complexes in the presence of pyridine as 
coligands to give stable chelated B-tr-carboranyl compounds. The compound 54 
reacts with a bivalent palladium compound to form a donor complex of trans- 
configuration. Heating this complex in toluene gives a mixture of monomeric and 
dimeric cyclometallated products 90,91. 

( ~  N Me2 

HAr N 78 79 

PPh2 

80 54 

N~-N 

A B 
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N~N 
MeM(CO)5 

78 81; M=Mn 
82; M = Re 

__NMe2 
( O C ) 4 M ~  

83; M=Mn 

84; M = Re 

Me2 
B.pd/Cl"~p.d / N~ 

NC %,/\~ 
85 

CI 
Ph2 H 

F.~--P,gm,, ,,,~'~ \B~ . . -~k  

86; M = Ru 

87; M = Os 

H 
Ph2 I H 

..... M ...... 

88; M = Rh 

89; M = Ir 

Ph2 

P'~pd j C I  

i ~ L  

90 

Ph2 ~ .~  
c, 

Ph2 
91 
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B. Metal Compounds Containing a C,N-Carboranyl Chelating Ligand 

Recently, we 61 have developed the possibility of synthesizing intramolecularly 
coordinated complexes using the HCab N system. Thus, the reaction of LiCab N with 
GaR2C1 in a 1:1 ratio produced the four-coordinated metallacyclic organogaUium 
compounds CabC'NGaRz, in which the gallium atom was stabilized via an in- 
tramolecular C,N-coordination. Compound 92 with Lewis acidic character readily 
reacted with the base pyridine to yield the adduct Cabr~GaC12.NCsH5 94. Reac- 
tion of LiCab N with GaCI3 in a 2:1 ratio afforded the bis[(dimethylamino)methyl)- 
o-carboranyl]gallium (CabN)2GaC195. The NMR spectra revealed that intramolec- 
ular Ga-N coordination occurs in solution, resulting in a pentacoordinate 
(CabN)2GaC1 structure. The trigonal-bypyramidal coordination of the gallium cen- 
ter was confirmed by single-crystal X-ray determination of compound 95. 

M e 2 h ~ / ~  

92; R = C I  
93; R = CH3 94 95 

Me2 Me2 Me2 N 

Et2S 

96 97 98 

Some five-membered chelated N,N-dialkylaminomethyl derivatives of o- 
carborane, which contain a carbon tr bond with Cu, Pd, and Pt, were reported by 
Zakharkin et  al. 6° T h e  preparation was achieved by the reaction of an N,N- 
dialkylaminomethyl-o-carboranyllithium with CuCI, (C6HsCN)2PdCI2, t rans-  

(Et2S)PtC12, and (C6HsCN)2PtC12. The reaction of l-lithium-2-N~t-dimethyl- 
aminomethyl-o-carborane with CuC1 gave bis(N,N-dimethylaminomethyl-o- 
carboranyl)copper 96. The palladium compound 97 was prepared by the reac- 
tion of I-lithium-2- N,N-diethylaminomethyl-o-carborane with (C6HsCN)2PdC12. 
Recently, we 62 prepared the rhodium and iridium compounds chelated by an 
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intramolecular C,N-coordination by the reaction of the dimeric metal complexes 
e f ~ - c ~  [M(p.-C1)(cod)]2(M = Rh, Ir; cod = cycloocta- 1,5-diene) and 2 quiv. o Litcao . 

The palladium and platinum compounds 101-102 were obtained by the same syn- 
thetic application as for compounds 99-100. 

R 

M M 

M e 2 N ~  M e 2 N ~  

99; M = Rh 
100; M = Ir 

101; M=Pd, R=H 

102; M--Pt, R = CH3 

C. Metal Compounds Containing an S,N- or S,P-Carboranyl Chelating Ligand 

Although transition metal compounds containing an S,N-aromatic chelation li- 
gandhave been well documented, the analogous compounds containing a carboranyl 
unit have remained unexplored. Recently, we 63 prepared an ortho-carboranethiolate 
ligand with a tertiary amine substituent which can stabilize the metal center by 
blocking specific coordination sites. Thus, the reaction of [M(ix-C1)(cod)]2(M = 
Rh, It) with 2 equiv, of 2-(dimethylaminomethyl)-1-(litlfmmthiolato)-ortho-carbo- 
rane 103 produced the four-coordinated metallacyclic compounds, CabN'SM(cod), 
in which the metal atom was stabilized via intramolecular N,S-coordination. 
The aminothiolato ligand LiCab N's is sterically more demanding than the cor- 
responding thiolato ligand. 64 Indeed, the reaction of 103 with [Cp*IrC12]2 afforded 

NMe2 Li- - -NMe2 ~ / M  ~I-NMe2 

[i(g-CI)(cod)]2.~ 

Li Cab N,S 

103 

104; M = Rh 
105; M = Ir 
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Li- - -NMe2 

Li Cab N,S 

103 

[Cp*lrCI2]2 N.~ 

106 

Li 
s 

S' PPh2 

107 

[M(~-CI)(cod)]2 

M=Rh, Ir 

M 

S / ~PPh2 

108; M = Rh 

109; M = Ir 

I CO 

Ph2R S CO 

\M / \M / 
OC / ~ S  / ~PPh2 

110; M = Rh 

111; M = Ir 
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the cyclometalated compound 106 with an intramolecular coordination of the 
aminomethyl fragment. Intramolecular oxidative addition of the or tho  B--H bond 
readily proceeds to give a four-membered ring compound with a thiolato group. 
The structure of 106 reveals a three-legged piano-stool geometry with the irid- 
ium(III) center coordinated by the "qS-Cp* and an "q3-[o-BC2BqH9S(CHzNMeE)- 
N,S]- cyclometalated ligand. 

The design of new bimetallic complexes involved the use of a newly assem- 
bled ES-chelating ligand containing the bulky o-carborane backbone. We 65 re- 
ported that the reaction of [M(p~-Cl)(cod)]2(M =Rh, It) with 2 equiv, of 107 
produced the four-coordinated metallacyclic compounds (CabP'S)M(cod)(M = 
Rh, It) 108-109. Bubbling carbon monoxide in the compounds 108-109 led 
to formation of the bimetallic P,S-chelate complexes[(CabP'S)M(CO)]2 110-111. 
The catalytic activity of the bimetallic rhodium complex 110 was tested for car- 
bonylation of methanol. Complex 110 is much more effective in catalyzing the 
carbonylation of methanol to acetic acid than the previously known catalyst 
[RhI2(CO)2]-. 

IV 

METAL COMPOUNDS CONTAINING A DITHIOLATO-o-CARBORANE 

The synthesis and study of organometallic complexes possessing an ancillary 
dithio-o-carboranyl ligand have continued to receive attention. In 1,2-dimercapto- 
o-carborane the sulfur donor atom is not only attached to a highly electronega- 
tive moiety but also constrained in a system of rigid geometry. This can facilitate 
the preparation of a variety of transition metal complexes with unusual reactivity 
and coordination geometry. The ligand can be easily prepared by the reaction of 
the dilithio carborane with elemental sulfur followed by treatment of the hydro- 
lysis. Smith e t  al.  66 carried out an extensive investigation of the reaction of the 
bis(mercapto)carborane 112 with transition metal complexes. The bis(mercapto) 
compound readily reacted with dichlorobis(triphenylphosphine)nickel(II) to give 
the cyclic product. Some nickel(II) and cobalt(II) salts have been found to react 
readily with 1,2-bis(mercapto)-o-carborane 112 in the presence of the tetraeth- 
ylammonium cation to yield square-planar MS42-(M = Co, Ni) complexes. The 
reaction of gold(I) complexes with 1,2-bis(mercapto)-o-carborane gave a variety 
of gold products with unusual coordination geometry. Laguna et  al. 67 reported 
that treatment of 1,2-dimercapto-o-carborane with 2 equiv, of PPh3AuC1 in the 
presence of NazCO3 gave the dinuclear complex [Au2(p~-SzC2BloHlo)(PPh3)2] 
115. Further reaction of 115 with [Au(OTf)(PPh3)] leads to the trinuclear species 
[Aua(S2C2B loH10)(PPha)3](OTf) 116. On the other hand, the reaction of 1,2-dimer- 
capto-o-carborane with [N(PPh3)E][AuC14] resulted in the formation of the 
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I..i Li LiS SLi 

I(CsHs)3P]2NiCI2 ]l= 

H20 ~ H S ~ H  

112 
Ph3P\ /PPh3 

S Ni ~S 

HS SH 

+ MCI2 
(Et4N)Br 

113; M = CO 

114; M=Ni 

SH 

SH 
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/Au(PPh3) ] + 
jS--Au(PPh3) ~ S s ~  / 2 (PPh3)AuC/ ~ Au(OTf)(PPh3) A u--PPh3 
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~ ~ P - - A u C I  

[N(PPhs)2][AuCI4] ~ ' ~  P--AuCI 
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homoleptic gold(III) compound Q[Au(S2C2BloH10)z] 117. Although the most com- 
monly observed geometry for gold(l) is linear two-coordinate, the reaction of 112 
with 1,2-bis(diphenylphosphino)-o-carborane does not afford the expected com- 
plex [Au2{Ix-(PPh3)2C2BloH10}(p~-S2C2BloH10)]. Instead, a tetranuclear complex 
118 is formed; it displays short gold-gold contacts and has two tetrahedrally coordi- 
nated gold atoms. This fact could be attributed to the presence of rigid o-carborane 
backbones which should promote chelation. 

As an alternative to the conjugated thiol ligands such as toluene 1,2-dithiolate 
and 1,2-dicyanoethylene-l,2-dithiolate, the compound 119 can be utilized in the 
synthesis of luminescent square-planar platinum diimine (i.e., phenanthroline 
and bypyridine) complexes. Grinstaff et al. 68 reported the synthesis of novel 
diimine dithiolate o-carborane platinum(II) complexes that are photochemically 
stable, soluble in solvents of varying polarities, and potent oxidizing agents in 
their excited state. 4,7-Diphenyl-1,10-phenanthroline [1,2-dithiolato-1,2-dicarba- 
closo-dodecaborane]platinum 119 was synthesized as shown below. These novel 
platinum diimine thiolate o-carborane complexes possess several favorable prop- 
erties, including an intense visible charge-transfer band, increased solubility, and 
an energetic excited state. 

Cl\ / N I / ~  
c l /Pt~NA ~ 

sOL\ s 

HS SH 

119 

S Rh \S 

120 121 122 
Interest in the synthesis and reactivity of coordinatively unsaturated low-valent 

metal complexes has led to the use of an o-carboranedithiolato ligand in the for- 
mation of metalladithiolene ring complexes. Recently, w e  69-70 and Wrackmeyer 
et al. 71-72 have reported on the synthesis of the 16e cobalt, rhodium, and iridium 
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complexes. These complexes may be promising for further transformations owing 
to the electron deficiency at the metal center, the reactivity of the metal-sulfur 
bonds, and the potential activation of B-H bonds of the carborane cage at sites close 
to the metal atom. The mononuclear 16-electron dithio-o-carboranylcobalt(III) 
complex CpCo(S2C2Ba0Hlo) 120 was obtained by the reaction of CpCo(CO)I2 
with dilithium dithio-o-carborane. Complex 120 was found to be a good pre- 
cursor for other addition reactions. It reacts with a variety of substrates such 
as CpCo(C2H4)2, alkynes, and a diazoalkane, generating a new class of dithio- 
o-carboranylcobalt(III) compounds incorporating a CpCo unit and alkene and 
alkylidene ligands. The reaction of [Cp*RhC12]2 with dilithium dithio-o-carborane 
afforded the 16-elelctron rhodium(liD half-sandwich complex Cp*Rh[SzCa 
(Ba0Ha0)] 121. The 18-electron trimethylphosphine rhodium(III) half-sandwich 
Cp*Rh(PMe3)[SaCa(BmH10)] 125 was prepared from the reaction of Cp*RhCIz 
(PMe3) with the same dichalcogenolate. The complex 125 could also be obtained 
from the reaction of 121 with trimethylphosphine, Interestingly enough, addition 
of an alkyne to 121, followed by insertion into the flexible Rh--S bond, starts a 

CpCo(C2H4)2 
120 .~ 

R 1 C ~ C R 2 ~  

Co<--CO 

/ -Co----.-.. C.~" R1 

122; R1 = R2 = CH3OCO 

123; R1 = H, R2 = Ph 

121 

y - c  

S f ~ . 
SIMe3 

124 
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fascinating interplay between 16e and 18e complexes and makes use of all reactive 
sites. Thus, the reaction of 121 with methyl carboxylate afforded the B(3)/(6)- 
disubstituted 16e complex 126. In contrast, the reaction of 121 with acetylene 
dimethyldicarboxylate gave the 18e complex 127. The structure of 127 has been 
confirmed by an X-ray structural study which showed a planar rhodadithiolene five- 
membered ring, as expected for a 16e species. This electron count is also in agree- 
ment with the magnetic deshielding of the l°3Rh nucleus(~(l°3Rh) = +1210 + 5, 
close to that of 121 with ~(W3Rh) = +1165 4- 5). 

Rh 
PMe3 MeaP/ S~S 

121 = 

2CC~CC02Me 125 

MeO2CC~CH 

~ C O  Me 

126  

Complex 122 was prepared similarly to 121. Subsequent addition reactions of 
complex 122 with the nucleophiles PMe3, CNBu t, and CO yielded the correspond- 
ing complexes [Cp*Ir(S2CEB10Hlo)(PMe3)] 128, [Cp*Ir(S2C2BloH10)(CNBut)] 
129, and [Cp*Ir(SECEB10H10)(CO)] 130. Reaction of 122 with an excess of alkyne 
resulted in the incorporation of one alkyne molecule, giving Cp*[o-BCEB9HgSS 
{~q2-(R1C:=CR2)}-S] 131-132, containing a cyclometalated four-membered me- 
tallacycle ring of Ir-B-C-S and a coordinating alkenethiol group. Reaction of 121 
with (trimethylsilyl)diazomethane resulted in the formation of the bicyclic iridium 
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metal complex Cp*Ir[o-BC2B9HgSS(CH2SiMe3)-S,S] 133, in which cyclometa- 
lation of a coordinated dithiolato ligand at the iridium(m) metal center has oc- 
curred, accompanied by transfer of the methylene group to one end of the sulfur 
atom of the dithiolato ligand. On the other hand, the reaction of 122 with quadri- 
cyclane afforded the addition product Cp*Ir[C2B10H10SS{-ql-(CH:=CH)CsH6}-S] 
134, formed through the isomerization of a quadricyclane unit. 

RIC~CR 2 
121 

MeaSiCHN2 % ~  

131;R 1 =H ,R  2=Ph 

132; R 1 = R 2 = COOCH3 

134 

133 

V 

REACTIVITY OF o-CARBORANE 

The addition of o-carborane to electrophiles is one of the most important reac- 
tions to synthesize carboranes containing organic functional groups. Lithiocarbo- 
ranes which are readily prepared from butylithium with carboranes are widely 
utilized for C--C bond formation involving various functional groups. Recently, 
Yamamoto and co-workers have developed addition reactions of l i th io- ,  73 
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stannyl-, 74 and silylcarboranes 75 to various electrophiles, which are potentially 
useful for synthesizing biologically active functional carboranes. Thus, the func- 
tionalized o-carboranyl methanols 135-138 can be prepared by the addition of 
lithiocarborane to carbonyl compounds. The addition of o-carboranyltributyltin 
139 to aldehydes is catalyzed by [Pd2(dba)3].CHC13 giving the corresponding 
adducts, 1-(o-carboranyl)-l-methanol derivatives 140-143. The authors presume 
that the oxidative insertion of Pd0 into the C--Sn bond of 139 would produce the 
palladium(H) intermediate 144, and the addition of 144 to aldehydes would afford 
145, which would give 140-143 via reductive elimination (see Scheme 1). They 
have also found that BunNF facilitates the reaction of trimethylsilyl-o-carborane 
with aldehydes readily, giving the corresponding alcohols 146-147. The reaction 
is highly chemoselective. Thus, functional groups such as nitriles, esters, and ni- 
tro groups are tolerated, and the reaction takes place exclusively at the aldehyde 
group. 

Li 

o 
II 

+ R 1 OR 2 l i t  

R 
1 

OH 

135; R 1 = 2-naphthyl, R 2 =H 

136; R 1 = Ph, R 2 =H 

137; R 1 = p-MeOC6H4, R 2 =H 

138; R 1 = Ph, R 2=H 

SnBu3 

R'~ [Pd2dba3] CHCI3 
+ ? ~ O  

H 

139 

H20 

HO 

140; R ' =  Ph 

141; R' = p-BrC6H4 

142; R '=  BU n 

143; R' = PhHC=CH 

It is known that a carborane framework involves three-center two-electron bond- 
ing and is thus an elelctron-deficient cluster. Shatenshtein 76 reported that the pKa 
value of the C--H proton of c arborane is 23. Therefore, a proton attached to the car- 
bon of o-carborane could be deprotonated easily by a weak base, and the resulting 
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R' \ \  .. ,,~"~' 1 39 H 

~ OSnBu3 ~ Pd°Ln 

140- 14 

P.d~C--OSnBu3 SnBus 

144 
145 ~ 

R'~__ 0 
/ 

H 

SCHEME 1. Mechanism for the palladium catalyzed carboranylation of aldehydes. 

carbanion could react with electrophiles. Yamamoto et  aL 77 have found that 
o-carborane undergoes an addition reaction to carbonyl compounds in the pres- 
ence of TBAF, giving the corresponding o-carboranyl carbinols 150--153. The 
intramolecular cycloadditions of o-carboranes containing carbonyl moieties pro- 
ceeded by treatment with TBAF to give the corresponding five-, six- and seven- 
membered carboracycles, o-Carborane underwent a facile annulation reaction with 
various a, B-unsaturated enals and enones in the presence of aqueous TBAF, giving 
the corresponding five-membered carboracyclic product 154--157. 

R 

SiMe3 /~"~wOH 

Bu4NF 
+ RCHO = 

146; Ph 

147; CN-C6H 4 

148; Bu 

149; C3H 7 
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H H 

Bu4NF (3 equiv) 
+ RCHO J" 

H H 

R 1 R4 Bu4NF (3 equiv) 

R 

OH 

150; R = Ph 

151; R = PhCH2CH 2 

152; R = i - P r  

153; R = Me 

R 3 

R 2 " ~  "OH 

154; RI= CH3, R 2= H, R3= H, R4= H 

155; RI= OH3, R 2= OH3, R 3= H, R4=H 

156; RI= Ph,R2 = H, R3= H,R4= H 

157;R1= H, R2=H, R3=H, R4=H 

158 159 

The connection of the three-dimensional carboranes and classical aromatic com- 
pounds, the two-dimensional benzenes, has been a fertile area for exploration. 
1,2-Dehydrobenzene or benzyne 158 can be trapped by all manner of species. 1,2- 
Dehydro-o-carborane 159 has been shown to undergo many of the same reactions 
as its two-dimensional relative, 1,2-dehydrobenzene. Although dehydroaromatic 
molecules can be formed in a variety of ways, synthetic pathways to 1,2-dehydro- 
o-carborane are quite limited. An effective procedure reported so far78 first forms 
the dianion by deprotonation of o-carborane with 2 equiv, of butyllithium. Pre- 
cipitated dilithium carborane is then treated with 1 equiv, of bromine at 0°C to 
form the soluble bromo anion 160. Thermolysis of 160 with anthracene, furan, 
and thiophene as substrates leads to the adducts 161-164. 79-8° 1,2-Dehydro-o- 
carborane reacts with norbomadiene to give both homo 2+4 and 2+2 addition, 
leading to three products 165-167, in a 7:1 ratio 79. An acyclic diene, 2,3-dimethyl- 
1,3-butadiene, gives three products, 168 (4+2 reaction), 169 (2+2 reaction), and 
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170 (ene reaction), all of which have equivalents in the related chemistry of 
benzyne. 81 The relative yields of the three kinds of products are comparable for 159 
and benzyne 158. Ene product dominates the reactions of both 159 and benzyne, 
although for 159 the 2+2 cycloaddition is favored somewhat over 2+4 addition. 82 
Generation of 159 in the presence of 3-hexyne led to a single ene product 171. The 
1H NMR spectrum of 171 showed single hydrogens attached to the carborane cage 
(~ 3.72) and to a double bond (~ 5.52). A methyl doublet appeared at 8 1.72, as 
well as an ethyl group at ~ 0.94 and 2.08. Based on the spectroscopic analysis there 
can be little doubt that the structure of the product is 171. This provides a quite 
convenient synthesis of carboranylallenes, but it is clear that no useful amounts of 
2+2 adducts are formed. Jones et  al. 82 reasoned that a phenyl group would block 
one possible ene reaction and make the stepwise 2+2 cycloaddition more favor- 
able. In this event, two major products 172 and 173 are formed from the reaction 
of 159 with methylphenylacetylene in the ratio 3:1. The formation of compound 
172 is the first example of a carborane fused to an unsaturated four-membered 
ring. 

H H Li Li 

2 n-BuLi 

Li Br 

Br2 ~ 

160 

R 

161 162; R = H 

163; R = CH3 

164 

H \'~ ~ "' qH 

165 166 167 
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168 169 170 

H3CH2C~===C~___C H ph~GH3 
CH 3 

171 172 

Ph H 

173 

VI 

LIGAND DESIGN DERIVED FROM o-CARBORANE 

Olefin polymerizations are the most important reactions in the chemical in- 
dustry. Many catalysts have been developed to make this process more efficient 
and selective. It is known that bridged ligands have some interesting properties 
which can control the molecular geometry of the catalysts and afford complexes 
with solubility, and resistance to ligand redistribution. As a substitute for Cp, 
o-carborane may be a good candidate for the design of new ligands. Recently, 
Do et al. 83 reported that the reaction of LiECEBIoHI1 with 6,6-dimethylfulvene 
gave the ligand 174. The ligand 175, the dimethyl-silyl-bridged analogue of 174, 
was prepared from the reaction of Li2C2B 10Hi0 and (CsHs)SiMe2C1 in high yield. 
Treatment of Me2Si(C9HT)C1 with 1 equiv, of Li2C2B10Hlo gave, after hydro- 
lysis, the ligand Me2Si(C9H7)(C2B10Hll). rac-Zr(~5:'ql-CpCMe2CBloHloC)2 177, 

Me Me 

174 175 176 
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Me 

"" /Me 

1. 2 n-BuLi 

2. 1/2 ZrCI 4 

177 

Nai l  

178 

MeLi 

2 

179 180 

Na 

prepared from the reaction of the dilithium salt of the new isopropyl-bridged cy- 
clopentadienyl o-carboranyl ligand CpHCMe2CB10HloCH with ZrC14, catalyzes 
the formation of syndiotactic poly(methylmethacrylate) in the absence of any 
alkylating reagent or cationic center generator. Ligand 175 is a versatile ligand 
which can be easily converted into the monoanion 178, dianion 179, and tri- 
anion 180, prepared by Xie et  al. 84 Reaction of 178 with 0.5 molar equiv, of 
NdC13 generated [Me2Si(CsI-I4)(C2B10H11)]2NdC1-2THF 181. The X-ray crystal 
structure of 165 displays a distorted-trigonal-bipyramidal geometry. Treatment 
of 179 with 1 molar equiv, of NdC13 produced the ion-paired complex [{MezSi 
(CsH4)(C2B10H10)}2Nd][Li(THF)4] 183. The anion adopts a distorted-tetrahedral 
geometry around the Nd atom, analogous to that of the zirconium compound. 
Trianion 180 reacted with NdC13 in a molar ratio of 1:1 to yield a complex which 
has been formulated as [{Me2Si(CsH4)(C2BloHll)}Nd(THF)z]n 185. 85-87 The 1H 
NMR spectrum of the hydrolysis products of this complex supported the ratio 
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of two THF molecules per ligand. A versatile compound 176 can be conveniently 
converted into the monoanion [Me2Si(CgH6)(C2 B10HN)]Na 186, the dianion 
[Me2Si(C9H6)(C2B10H10)]Na2 187, and the trianion [Me2Si(C9H6)(C2B10Hll]K3 
188 by treatment with 1 equiv, or excess amounts of Nail or K metal in THE Very 
recently, Xie et al.87-88 have reported the synthesis of a variety of organolanthanide 
compounds from compounds 186-188. They found that due to the electronic and 
steric effects of the indenyl group, the resulting organolanthanide complexes show 
some reactivity patterns different from their cyclopentadienyl analogues. 

H © 
181; M = Nb 

182; M = Sm 

183; M = Nb 

184; M = Er 

185 

VII 

C O N C L U D I N G  R E M A R K S  

The concept of intramolecular coordination by the use of C, Y-chelating ligands 
of aryl units has been well established. However, the analogous chemistry of its 
cousin, the three-dimensional carborane, remains relatively unexplored. Recently, 
o-carborane has attracted much interest due to its ease of preparation and derivati- 
zation, thermal stability, and steric bulk. The easy preparation of o-carborane can 
be utilized for preparing useful compounds similar to the C,Y-chelating ligands of 
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aryl units. Thus, the use of substituted reactants of o-carborane forms a very im- 
portant preparative method for a huge range of substituted o-carborane derivatives. 
The ligand, Cab c'N, mentioned earlier, and bromomethyl carborane 189 which is a 
starting material for Cab c'P, can be prepared by the reaction of the corresponding 
alkynes and decaborane. The ease of synthesis of Cab c'N and Cab c'P makes them 
highly versatile compounds. 

Cab c,N 189 Cab c,P 

H H 
/ \ 

11 112 159 

A carborane framework involves three-center two-electron bonding and is thus 
an electron-deficient cluster. Therefore, the C--H bond of carborane is highly 
activated. The easy deprotonation of C--H bonds in o-carborane with n-BuLi 
makes it applicable to the design of new ligands. Thus, the compounds 11, 112, 
and 159 can be easily prepared by the reaction of dilithio carborane and C1SiMe2H, 
the insertion of sulfur into C-Li bonds, and treatment with Br2, respectively. A 
proton attached to the carbon of Cab ¢'N and Cab ¢'p could be deprotonated easily 
by n-BuLl. The compounds 103 and 161 can be prepared according to the same 
synthetic procedure as for 112, As seen in the examples, o-carborane may be very 
promising as a precursor for the design of new ligands. Theoretically, derivatives 
of the o-carboranyl unit will be much like those of an aryl unit. Therefore, it seems 
that the chemistry of o-carboranyl derivatives is just beginning. 

L ., . e2 L,S  2 

47 190 103 191 
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The Chemistry of Borabenzenes
(1986-2000)

GREGORY C. FU

Li
O

INTRODUCTION

Herberich's 1970 report of the synthesis of a cobalt-bound boratabenzene l
and Ashe's 1971 description of the synthesis of lithium 1-phenylboratabenzene2
marked the starting point of the study ofborabenzenes, a family of molecules that
includes neutral borabenzene-ligand adducts as well as anionic boratabenzenes
(Scheme 1) .

borabenzene boratabenzene

L
M

L = neutral Lewis base

	

X= anionic Lewis base
SCHEME 1 .
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During the 15 years that followed these pioneering studies, a number of im- 
portant advances were made in understanding the structure, bonding, and reac- 
tivity of borabenzenes, and this early work has been summarized in an excellent 
review published in 1986. 3 The present account provides a progress report of 
the significant discoveries that have been described during the intervening ~ 15 
years. 

SYNTHESIS OF NEUTRAL B O R A B E N Z E N E - L I G A N D  ADDUCTS 

A. Genera/Route 

At the time of the 1986 review, only one neutral CsHsB-L adduct had been 
synthesized and fully characterized, CsHsB-pyridine. 4,5 Through a modification 
of the route employed for the generation of CsHsB-pyridine, a wide array of 
borabenzene-ligand adducts have been synthesized in three steps from commer- 
cially available 1-trimethylsilyl-l,4-pentadiyne (Scheme 2). 6 Thus, reaction of 
this diyne with H2SnBu2 affords a stannacycle that undergoes transmetalation 
upon treatment with BCI3. The resulting boracycle reacts with any of a variety 
of Lewis bases to produce neutral borabenzene-ligand adducts, presumably via 
the isomerized boracycle, which has been shown to be both a chemically and a 
kinetically competent intermediate. 

This convenient process has been applied to the synthesis of an interesting 
heterocyclic analogue of p-terphenyl that incorporates three different first-row, 

MS 

t H2SnBu2 

TMS TMS 

S c ~  2. 

/B-L  

TMS 

,,, ~ B - C I  

L = pyridine 
NEt3 
PMe 3 
CN-t-Bu 
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six-membered aromatic systems: a borabenzene, a pyridine, and a benzene ring. 7 
This adduct has been crystallographically characterized. 

B. Specific Adducts 

The stannacycle that is illustrated in Scheme 2 can also serve as a useful interme- 
diate in the synthesis of 2-substituted borabenzene-ligand complexes (Scheme 3).8 
Thus, deprotonation of the stannacycle, followed by reaction with TMSC1, results 
in silylation of the 4-position. Treatment of this new stannacycle with BCI3 leads 
both to transmetalation and to migration of the newly introduced TMS group. Reac- 
tion of the resulting isomeric mixture of boracycles with an enantiopure oxazoline 
then furnishes a 2-substituted borabenzene-ligand adduct. Due to the steric demand 
of the Ph, i-Pr, and TMS groups, rotation about the B - N  bond is hindered at room 
temperature, and two atropisomers are therefore possible; only the more stable 
(according to ab initio calculations) isomer is produced in this trans-formation. 

The two faces of the borabenzene ring of this borabenzene-oxazoline adduct 
are inequivalent (diastereotopic), and complexation to Cr(CO)3 occurs on the less 
hindered face with high diastereoselectivity (Scheme 3). This work provided the 
first description of an enantiopure borabenzene and of an enantiopure planar-chiral 
Lewis acid complex. 

TMS 

Bu2Sn ~ ........ ~ 

1 ) LDA 
2) TMSGI 

TMS 

Bu2Sn~---TMS BCI3 

Ph 
O'~, TMS 

/-Pr one atropisomer 

Ph 

bPr 
IMS TMS.)__~ T M ~  

CI--B,k_~ CI-- 

TMS 
SCHEME 3. 

(CH3CN)3Cr(CO)3 
Ph 

0"~  TM8. 

.... Cr 
i-Pr OC C/o,,CO 

one isomer 
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O ~MS ~;:B--O. 
(MeCN)sCr(CO)3 ~ : ; i  B - O ~  H ' ~ - - N  Me2 

-CI wet t-BuOOH oc/C~'oCO /~r,, CO H'~-~--NMe2 
OC ~CO THF 

the borabenzene ring and 
the aldehyde are coplanar 

SCHEME 4. 

A direct route to a transition metal-bound "q6-borabenzene complex from a 
boracyclohexadiene is depicted in Scheme 4. 9 Treatment of the illustrated boracy- 
cle with (MeCN)aCr(CO)3 in THF affords a chromium-bound borabenzene-THF 
adduct in a single step. This adduct undergoes substitution at boron upon reaction 
with an electron-rich aldehyde, through an addition-elimination pathway. X-ray 
crystallographic and NMR studies provide support for significant ~r-donation from 
the ligand (THF or aldehyde) to the borabenzene ring. It is suggested that this 
"rr-interaction may furnish the basis for a new strategy for the design of a chiral 
Lewis acid catalyst. 

C. Approaches to Ligand-Free Borabenzenes 

The synthesis of ligand-free, divalent borabenzene (CsHsB) has been pursued 
through a variety of routes. For example, flash thermolysis (condensation of the 
products on a 10 K cold window) of a boracycle precursor has been examined 
(Scheme 5). 1° With argon as the carrier gas, only TMS-OMe can be identified; on 
the other hand, with N2 as the carrier gas, both TMS-OMe and a second compound, 
which has been assigned as CsHsB-N2 on the basis of IR data, 11 are produced. 
These data provide evidence for the transient formation and high reactivity of 
CsHsB. 

Attempts to synthesize free borabenzene through an isomerization/retro-ene 
sequence 12 or to stabilize it through incorporation of a bulky t-butyl substituent in 
the 2-position have been unsuccessful (Scheme 6).13 

Consistent with experimental observations, computational studies indicate that 
CsHsB should be a highly reactive species. 14 

flash thermolysis 
at 770 °C TMS-OMe 

carrier gas = argon 
only 

detectable species 

TMS [ flash thermolysis TMS-OMe C B  
~ B - O M e  at 770 °C 

--N 2 carrier gas = N 2 

SCHEME 5. 
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flash pyrolysis 
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, /  x 

3"MS 

t-Bu -OMe v " t-Bu 
- TMS-OMe t-Bu t-Bu 
SCHEME 6. 

III 

S Y N T H E S I S  OF  A N I O N I C  B O R A T A B E N Z E N E S  

Neutral borabenzene-PMe3, generated through the route described in Scheme 2, 
reacts with a variety of anionic nucleophiles to furnish B-substituted borataben- 
zenes (Scheme 7). 15 This approach provides efficient access to boratabenzenes 
that bear a range of boron substituents (H, C, N, O, P) with diverse electronic and 
steric propertiesJ 6 Mechanistic studies establish that this novel aromatic substitu- 
tion process follows an addition--elimination pathway. 

Reaction of the same neutral borabenzene-ligand adduct, CsHsB-PMe3, with a 
transition, rather than an alkali, metal alkyl or amide can furnish a16-boratabenzene 
complexes in a single step (Scheme 8). 17 This efficient transformation presumably 
proceeds through initial -it-coordination of CsHsB-PMe3 to the transition metal, 
followed by an intramolecular substitution reaction. In contrast to other approaches 
to the synthesis of'q6-boratabenzene complexes, this synthetic route does not have 
a parallel in "qS-cyclopentadienyl chemistry. 

B-PMea 

l 
[ ~B~:Me3 ] QM(~ -PMe3 

SCHEME 7. 
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This clever one-step strategy can circumvent reduction problems that some- 
times plague reactions of alkali metal boratabenzenes. For example, attempts to 
synthesize Cr(III)-boratabenzene complexes via treatment of C13Cr(THF)3 with 
[CsHsB-Ph]Li have been unsuccessful, producing instead a Cr(II) complex, 
Cr(CsHsB-Ph)2. In contrast, reaction of Ph3Cr(TI-IF)3 with CsHsB-PMe3 fur- 
nishes the desired Cr(III) adduct (Scheme 8). 17b 

An expeditious route to amidoboratabenzenes and alkylboratabenzenes has been 
developed that starts with commercially available 1,3-pentadiene (Scheme 9). 18 
Deprotonation of the diene, followed by quenching with BCI(NMe2)2, affords a 
2,4-pentadienylborane. Treatment with LiNEt2 then leads to ring closure, thereby 
generating the amidoboratabenzene. 

Replacement of the amino groups of the aforementioned 2,4-pentadienylborane 
(Scheme 9) with pinacol, followed by treatment with base, leads to cyclization 
to form a boracyclohexadiene. 18 Reaction with A12Me6 then furnishes the target, 
lithium 1-methylboratabenzene. 

A related efficient route to amidoboratabenzenes relies upon double metala- 
tion of a 1,3-pentadiene and then ring formation via reaction with BC12(NMe2) 
(Scheme 10). 19 Deprotonation of the resulting boracycle produces the desired 
amidoboratabenzene. This method has been applied to the first synthesis of an 
enantiopure boratabenzene 2° and of a 2-boratanaphthalene 21 (Scheme 10). The 
enantiopure boratabenzene has been converted into an enantiopure borabenzene 
through a silylation-chlorination-elimination sequence (Scheme 11). 22 
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The first synthesis of a 1-boratanaphthalene has been accomplished via a 
stannacycle-based route (Scheme 12). 23 The pKa (dimethylsulfoxide, DMSO) 
of the conjugate acid of a 1-boratanaphthalene has been determined to be ~20. 

IV 

BORATABENZENES: STRUCTURE AND BONDING 

A. Transition Metal-Free Boratabenzenes 

The X-ray structure of lithium 1-(dimethylamido)boratabenzene, reported 
in 1993, provided the first crystallographic characterization of a transition metal- 
free boratabenzene (Scheme 13).18a The observed bond lengths are consistent with 
a delocalized anion and with significant B-N double-bond character. In a separate 
study, the B-N rotational barrier of [CsHsB-NMeBn]Li has been determined to 
be 10.1 kcal/mol, and it has been shown that "tr-complexation to a transition metal 
can increase this barrier (e.g., 17.5 kcal/mol for (CsHsB-N(i-Pr)2)Mn(CO)3). 24 

In 1995, an X-ray crystal structure of an ammonium salt of 1-methylborataben- 
zene was reported, revealing an almost perfectly planar, symmetrical geometry.18b 
The same year, the synthesis of lithium 1-H-boratabenzene, a boron analogue of 
benzene, was described. 25 A crystallographic study established that it adopts a 
sandwich structure in the solid state, with a lithium ion positioned at the center 
of symmetry of two boratabenzene rings (Scheme 14). The rings are planar (all 
torsion angles are smaller than 1 °), and all of the carbon-carbon bond distances are 
comparable (1.38-1.41 .~). The boron-bound hydrogen of lithium 1-H-borataben- 
zene is hydridic, reacting with D20 to generate HD, reducing aldehydes to primary 
alcohols, and reductively cleaving epoxide rings. 

1.38 A .39 A 
1.52 A ,51 A 

I ,, 1.45 A 

Me fN "Me 

H 
Me "N "Me Me "N "Me 
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Boratastilbene has recently been synthesized and structurally characterized. 26 
A study of the consequence of the isoelectronic B-  for C substitution on the pho- 
tophysics/photochemistry led to the conclusion that, due to intramolecular charge 
transfer arising from the inequivalent charge density of the two aromatic rings, 
nonaggregated boratastilbene is highly emissive relative to stilbene. 

boratastilbene 

The relative propensity of phosphorus and nitrogen to engage in "rr-bonding 
with an adjacent trivalent boron atom has been a topic of long-standing interest 
(Scheme 15). 27 Prior to 1997 there had been no direct structural comparisons 
of B-P/B-N molecules that differ only in the Group 15 atom. The substitu- 
tion chemistry outlined in Scheme 7 has been applied to the synthesis of 1- 
(diphenylphosphido)boratabenzene (DPB) and 1-(diphenylamido)boratabenzene 
(DAB), and the potassium salt of each of these complexes has been crystallograph- 
ically characterized. 28 The structures adopted in the solid state are as anticipated--- 
conformations consistent with the presence of a "rr-interaction between boron and 
nitrogen, but not between boron and phosphorus. Computational, spectroscopic, 
and reactivity studies provide further support for significant B-N, but not B-P, 

-bonding. 
The structure of Meln(CsHsB-Me)2 has been explored, and it has been de- 

termined to be fluxional in solution on the NMR time scale, with average C2v 
symmetry. 29 An X-ray crystallographic investigation has revealed "soft struc- 
tural parameters of the indium-ring coordination," consistent with the solution 
studies. 

Similarly, an examination of the reaction of [CsHsB-Me]Li with Group 14 
electrophiles has shown that, while addition of SiMe3, GeMe3, SnMe 3, and PbMe3 
occurs preferentially at the 2-position of the heterocycle, the adducts are ttuxional 
in solution at room temperature, undergoing sigmatropic migrations of the XMe3 
group from C2 to C6 (Scheme 16). 30 The capacity of the tin derivative to transfer a 
boratabenzene moiety to a transition metal should prove useful when there is a need 

/ \ = = ® 
X = P , N  

SCHEME 15. 
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X = P (DPB) 
N (DAB) 



110 GREGORY C. FU 

~ . . X  Me3 " ,. Me3X " ~  I I Me Me 
X = Si, Ge, Sn, Pb 

SCHEME 16. 

to avoid strongly basic/reducing conditions during the synthesis of a boratabenzene 
complex. 

In contrast to these adducts in which the boratabenzene ring is bound .ql to the 
main-group metal, reaction of [CsHsB-Me]Li with PbC12 affords a bent-sandwich 
complex, Pb('q6-CsHsBMe)2. 31 This report provided the first structural character- 
ization of an "q6-bonding mode to a p-block metal. Reaction of Pb(-q6-CsHsBMe)2 
with a Lewis base such as bipyridine leads to a complex wherein the bipyridine is 
bound in the pseudoequatorial plane. 

M e ~ B ~  
\ 
Pb 

M e " B ~  

B. Transition Metal Complexes of Boratabenzenes 

The first triple-deck complexes that contain a bridging boratabenzene have 
been prepared through treatment of Cp*Ru(CsHsB-Me) with metallo-electrophiles 
(Scheme 17). 32 The structure of the illustrated adduct has been established by X-ray 
crystallography. 
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SCHEME 18. 

It has been shown that boratabenzenes can provide the framework for a new 
family of stable, 19-electron iron-sandwich complexes. For example, treatment 
of (C6Me6)FeCp with MeBBr2 leads to insertion to furnish the corresponding 
"q6-boratabenzene adduct (Scheme 18). 33 The structures, EPR spectra, and reac- 
tivity of these boratabenzene complexes are very similar to their well-studied 
(arene)Fe(cyclopentadienyl) precursors. The unpaired electron resides in an anti- 
bonding orbital that is largely metal based. 

An analogous synthetic route affords (1-ferrocenyl-'q6-boratabenzene)(-qS-cyclo - 
pentadienyl) cobalt +, which has been examined for its potential application as a 
heterobimetallic nonlinear optic chromophore (Scheme 19). 34 This complex ex- 
hibits an unexpectedly high first-order hyperpolarizability [3. The ferrocenyl 
substituent serves as an electron-donating group, with the positive charge of the 
complex being located predominantly on the (boratabenzene)cobalt fragment. 

An interesting example of .q3 coordination of a boratabenzene to a transition 
metal has been observed for a Zr(IV)-boratanaphthalene complex (Scheme 20). 35 
Thus, treatment of the illustrated 1-boratanaphthalene with Cp*ZrC13 furnishes 
an adduct in which the metal--carbon distance for the 3, 4, and 5 positions of the 
heterocycle (2.53-2.56 .~) is significantly shorter than for the 2 and 6 positions 
(2.77-2.81 .~). It is suggested that this distorted bonding mode "is the consequence 
of the high electron demand of Zr(IV), which prefers coordination to the most 
electron-rich carbon atoms." 

A very different mode of .q3 complexation has been observed for the Sc(III)- 
(bis)boratabenzene complex illustrated be low.  36 In this instance, a crystallographic 
study reveals that .q3 coordination to one of the boratabenzene rings occurs through 
the exo nitrogen, the boron, and the 2-carbon. In solution, the complex is fluxional. 

Me 

Me2N ~ CI. Me,,,, ~ 

Me / N 
Me 



112 GREGORY C. FU 

Br2B_~ ~ 
Co l=e 

~o 

SCHEME 19. 

[o] 
~o 

~e 

(9 

I~(i-Pr)2 

QLi (~E) Cp*ZrCI3. M ~ ! . ~  Me 

$CE~_ME 20. 

Triphenylphosphine 

0 
1 -(Diphenylphosphido)boratabenzene 

DPB 

@ 

SCHEME 21. 

CpFe(CO)21 + K-DPB 

SCHEME 22. 



The Chemistry of Borabenzenes (1986-2000) 113 

The first metal-boratabenzene complexes in which the boratabenzene is bound 
through the boron substituent, rather than through the boratabenzene ring, have 
been described. 37 1-(Diphenylphosphido)boratabenzene, an isosteric and iso- 
electronic variant of the widely used PPh3 ligand (Scheme 21), forms ~r complexes 
upon reaction with a variety of transition metal halides (Scheme 22). Spectroscopic 
and crystallographic data establish that DPB is significantly more electron donat- 
ing than is PPh3.1-(Diphenylamido)boratabenzene, the nitrogen analogue of DPB, 
does not form the corresponding nitrogen-bound cr complexes. 

V 

REACTIVITY OF TRANSITION METAL COMPLEXES OF BORATABENZENES 

A. Stoichiometric Reactivity 

An intriguing annulation has been observed upon treatment of a Zr(II)-borata- 
benzene complex with an alkyne (Scheme 23). 38 This reaction is believed to pro- 
ceed through generation of the normal metallacyclopentadiene intermediate, fol- 
lowed by migration of the Zr--C bond to the electrophilic boron, and then formation 
of the C-C  bond. Both the starting Zr(II) complex and the annulation product have 
been crystallographically characterized. 

B. Catalytic Reactivity 

Among the most exciting frontiers in boratabenzene chemistry is the develop- 
ment of transition metal-boratabenzene complexes as catalysts. As early as 1984, 
it had been demonstrated that these adducts can accelerate useful reactions-- 
specifically, B6nnemann established that (CsHsB-Ph)Co(cod) serves as a catalyst 
for pyridine-forming cyclotrimerization reactions of alkynes and nitriles. 39 

A dozen years later, another breakthrough was reported: the use of Zr(IV)- 
boratabenzene complexes as catalysts for olefin polymerization (Scheme 24). 40 
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Thus, in the presence of methylaluminoxane (MAt) at 23°C, (C5H5B-N(i-Pr)2)z 
ZrClz polymerizes ethylene with an activity of 105 kg ofpolyethylene/(h [Zr] mol), 
similar to that observed with well-studied Cp2ZrCI2 as the catalyst. It is believed 
that M A t  is functioning in its usual role in these Ziegler-Natta polymerizations 
(methylation of Zr and abstraction of methyl to form a highly reactive Zr cation).41 

Prior to this 1996 study, there had been no reports of boratabenzene complexes 
of early transition metals. 4z An X-ray crystal structure of the catalyst revealed 
a Cz-symmetric geometry that resembles Cp2Zr-based bent metallocenes. The 
bond lengths suggest a strong B-N 7r interaction (rotational barrier measured by 
NMR: 18 kcal/mol) and a very weak Zr-B interaction (-'~rl 5 coordination of the 
boratabenzene ring). 

In view of the strong electronic interaction between the boron atom and its sub- 
stituent, it was postulated that the reactivity of the catalyst could be tuned through 
appropriate choice of this pendant group. Soon after the pioneering initial report, 
this hypothesis was substantiated. Thus, whereas the N(i-Pr)2-substituted catalyst 
reacts with ethylene to form high-molecular-weight polyethylene (Scheme 24), 
the corresponding Ph-substituted catalyst furnishes only ethylene oligomers, due 
to 13-hydride elimination. 43 

Unfortunately, the ethylene oligomers produced by the Ph-substituted catalyst 
are a complex mixture of 1-alkenes, 2-alkyl-1-alkenes, and 2-alkenes (Scheme 25). 
In contrast, the OEt-substituted catalyst selectively affords 1-alkenes (average 
number of inserted ethylene units: 7), due to its relative reluctance to react with 
olefins other than ethylene. 44 An X-ray crystal structure of the OEt-substituted 
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catalyst revealed that the boratabenzene ring is "q6-bound to zirconium. Other 
alkoxy-substituted boratabenzene complexes, including the chiral adducts illus- 
trated in Scheme 26, are less selective than the OEt-substituted catalyst for the 
formation of 1-alkenes. 45 The synthesis, structure, and polymerization activity of 
related catalysts, such as (9-phenyl-9-borataanthracene)Cp*ZrC12, have also been 
reported. 46 

The OEt-substituted Zr(IV)-boratabenzene complex has been employed in an 
interesting dual-catalyst approach to the synthesis of branched polyethylene. 47 
Capitalizing on the ability of this boratabenzene complex to generate 1-alkenes 
(Scheme 25) and the ability of the titanium complex illustrated in Scheme 27 to 
copolymerize ethylene and 1-alkenes, with a two-catalyst system one can produce 
branched polyethlene using ethylene as the only monomer (Scheme 27). The struc- 
ture and properties of the branched polyethylene can be altered by adjusting the 
reaction conditions. 

A series of novel, bridged Zr(IV)-boratabenzene complexes have been syn- 
thesized and structurally characterized (Scheme 28). 48 The geometries of these 
adducts closely resemble those of classical ansa-metallocenes. In the presence 
of excess MAO, these boratabenzene complexes catalyze the polymerization of 
olefins. 

Boratabenzene analogues of commercially significant "constrained geometry" 
catalysts have also been investigated. 49 For the MAO-activated copolymerization 
of ethylene/l-octene, the illustrated Ti(IV)-boratabenzene complex is about four 
times more active than the Zr(IV) complex. The level of 1-octene incorporation is 
significantly lower than for the corresponding Cp-derived catalysts, due perhaps 
to the greater steric demand of the amidoboratabenzene framework. 
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A crystallographically characterized Ti(III)-boratabenzene complex has been 
found to be ineffective at catalyzing ethylene polymerization. 5° 

Boratabenzene complexes of Group 3 and Group 6 metals serve as effective cat- 
alysts for the oligomerization/polymerization of ethylene. For example, [(CsHsB- 
Ph)zScPhh, pretreated with H2, oligomerizes ethylene to furnish 1-alkenes) 7a In 
the case of a Cr(III)-boratabenzene complex, ethylene is polymerized to afford 
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linear polyethylene (Scheme 29). 17b The activity of this catalyst is comparable to 
standard Group 4 metallocenes. 

VI 

CONCLUSION 

The chemistry of borabenzenes and boratabenzenes has advanced considerably 
since Herberich's comprehensive 1986 review. During the intervening years, ef- 
ficient new methods for the synthesis of these complexes have been developed, 
thereby making them readily accessible. Through structural and spectroscopic 
studies, novel modes of bonding, both to transition metals and to main-group met- 
als, have been discovered. On the reactivity front, transition metal-boratabenzene 
complexes have been shown to serve as effective catalysts for the polymerization 
of olefins. The exploitation of metal-bora(ta)benzene complexes as catalysts is 
a particularly exciting area of research, one that will no doubt continue to prove 
fruitful during the coming years. 
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I 

I N T R O D U C T I O N  

Low-coordinate species of the main group elements of the second row such as 
carbenes, olefins, carbonyl compounds (ketones, aldehydes, esters, amides, etc.), 
aromatic compounds, and azo compounds play very important roles in organic 
chemistry. Although extensive studies have been devoted to these species not only 
from the physical organic point of view but also from the standpoints of syn- 
thetic chemistry and materials science, the heavier element homologues of these 
low-coordinate species have been postulated in many reactions only as reactive 
intermediates, and their chemistry has been undeveloped most probably due to 
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their high reactivity and instability under ambient conditions. At the beginning 
of the 20th century all attempts at synthesizing their heavier homologues proved 
unsuccessful, leading to cyclic oligomers or polymers containing only single co- 
valent bonds. These findings and theoretical works lead to the view that "elements 
having a principal quantum number greater than two should not be able to form 
p~--p'rr bonds with themselves or with other elements," the so-called "double 
bond rule. ''l However, this rule was disproved in 1961 by the spectroscopic detec- 
tion of a compound having a multiple P--C bond. 2 Furthermore, the isolation of a 
stable phosphene (P=C) was reported in 1978, 3 and in 1981 stable diphosphene 
(p____p),4 silene (Si-----C), 5 and disilene (Si=Si) 6 were successively synthesized by 
taking advantage of steric protection. 

For the stabilization of highly reactive compounds, there are two conceivable 
methodologies, thermodynamic and kinetic stabilization. The former is defined 
as stabilization of the ground state by the mesomeric effect of neighboring het- 
eroatoms, attachment of an electron-donating or -withdrawing substituents, or 
complexation with transition metals. The latter is stabilization resulting from rais- 
ing the transition state by taking advantage of steric protection with bulky groups, 
which prevents oligomerization or reactions with other reagents such as oxygen 
and water. Kinetic stabilization is obviously superior to thermodynamic stabiliza- 
tion since the latter perturbs the intrinsic nature of the species to a greater extent 
than the former. 

As for the heavier element congeners of carbonyl compounds----one of the most 
important and fundamental functionalities in organic chemistry---earlier works fo- 
cused on the chemistry of double bonds between a carbon atom and a heavier Group 
16 element such as sulfur, selenium, and tellurium. By the middle of 1980s stable 
thioketones 7 and selenoketones 8 and also stable thioaldehydes and selenoaldehy- 
des had been successfully synthesized and isolated using kinetic and/or thermody- 
namic stabilization. 9 Furthermore, in 1993, 1,1,3,3-tetramethylindanetellone, the 
first example of the heaviest congener of this series, was synthesized as a stable 
compound.I° Although no example of a stable telluroaldehyde has been reported 
yet, most of the structures and properties of these heavier chalcogen analogues of 
ketones have been systematically elucidated. 

In contrast to the chemistry of the above-mentioned heavier chalcogen analogues 
ofketones, that of heavier congeners of ketones containing a heavier Group 14 ele- 
ment (we coin the expression "heavy ketones" for this family of heavier Group 14 
element congeners of ketones) has been much less explored until recently. Probably 
this is due to the much greater difficulty in the stabilization of such highly reactive 
heavier double bonds with longer bond lengths than those of the carbon--chalcogen 
double bonds. Since the protecting groups can be introduced only onto the Group 14 
elements and the terminal chalcogen atoms are unfortified, it is inherently difficult 
to stabilize the heavy ketones using the conventional steric protecting groups. In 
recent years, however, the development of new types of protecting groups made it 
possible to synthesize and isolate the heavy ketones as stable compounds. In this 
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article, the remarkable progress in the chemistry of heavy ketones leading to the 
systematic comparison of their structures and properties is reviewed, to elucidate 
the intrinsic nature of heavy ketones. 

Although some review articles are now available on the synthesis of heavy 
ketones, ll they are restricted to dealing with some selected elements, especially 
silicon and germanium. We delineate here a more general account of the whole 
chemistry of stable double bonds between heavier Group 14 and Group 16 elements 
[i.e., RR' M=X (M = Si, Ge, Sn, Pb; X = O, S, Se, Te)]. 

THEORETICALASPECTS 

A. Silanone and Silanethione 

In 1986, Nagase and Kudo reported the theoretical study of silanethione 
(HESi=S, 1) in the ground, excited, and protonated states together with a com- 
parison with silanone (HESi==O, 2) and the parent carbonyl system (H2C=O, 3) 
by means of ab initio calculations including polarization functions and electron 
correlation. 12 The species and unimolecular reactions pertinent to the stability of 
HESi=S were studied, and the equilibrium structures on the ground singlet poten- 
tial energy surface of the H2SiS species and a related silanethiol (H3SiSH) obtained 
at HF/6-31G* level were obtained. These authors also described similar theoretical 
calculations on the geometries of silanone 2.13 

The equilibrium structure of HzSi=S 1 is calculated to be planar with Cev sym- 
metry, as in the case of H2C=O 2 and H2Si=O 3. The Si--S bond length (1.936 ~)  
in 1 is 0.438 and 0.752 ~ longer than the Si--O and C--O bond lengths in 2 and 
3, respectively, but 0.216 A shorter than the Si--S single bond length (2.152 A) 
in H3Si--SH, indicating that there is a certain strength in ~r bonding between the 
Si and S atoms. The bond length shortening of 10% from H3Si--SH to HESi=S is 
comparable to that of 9% from H3Si--OH to HESi=O, but it is smaller than that 
of 15% from H3C--OH to H2C=O. The smaller shortening of silicon-containing 
bonds is also found in the ethene analogues: 14% (HEC==CH2), 10% (H2Si=:CH2), 
and 9% (H2Si=SiH2). As a result of calculations, the structure of H2Si=S is found 
to be kinetically stable enough toward its unimolecular destruction such as H2Si=S 

H2 + SiS, H2Si=S ~ H + HSiS, and H2Si=S ~ H(HS)Si:, as in the cases 
of 2 and 3. For example, the barrier for the 1,2-H shift in H2Si--S to H(HS)Si: is 
54.8 kcal tool -1, suggesting that 1 itself is stable to the unimolecular destruction 
(Scheme 1). 

Furthermore, it was found that H2Si=S is thermodynamically stable compared 
with H2Si=O. In an attempt to assess the strength of a silicon-sulfur double bond, a 
comparison was made of the hydrogenation energies released upon addition of H2 
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SCHEME 1. 

to 1, 2, and 3 at the MP3/6-31G**/6-31G* level. 12 With the calculated hydro- 
genation energies, the xr bond energies E~(Si-=S), E~(Si==O), and E=(C==O) are 
estimated to be 42, 33, and 63 kcal mo1-1, respectively. The calculated vibrational 
frequencies of H2Si=X (1 and 2) at the HF/6-31 G* level have been reported [e.g., 
682 and 1203 cm -1 (scaled-down frequencies based on the calculation errors) for 
SiS and SiO stretchings of 1 and 2, respectively]. 12 The proton affinities of 1, 2, 
and 3 were also calculated at several levels of theory. 

The zero-point corrected MP3/6-31G**/6-31G* value of 174.7 kcal mo1-1 for 
H2C=:O agrees well with the experimental value of 171.7 kcal tool -1. The proton 
affinities increase in the order 3 (174.7 kcal mol - l)  <1 (190.5 kcal mo1-1) <2 
(208.3 kcal mol-1). This is explained in terms of the predominance of the electro- 
static overcharge transfer interactions, because the charge separations in the double 
bonds increase in the order H2C+°'2--O -°4 < H2Si+°'7--S -°'4 < H2si+l'°--O -°7 
while the frontier n orbital levels rise in the order 3 ( -11.8 eV) ~ 2 (-11.9 eV) 
<1 ( -9 .8  eV). 

As a result of comparing the properties of silanethione with silanone and for- 
maldehyde, Nagase and Kudo obtained an important finding that silicon is much 
less reluctant to form double bonds with sulfur than with oxygen.12'13 Thus, silan- 
ethione is more stable and less reactive than silanone. They concluded that the major 
obstacle to the successful isolation of silanethione is its relatively high reactivity. 

B. Theoretical Calculation of the Bond Energies and 
Bond Lengths of Heavy Ketones 

The successful synthesis and isolation of a series of heavy ketones (R1R2M = X; 
M = Si, Ge, Sn, Pb; X = S, Se, Te) using kinetic stabilization (vide infra) and 
the remarkable progress in the field of theoretical calculations prompted chemists 
to perform computational calculations on the ~ and ,r bond energies as well as 
on the single and double bond lengths of H2M=X at the higher level of theory. 14 
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TABLE I 

BOND ENERGIES (kcal mo1-1) AND LENGTHS (/~) FOR M = X  CALCULATED AT THE 
B3LYP/TZ(d,p) LEVEL 

125 

X 

H2M~X O S 'Se Te 

H 2 ~ X  
cra 93.6 73.0 65.1 57.5 
~r b 95.3 54.6 43.2 32.0 
d c 1.200 1.617 1.758 1.949 
A d 15.5 11.9 11,1 10.1 

H2Si~---X 
tr a 119.7 81.6 73.7 63.2 
,rr b 58.5 47.0 40.7 32.9 
d c 1.514 1.945 2.082 2.288 
A d 8.1 9.4 9.3 8.7 

H 2 G ~ X  
O "a 101.5 74.1 67.8 59.1 
~r b 45.9 41.1 36.3 30.3 
d ¢ 1.634 2.042 2.174 2,373 
A d 8.6 9.5 9.2 8,6 

HESn~---X 
tra 94.8 69.3 64.3 56.4 
ax b 32.8 33.5 30.6 26.3 
d c 1.802 2.222 2.346 2.543 
A d 7.6 8.9 8.5 8.1 

H2Pb-~-X 
~r a 80.9 60.9 57.0 50.3 
• r b 29.0 30.0 27.8 24.4 
d c 1.853 2.273 2.394 2.590 
A d 8.5 9.2 8.9 8.1 

act bond energy. 
b~r bond energy. 
CLength of an M = X  double bond. 
dValue of % reduction in a bond length defined as [(single bond length-double 

bond length)/single bond length] x 100. 

T h e  resul t s  are s h o w n  in  Table  I, f r o m  w h i c h  one  can  see  the  fo l lowing  po in t s  of  

in te res t  pe r t i nen t  to  the  in t r ins ic  cha rac t e r  o f  the  h e a v y  ke tones .  

First ,  a c a rbon - -oxygen  d o u b l e  b o n d  is u n i q u e  in tha t  the  ~ and  "rr b o n d  energ ies  

are a l m o s t  equa l  to e a c h  other.  Th i s  is an  energe t i c  bas i s  o f  the  w e l l - k n o w n  reac t iv-  

i ty o f  a c a rbony l  c o m p o u n d ,  i.e., the  a d d i t i o n - e l i m i n a t i o n  m e c h a n i s m  t h r o u g h  a 

t e t r ahedra l  in t e rmed ia te .  O n  the  o the r  hand ,  in  all the  o the r  d o u b l e  bonds ,  the  

b o n d  ene rgy  is m u c h  grea te r  t han  the  c o r r e s p o n d i n g  ~r b o n d  energy.  Th i s  
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indicates the high reactivity of these double bond compounds toward any kind 
of addition reaction, because the formation of two new tr bonds on M and X with 
concurrent cleavage of the ~r bond results in substantial overall energy gain. 

Second, every compound with a Group 14-Group 16 element double bond 
corresponds to a minimum on the potential energy surface, as confirmed from all 
positive eigenvalues of the Hessian matrix. This suggests that all the double bond 
compounds in Table I are synthetically accessible, if one can find an appropriate 
synthetic methodology. 

In addition, the values of percent reduction listed in Table I increase roughly with 
increasing the "rr bond energy, although the results for M--O bond compounds are 
somewhat exceptional. It should be noted that the values except for C=O, C=S, and 
C=Se are similar to each other, being 8-10% irrespective of the atomic numbers 
of constitutional elements. 

Although tr and ,r bond energies of H2Si=S are smaller than those of H2Si------O, 
the silicon-sulfur double bond compound is considered to be more easily syn- 
thesized, since the theoretical calculation predicted 12 that a silicon-sulfur dou- 
ble bond is kinetically more stable than a silicon-oxygen double bond. Accord- 
ing to the natural population analysis at the B3LYP/TZ(d,p) level, the double 
bond (Si+°'98S -0'56) of H2Si=S is much less polarized than that (Si+1'580 -105) 
of H2Si=O, the former being apparently less reactive than the latter. In addition, 
H2Si=S is calculated to be 15.0 kcal mo1-1 more stable than its divalent isomer, 
H(HS)Si:, whereas H2Si:=O is only 3.5 kcal mo1-1 more stable H(HO)Si:. 

Recently, Schleyer and co-workers reported a theoretical study on the stabilities 
and geometries of a series of carbonyl type compounds, R2M==O (M = C, Si, Ge, 
Sn, Pb; R = H, CH3), and those of carbene type isomers [R(RO)M:] as shown in 
Table I1) 5 These results show that in (CH3)2 M=O series the carbene type structure 
is more stable than the double bond type structure in the case of germanium, tin, 
and lead, unlike the case of carbon in which the double bond structure is preferred. 

TABLE II 

CALCULATED RELATIVE ENERGIES (kcal mol - l )  FOR R2MO a 

R 2 M : O  cis-RMOR trans-RMOR cyclo(R2M--~-O)3 

R H b CH3 c H CH3 H CH3 H CH3 

C 0.0 0.0 57.52 72.21 52.16 63.67 -9 .73  
Si 0.0 0.0 -2 .06  22.35 -1 .81 21.09 -66 .92 
Ge 0.0 0.0 -31 .12 -10 .17 -30.73 -11 .50  -53 .73 
Sn 0.0 0.0 -49 .70  -31 .00  -48 .97 -31 .47 -61 .70  
Pb 0.0 0.0 -70 .74 -55 .34  -69.55 -55.31 -46 .90  

m 

i 

q 

aB3LYP. 
b6_31++G**" 
%-31 +G*. 
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On the other hand, the calculation for the relative stabilities of H2Si=S shows 
that the silanethione form (H2Si=S, 0.0 kcal mo1-1) is more stable than both s-cis- 
HSiSH (12.0 kcal mo1-1) and s-trans-HSiSH (9.3 kcal mo1-1) isomers. 12 Thus, 
the relative stability of heavy ketones to their carbene type isomers is considerably 
influenced by the combination of the Group 14 and Group 16 elements. 

In order to elucidate the systematic stability of lead-containing heavy ketones, 
theoretical calculation was carded out on the relative stability of a series for car- 
bonyl type compounds, H2Pb-----X (X = O, S, Se, and Te) versus [trans-H(HX)Pb:].16 
The calculated relative energies for [H2Pb=X] versus [H(HX)Pb:] are 66.5, 39.4, 
32.7, and 27.1 kcal mo1-1 for X-----O, S, Se, and Te, respectively. The results indi- 
cate that the plumbylene type form [trans-H(HX)Pb:] is more stable than the 
double bond type structure [HzPb-----X] for all calculated Group 16 element isomers. 
These results agree with the experimental results that an aryl(arylthio)plumbylene 
is more stable than a plumbanethione (vide infra), though it makes a good contrast 
with the other lighter Group 14 homologues in which double bond structure is 
preferred (vide infra). 

III 

SYNTHETIC METHODS 

A. Double Bond Systems Containing a Silicon Atom 

1. Silicon-Oxygen Double Bond Compounds (Silanones) 

In the previous reviews, lla'a-f syntheses of many examples of transient silicon- 
oxygen double bond compounds such as MeHSi=O, Me2Si==O, H2Si=O (2), 
(HO)HSi==O (silanoic acid), and (HO)2Si=O (silicic acid) have been described, 
and they are reportedly isolated as stable species in the low temperature matrices. 
However, the stabilization of this extremely reactive double bond species is very 
difficult, and no stable example of silanone (RR'Si=O) has been isolated until now 
even by the methods of thermodynamic or kinetic stabilization. 

For example, in the case of intramolecularly base-stabilized silanone 4 it was 
trapped by excess hexamethylcyclotrisiloxane to give the corresponding insertion 
product 5 but isolated as a trimer 6 in the absence of such a trapping reagent 
(Scheme 2). 17 

More recently, Belzner et al. reported a new type of oxygen transfer reaction 
from isocyanates to bis[2-(dimethylaminomethyl)phenyl]silylene (8) 18 which was 
thermally generated from the corresponding cyclotrisilane 7, and they obtained 
some convincing results of the involvement of silanone 9 (Scheme 3). However, 
they found that silanone 9 is not stable enough to be isolated. Only cyclic di- and 
trisiloxanes 10 and 11 (i.e., the cyclic dimer and trimer of the silanone 9) were 
obtained together with the corresponding isonitrile as other main products when 
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Ph 

Sill2 
CO2 

/ S i - O - C - H  

-~ - HCHO ~/(~..~/X.-.J "Me 

4 
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0 Si"" 
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6 5 

SCHEME 2. 

a toluene solution of a mixture of cyclotrisilane 7 and cyclohexyl isocyanate (or 
t-butyl isocyanate) was heated at 70°C (Scheme 3). The intermediacy of silanone 
9 was evidenced by the formation of the insertion product 12 in the presence of 
(Me2SiO)3 as in the case of Corriu's silanone 4. 

On the other hand, Driess et aL have succeeded in the synthesis and isolation 
of a stable silicon-arsenic double bond compound (13), the first stable arsasi- 
lene (arsanilidenesilane), 19 and they found that the arsasilene 13 undergoes ready 

Ar 2 Ar2 
Si [ Ark ] 0 o / S i x o  

/ ~ A R-N=C=O ( ~SiAr 2 and/or • Si: ~, Ar2Si I I 
Ar2Si SiAr2 Ar / - R-N=C O Ar2Si ~ O I SiAr2 

7 8 10 11 

O --SiMe2 ~ , . ~  
Ar k R-N=C=O Me2S i / "O 2 

Si=O = I I 
Ar / (Me2SiO)3 O, /SiAr 2 Ar = 

9 - R-N=C Me2Si--O 

12 R = ~Hex,~Bu, Ph 
SCHEME3. 
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Tip2Si( )SiTip2 16 

O 

[ I i,, TiP2Si=O + AS = C 

15 Ph 

/-Pr 

- - ~ / - P r  

/-Pr 

P h  /Si(kPr)3 
+ A s = C  k 

Ph 

14 17 18 

SCHEME 4. 

[2+2]cycloaddition reaction with benzophenone to give the four-membered ring 
product 14 as a stable crystalline compound. Furthermore, the arsenic-containing 
siloxetane 14 was found to decompose thermally under drastic conditions (160°C, 
10 h) to give the cyclic dimer (16) of a silanone, Tip2Si=O (15), together with 
the arsaalkenes 17 and 18 (Scheme 4))  9 The formation of the dioxadisiletane 16 
should be noted as the first example of dimerization of a silanone (in contrast 
to the common trimerization or tetramerization of less hindered silanones). This 
metathetical reaction of arsasilene 13 with benzopbenone represents a new ap- 
proach to arsaalkenes via arsasilenes by means of a pseudo-Wittig reaction. The 
authors further extended this type of reaction to the system containing phosphorus 
and reported the similar formation of silanone dimer starting from analogously 
substituted phosphasilene. 2° 

Quite recently, another approach 21 to the kinetically stabilized silanone has 
been made using an extremely bulky substituent, 2,4,6-tris[bis(trimethylsilyl)- 
methyl]phenyl (Tbt) group, which is very effective in the kinetic stabilization of 
other heavy ketones (vide infra). Extremely congested diarylsilylene, Tbt(Mes)Si: 
(19; Mes = mesityl; see Scheme 5) which can be readily generated by the ther- 
mal dissociation of the corresponding (E)- or (Z)-disilene Tbt(Mes)Si=SiTbt(Mes) 
(20), 22 reacted with a bulky isocyanide to give a stable silylene-isocyanide com- 
plex 21, and this complex was found to act as a silylene equivaient in solution 
under very mild conditions. 23 

When a C6D6 solution of the silylene-isocyanide complex 21 was treated with 
an equimolar amount of mesitonitrile oxide at room temperature, the blue color 
of 21 immediately disappeared, and the 29Si and 13C NMR spectra of the reac- 
tion mixture exhibited characteristic strong signals (~si = 26.9, ~c = 184.3) 
assignable to those of compound 22a having a novel 1,2,4-oxazasilete ring sys- 
tem (Scheme 5). The oxazasilete 22a was not stable at ambient temperature, and 
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it undergoes further reaction to give 1,3,4,2-dioxazasilole 24a and (E)- and (Z)- 
1,3,2,4-dioxadisiletanes 25 along with the corresponding isocyanide and mesi- 
tonitrile. This result can be reasonably explained by the dissociation of oxazasilete 
22a giving silanone 23 and mesitonitrile followed by the [2+3] cycloaddition of 
intermediary silanone 23 with the nitrile oxide and the head-to-tail dimerization 
reaction of 23 leading to the formation of 24a and 25, respectively (Scheme 5). 21 
Similar results were obtained in the reaction of 21 with TmpCNO (Tmp = 2,4,6- 
trimethoxyphenyl). The instability of 22 at room temperature is in sharp contrast 
to the fact that the germanium analogue of 22 is a crystalline compound stable 
at room temperature. 24 This is most likely due to larger steric repulsion among 
the substituents in 22 as compared to that in the germanium analogue, which is 
caused by the shorter Si--C bond of the oxazasilete ring than the corresponding 
Ge--C bond. 
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The reaction of complex 21 with mesitonitfile oxide in THF differed from that 
in C 6 D 6  . In contrast to the above-mentioned reaction in C6D6 giving dimerization 
products 25, the reaction in THF gave diastereoisomers of benzosilacyclobutenes, 
26a and 26b, together with the [2+3] cycloadduct 24a (Scheme 6). The relative 
configuration of 26a,b was definitively determined by X-ray structural analysis. 24 
The reaction mechanism for formation of 26a,b is considered to be similar to 
that for the analogous cyclization reaction of the similarly substituted germanone, 
Tbt(Tip)Ge------O (vide infra). 24'25 The nucleophilic attack of the oxygen atom in the 
Si=O double bond of 23 on the silicon atom of the o-bis(trimethylsilyl)methyl 
group, followed by intramolecular cyclization with the C-Si bond formation, af- 
foras 26a and 26b. The difference in the products between the reactions in C6D6 
and in THF is probably due to the larger polarization of the Si=O double bond of 
23 in THF which is more polar and higher in coordination ability. The fact that the 
corresponding silanethione [Tht(Mes)Si-----S], the sulfur analogue of silanone 23, 
does not give such an intramolecular cyclization product but the corresponding 
dimerization products even in THF (vide infra), 26 is in keeping with the higher 
polarization of the Si=O double bond than the Si=S double bond. 12'14a 

Although the isolation and spectroscopic observation of silanone 23 has been 
so far unsuccessful, 23 was intermolecularly trapped by methanol and phenyl 
isothiocyanate to give the final products methoxysilanol 27 and thiocarbamate 
28, respectively (Scheme 7). In both cases, the competing reaction of silanone 
23 with mesitonitrile oxide gave the corresponding [2+3] cycloadduct 24a in 
20 and 36% yields, respectively. The formation of 28 can be rationalized by the 
initial cycloaddition of 23 with phenyl isothiocyanate giving the corresponding 
[2+2] cycloadduct, 1,3,2-oxathiasiletane 29, and its subsequent hydrolysis during 
separation. 
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Since the silanone intermediates have been postulated as key intermediates in 
reports on the synthesis and reactions of organosilicon compounds, 27 the isolation 
of a stable silanone and its characterization should be one of the most fascinating 
subjects in the future chemistry of low-coordinate organosilicon compounds. 

2. Silicon-Sulfur Double Bond Compounds (Silanethiones) 

a. Thermodynamically stabilized silanethiones Amongthesilicon-chalcogen 
double bond compounds, the silicon-sulfur double bond compound (silanethione) 
is considered to be most easily synthesized, since it has been predicted by the theo- 
retical calculation that a silicon-sulfur double bond is found to be thermodynami- 
cally and kinetically more stable than a silicon-oxygen double bond (silanone). 12,13 

Although there have been few reports on the chemistry of transient silan- 
ethiones, lla some stable examples have been successfully isolated by thermody- 
namic stabilization. In 1989, Corriu et aL reported the first synthesis of an isolable 
silanethione 31a (mp 170-171°C) by the reactions of the pentacoordinated func- 
tionalized silane 30a with elemental sulfur or carbon disulfide (Scheme 8). 17 

In contrast to the ready trimerization of the silanone 4 having the same ligands, 
silanethione 31a was found to be relatively long lived in solution (t]/2:3 d in CDC13 
at 25°C) as a monomeric species, though extreme precautions must be taken to 
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avoid exposure to minute amounts of air. Silanethione 31a shows its 29Si chemical 
shift at ~ +22.3, suggesting a strong intramolecular coordination of the nitrogen 
atom. The coordinated silanethione 31a showed unexpectedly low reactivity with 
electrophiles and nucleophiles. Phosphanes, phosphites, ketones, epoxides, methyl 
iodide, and hydrogen chloride are unreactive, as are alkoxysilanes, siloxanes, and 
hydrosilanes. Only when 31a was treated with a large excess of methanol, was the 
corresponding dimethoxysilane produced. Hydrolysis and oxidation lead to the 
silanone trimer 6. 

Corriu et al. also described an alternative synthetic method for internally co- 
ordinated silanethiones starting from the pentacoordinated diaminosilanes. 28 As 
shown in Scheme 9, the pentacoordinated diaminosilanes 32 are allowed to re- 
act with sulfur-containing heterocumulenes such as carbon disulfide or phenyl 
isothiocyanate to give the corresponding insertion products 33, which undergo 
thermal decomposition to produce the corresponding silanethiones 31, 34, 
and 35. 28 

As in the case of silanone 9, the reaction of the silylene bis[2-(dimethylamino- 
methyl): phenyl]silanediyl (8) with phenyl isothiocyanate was examined. 29 In this 
reaction the expected silanethione 36 was obtained as a single product; even in the 
presence of (Me2SiO)3, no insertion product of 36 into a Si-O bond of (Me2SiO)3 
was observed (Scheme 10). 

According to the 29Si NMR spectral data (vide infra), the silicon center of 36 is 
assumed to be pentacoordinated due to its intramolecular interaction with both ter- 
minal amino groups attached to the substituents. This kind of two-fold coordination 
of the nucleophilic side arm of the 2-(dimethylaminomethyl)phenyl substituent to 
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a coordinatively unsaturated silicon center has been proven to be effective in the 
thermodynamic stabilization of silyl cations as well. 3° Although silanethione 36 
was reportedly isolated as a white powder [mp 215°C (dec)], there was neither a 
description of the reactivity nor crystallographic structural analysis of 36. 

b. Kinetically stabilized silanethiones In order to synthesize a stable silan- 
ethione, it is important to choose a proper precursor and a suitable methodology, 
since it can be anticipated that a desired silanethione will be too reactive toward 
atmospheric oxygen and moisture to be purified with chromatography. Recently, 
the first kinetically stabilized silanethione 38 was successfully synthesized and iso- 
lated using a new and efficient steric protecting group, Tbt group. 31 The synthetic 
strategy for this stable silanethione 38 is based on simple desulfurization of the cor- 
responding silicon-containing cyclic polysulfides 37 by a phosphine reagent. Thus, 
a hexane solution of Tht- and Tip-substituted tetrathiasilolane 3731b'32 was refluxed 
in the presence of 3 molar equivalents of triphenylphosphine to produce silan- 
ethione 38 together with triphenylphosphine sulfide quantitatively (Scheme 11). 
Since triphenylphosphine sulfide is almost insoluble in hexane, silanethione 38 
was easily separated from the reaction mixture by filtration of the precipitated 

Si A Ar\ R-N=C=S \ 
/ ~ - /Si; - Si=S 

Ar2Si SiAr2 Ar - R-N=C Ar / Ar = 

7 8 36 
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phosphine sulfide, and was purified as a yellow crystalline compound (mp 185- 
189°C) by recrystallization from hexane under argon atmosphere in a glovebox. 31 

Silanethione 38 was characterized by 1H, 13C, and 29Si NMR, Raman, and UV- 
vis spectroscopic methods. The 29Si NMR chemical shift of 38 (~si 166.56/C6D6) 
for the silathiocarbonyl unit is much downfield shifted from those of the 
thermodynamically stabilized silanethiones, 31, 34, 35, 28 and 36, 29 mentioned 
in the previous sections, clearly indicating a genuine Si-----S double bond in 38 
without any intra- or intermolecular coordination. The molecular structure of 38 
was successfully established by X-ray crystallographic analysis, and the detailed 
structural parameters are discussed in the following section. 

It should be noted that the combination of the Tbt and Tip groups is found to 
be indispensable for stabilizing the reactive silicon-sulfur double bond. When a 
less hindered tetrathiasilolane 39 bearing Tbt and Mes groups on the silicon atom 
was desulfurized with triphenylphosphine as in the case of 37, the color of the 
solution turned yellow at -78°C, suggesting the initial formation of the expected 
silanethione 40, but it undergoes ready head-to-tail [2+2] dimerization to give the 
corresponding 1,3,2,4-dithiadisiletane derivative 41 quantitatively (Scheme 12). 31 

Although it is possible to trap the silanethione 40 by intermolecular addition 
reactions at -78°C (Scheme 12), the combination of Tbt and Mes groups is not ef- 
ficient enough to stabilize the silathiocarbonyl unit as stable compounds at ambient 
temperature. 

3. Silicon-Selenium and Silicon-Tellurium Double Bond Compounds 
(Silaneselones and Silanetellones) 

In contrast to the remarkable progress in the chemistry of silanones and silan- 
ethiones, very little is known for the chemistry of their heavier chalcogen 



136 NORIHIRO TOKITOH AND RENJI OKAZAKI 

3 Ph3P Tbt\ / S ~  S .78"C 
Si I ~' 

Mes / \ s / S  -3 Ph3P=S 

Tbt\ /OMe 

Si 

Mes / \SH 
I 

MeOH T -78 °C / 

Tbt \ 
Si----S 

Mes / 

dimerization Tbt, / S \  ,Tbt 
"'Si Si" 

-78 *C-~ r.t. Mes / ~ S /  %Mes 

39 40 41 
M e s C N ~ /  

-78 °c Ncs 

Tbt / , 0 ~  N Tbt\ / S  /Ph 
\Si I I  Si ~ C = N  

Mes / \S,."~Mes Mes / ~ S  j 
SCHEME 12. 

analogues, the silaneselones and silanetellones. However, some developments have 
been recently reported for these unprecedented heavier congeners. 

a. Transient silaneselones For the generation of silaneselones, Boudjouk et al. 
have described the photochemical and thermal fragmentation of cyclosila- 
selenanes. 33 Thus, several cyclodisiladiselenanes and cyclotrisilatfiselenanes, 
(R2SiSe)n (42-47; n = 2, 3), were prepared from in situ generated Na2Se and 
the corresponding R2SiC12 (Scheme 13). 34 The properties of the cyclosilasele- 
nanes depend on the groups attached to silicon, ranging from alkyl-substituted 
systems [e.g., 42 and 43 (R = Me) and 44 and 45 (R = Et) are thermally unstable 
and air-sensitive yellow oils] to a silyl-substituted one 47 (R = SiMe3) which was 
isolated as green crystals stable to air for several days. 

The cyclosilaselenanes here obtained generate the corresponding silaneselones, 
R2Si=Se (48), thermally and photochemically when R = Me, Et and n = 3 but 
only thermally when R = Me, Et and n = 2 (Scheme 13). The silaneselones 48 
are easily trapped with (Me2SiO)3 to give the insertion product 49. In the case of 
R = Ph, only the six-membered ring product 46 was available as the precursor, 
which afforded a modest yield of an insertion reaction product of Ph2Si=Se to 
(Me2SiO)3 under thermal conditions but gave a complex mixture upon photolysis. 
On the other hand, trimethylsilyl substituted cyclodisiladiselenane 47 was found 
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to be reluctant to ring fragmentation either on thermolysis (250°C for 5 days in a 
sealed tube) or on photolysisY b 

In 1989 Jutzi et al. reported the reaction of decamethylsilicocene 51) with tri- 
n-butylphosphine selenide in benzene at room temperature, leading to almost 
quantitative formation of a 1,3,2,4-diselenadisiletane derivative 52, a head-to- 
tall [2+2] cycloaddition reaction product of the initially formed silaneselone 
51. 35 The intermediacy of silaneselone 51 was experimentally supported by the 
reaction in the presence of 2,3-dimethyl-l,3-butadiene resulting in the forma- 
tion of the corresponding [2+4] cycloaddition reaction product 53 (Scheme 14). 
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Structural analysis of the reaction products clearly shows that the ligand on sili- 
con undergoes a haptotropic rearrangement from .q5 -CsMe5 in 50 to .ql -CsMe5 
in 52 and 53 as in the cases of oxygenation and thionation of 50. 36 Appar- 
ently, silaneselone 51 is not kinetically stable enough to be isolated under normal 
conditions. 

b. Thermodynamically stabilized silaneselone The reaction of the pentacoor- 
dinated functionalized silane 30 (vide supra) with elemental selenium was exam- 
ined by Corriu et al. to give stable silaneselone 54, which is thermodynamically 
stabilized by the intramolecular coordination of the nitrogen-containing substituent 
(Scheme 15). 17 Although the structure of 54 was supported by 29Si and 13C NMR 
and MS spectra including a downfield 29Si chemical shift (~ = +29.4) and a large 
coupling constant with 77Se (Jsesi = 257 Hz), neither crystallographic structural 
analysis nor reactivity of this isolable Si=Se compound has been reported. 

c. Kinetically stabilized silaneselone As in the case of stable silanethione 38, 
kinetic stabilization of a silaneselone was examined using the Tbt group. Since 
the synthesis and isolation of the cyclic polyselenides Tbt(R)SiSe4 (R = Mes 
or Tip) were unsuccessful, probably due to the higher instability than that of the 
corresponding tetrathiasilolanes such as 37 and 39, the direct selenation of the 
sterically hindered diarylsilylene Tbt(Dip)Si: (55; Dip = 2,6-diisopropylphenyl) 
was examined. Thus, the bicyclic silirane derivative (56) bearing Tbt and Dip 
groups on the silicon atom was treated with elemental selenium at 120°C in C6D6 
(sealed tube) to afford a red solution, suggesting the formation of the corresponding 
silaneselone 57 (Scheme 16). 37 

The formation of silaneselone 57 was evidenced by the trapping reaction with 
mesitonitrile oxide leading to the corresponding cycloadduct 58 and was also sup- 
ported by the observation of a remarkably downfield Z9Si chemical shift (Ssi = 
174) indicative of the Si=Se double bond of 57. Although this direct selena- 
tion of silylene 55 with an equimolar amount of selenium was not reproducible, 
the use of excess amount of elemental selenium resulted in the formation of a 
new cyclic diselenide, diselenasilirane 59, as a stable compound (~si = - 4 4  and 
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8Se = -174) .  Diselenasilirane 59 was found to be another useful precursor of 
silaneselone 57 when treated with an equimolar amount of a phosphine reagent 
(Scheme 16). 37 

As shown by NMR spectra, silaneselone 57 exists as a stable species in solution 
at ambient temperature, but its isolation as crystals has not been achieved yet 
probably due to the low chemical yield in the final step. 

d. KineticaUy stabilized silanetellone The reaction of thermally generated 
bulky diarylsilylene 55 with elemental tellurium resulted in the formation of 
the corresponding silicon-tellurium double bond compound, the first example 
of stable silanetellone Tbt(Dip)Si=Te 60 (Scheme 17). 37 The formation of 
silanetellone 60 was evidenced by the 29Si and 125Te NMR chemical shifts 
(~si = 170.7 and ~re = 730.8) and the characteristic green color (hrnax = 593 nm 
in C6D6). 

In addition to the telluration of a silylene, another unique synthetic route has 
been developed for the silicon-tellurium double bond system. Recently, it has 
been reported that the exhaustive reduction of an overcrowded dibromosilane 
Tbt(Dip)SiBr2 (61) with an excess amount (more than 4 equiv.) of lithium 
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naphthalenide leads to generation of the corresponding diaryldilithiosilane 
Tbt(Dip)-SiLi2 (62)) 8 which was found to be very useful for the synthesis of un- 
precedented organosilicon compounds such as the first stable silacyclopropaben- 
zene 63 (Scheme 18). 39 As a further synthetic application of dilithiosilane 62, the 
reaction of 62 with tellurium(H) dichloride was examined in THF at -78°C to 
give the expected silanetellone 60 (Scheme 18). 37 The spectroscopic data of the 
reaction product were identical with those obtained for the sample prepared by the 
telluration of the corresponding silylene 55. 

Thus, the synthetic route via dilithiosilane 62 should be noted as an alternative 
synthetic approach to the heavy ketones. To date, the isolation of silanetellone 60 
as stable crystals has not been achieved yet, though 60 was found to be stable in 
solution at ambient temperature. 

B. Double Bond Systems Containing a Germanium Atom 

Until recently, there have been only two examples of stable Ge-S double bond 
compounds and one each for Ge-Se and GE-Te double bond compounds, but both 
of them are stabilized by the intramolecular coordination of a nitrogen ligand to 
the germanium center. 

In 1989, Veith and his co-workers reported the synthesis of a base-stabilized 
Ge-S double bond species 64 (Scheme 19). X-ray structural analysis 4° shows 
that the sum of the bond angles around the Ge atom was 355 °, which indi- 
cates the geometry for the Ge atom can be described as distorted tetrahedral, 
or better still as trigonal planar with an additional bond (N-+Ge). The Ge-S 
bond distance of 2.063(3) A was about 0.2 ]k shorter than for a Ge-S single bond. 
1H NMR showed three signals assigned to nonequivalent t-butyl, also indicating 
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this coordination of the nitrogen atom. The synthesis of a germanone bearing 
the same substituent was also studied by Veith et al. (Scheme 19), 4°a but the 
trial was unsuccessful, since it resulted in the formation of 65, a dimer of the 
corresponding germanium--oxygen double bond species. This is most likely 
due to the high polarity of the Ge-----O bond 41 in spite of thermodynamic 
stabilization. 

Meanwhile, Parkin and his co-workers have also reported the synthesis of a series 
of terminal chalcogenido complexes of germanium 66, 67, and 68 (Scheme 20).42 
X-ray structural analyses of 66, 67, and 68 revealed that they have unique germa- 
chalcogenourea structures stabilized by the intramolecular coordination of nitro- 
gen atoms. The central Ge-X (X = S, Se, Te) bond of 66, 67, and 68 should be 
represented by a resonance structure, Ge + - X-  < ~ Ge=X, because their bond 
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lengths are somewhat elongated compared to the sums of theoretically predicted 
double bond covalent radii; 2.110(2) ]k for Ge=S (66), 2.247(1) ,~ for Ge=Se (67), 
2.446(1) ]k for Ge=Te (68). 

1. Synthetic Strategies for Stable Germanium-Containing Heavy KetoneJ lb'45 

A variety of preparation methods are known for transient germanium-chalcogen 
double bond species; some of them seemed to be useful also for the synthe- 
sis of kinetically stabilized systems. Indeed, the reaction of a germylene with 
an appropriate chalcogen source was found to be one of the most versatile and 
general methods for the synthesis of stable germanium-containing heavy ketones 
(Scheme 21). 

As in the case of silanethione 38, an efficient synthetic method has been de- 
veloped for stable germanethiones and germaneselones (i.e. germanium-sulfur 
and germanium-selenium double bond compounds), via dechalcogenation reac- 
tions of the corresponding overcrowded germanium-containing cyclic polychalco- 
genides with a phosphine reagent (Scheme 21). Although this method is much 
superior to the direct chalcogenation of germylenes in view of the easy sepa- 
ration and isolation of the heavy ketones by simple filtration of the phosphine 
chalcogenides formed, it cannot be applied to the synthesis of germanones and 
germanetellones, due to the lack of stable precursors such as cyclic polyoxides and 
polytellurides. 

2. Stable Diaryl-Substituted Germanethione and Germaneselone 

a. Synthesis of  a stable diarylgermanethione As the precursors for stable ger- 
manethiones, a series of overcrowded cyclic polysulfides 1,2,3,4,5-tetrathiagermo- 
lanes Tbt(Mes)GeS4 (69a; Mes = mesityl), Tbt(Tip)GeS4 69b, Tbt(Dep)GeS4 
(69e; Dep = 2,6-diethylphenyl) bearing two bulky aryl groups have been synthe- 
sized. 3z'44 In expectation of synthesizing germanethiones, these cyclic polysul- 
tides were desulfurized with 3 molar amounts of hexamethylphosphorous triamide. 
But the desulfurization of tetrathiolane 69a resulted in the formation of 1,3,2,4- 
dithiadigermetane 70a, a dimer of germanethione Tbt(Mes)Ge=S 71a, suggesting 
the combination of Tbt and Mes groups is not sufficient to stabilize the reactive 
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Ge=S double bond of 71a (Scheme 22). 45 In contrast, desulfurization of 69b bear- 
ing a bulkier Tip group gave germanethione Tbt(Tip)Ge=S 71b without forming 
any dimer 70a. The generation of germanethione 71b was confirmed by a trapping 
reaction with 2,3-dimethyl-l,3-butadiene (Scheme 22). 46 

Although germanethione Tbt(Tip)Ge=S 71b is highly reactive toward water and 
oxygen, 71b can be isolated as orange-yellow crystals quantitatively by filtration 
of the triphenylphosphine sulfide followed by the careful recrystaUization from 
the hexane solution under argon atmosphere in a glovebox (Scheme 23). It should 
be noted that 71b is the first kinetically stabilized isolable germanethione. 44 

Germanethione 71b is very sensitive toward moisture but thermally quite stable; 
it melted at 163-165°C without decomposition, and no change was observed even 
after heating its hexane solution at 160°C for 3 days in a sealed tube. A hexane 
solution of 71b was orange-yellow, showing an absorption maximum at 450 nm 
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Ge I 

T i /  kS f S  
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SCHEME 23. 
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which is attributed to n-~r* transition of the Ge=S double bond. On the other hand, 
no change in color was observed throughout the desulfurization of less hindered 
tetrathiagermolane 69a leading to 70a, most probably due to the extremely fast 
dimerization of 71a. Similar desulfurization of tetrathiagermolane 69e beating a 
Dep group, medium in size between Mes and Tip, also gave a dimer of the corre- 
sponding germanethione Tbt(Dep)Ge=S 71e. 47 At the beginning of the reaction, 
however, the electronic spectrum of the hexane solution showed the appearance of 
transient absorption at 450 nm, attributable to the intermediary germanethione 71c. 
These results can be reasonably interpreted in terms of the bulkiness of protecting 
groups on the germanium atom, indicating that the combination of Tbt and Tip 
groups is necessary to isolate a germanethione. 47 

b. Synthesis of a stable diarylgermaneselone When the less hindered tetra- 
selenagermolane Tbt(Mes)GeSe4 72447'48 was treated with triphenylphosphine in 
hexane at 90°C in a sealed tube, only 1,3,2,4-diselenadigermetane 74, a dimer 
of the corresponding germaneselone Tbt(Mes)Ge=Se (73), was obtained even 
in the presence of an excess amount of 2,3-dimethyl-l,3-butadiene, showing the 
high reactivity of a germaneselone and the insufficient steric protection by the 
combination of Tbt and Mes groups (Scheme 24). 47 

By contrast, deselenation of the bulkier precursor Tbt(Tip)GeSe4 72b with 3 
molar amounts of triphenylphosphine in refluxing hexane under argon resulted in 
the quantitative isolation of the first stable germaneselone Tbt(Tip)Ge-----Se 75 as red 

T b t \  /Se...Se 3 Ph3P 3 Ph3P=Se 
Ge I ~_ j/4 = 

Ar / XSe..-Se hexane 
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crystals (Scheme 24).47'49 Dimerization of 75 was not observed even in refluxing 
hexane, in spite of the bond distance of Ge=Se being longer than that of Ge=S. 
Germaneselone 75 was extremely sensitive to moisture but thermally quite stable 
under inert atmosphere (75; mp 191-194°C). One can see that the combination of 
Tbt and Tip groups is effective to stabilize the reactive germaselenocarbonyl unit 
of 75, as in the case of germanethione 7lb. 

c. Stable diaryl-substituted germanetellone In contrast to the extensive stud- 
ies on thiocarbonyl and selenocarbonyl compounds, 7'8 the chemistry of tellurocar- 
bonyl compounds has been much less studied owing to their instabilities. 8e'5° The 
chemistry of a germanetellone, the germanium analogue of a teUone, has also been 
very little explored. Theoretical calculations for H2Ge=Te at the B3LYP/TZ(d,p) 
level have predicted that it has even smaller tr (59.1 kcal mo1-1) and "tr (30.3 
kcal tool -1) bond energies than those of the corresponding germanethione and 
germaneselone, but exists at an energy minimum, suggesting the possibility of its 
isolation. 31b Parkin et al. have reported the synthesis and crystallographic struc- 
ture of germatellurourea 68, which is stabilized by intramolecular coordination of 
nitrogen atoms onto the Ge atom, 42 the only report on the chemistry of germanium- 
tellurium double bond species. 

In view of these situations, synthesis and isolation of a kinetically stabilized ger- 
manetellone are significant not only for clarifying the character of the 
Ge-Te double bond by itself but also for elucidating the properties of germanium- 
containing heavy ketones systematically. 

The successful isolation of stable germanethione 71b and germaneselone 75 
suggests that an overcrowded cyclic polytelluride might be a useful precursor for 
a germanetellone, if one is available. However, no isolable cyclic polytelluride 
has been obtained, probably owing to the instability of polytellurides. Therefore, 
stable diarylgermylene 76 obtained by reduction of the corresponding dibromide 
with lithium naphthalenide was allowed to react with an equimolar amount of 
elemental tellurium in THF to synthesize a germanetellone 77 directly. The color 
of the solution gradually changed over 10 h from blue (hmax = 581 nm) due to 76 
to green (hmax = 623 nm), the red shift of which is indicative of the generation of 
a germanetellone 77 as compared to the absorption maximum of germaneselone 
75 (hmax = 510 nm in THF). 49 The addition of mesitonitrile oxide as a trapping 
reagent to this green solution resulted in the formation of oxatellurazagermole 
78, the [3+2] cycloadduct of germanetellone Tbt(Tip)Ge=Te 77, in 37% yield 
(Scheme 25). 51'52 This is the first generation and direct observation of a kinetically 
stabilized germanetellone. The conversion of 75 to germanetellone 77 was, how- 
ever, considered to be insufficient, judging from the low yield of 78, which was 
most likely due to the insolubility of elemental tellurium. 

These results suggest the generation of germanetellone 77 which is stable in 
solution at room temperature, but an alternative synthetic method for 77 was con- 
sidered to be necessary for its isolation, because the final solution of 77 obtained 
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by the above-mentioned reaction should contain inevitable by-products such as 
naphthalene, tributylphosphine, and lithium bromide. 

d. Isolation of a stable germanetellone First, the synthesis of an overcrowded 
germirene suitable as a precursor of an overcrowded diarylgermylene was exam- 
ined. Germylene 76 generated from dibromogermane Tbt(Tip)GeBr2 and lithium 
naphthalenide was allowed to react with diphenylacetylene to afford germirene 79 
in good yield as white crystals (Scheme 26). 53 This germirene is kinetically stable 
owing to the bulky groups, in contrast to the previously reported germirenes 54 
which are known to be hydrolyzed rapidly in air. Since the thermal lability of 
germirene 79 was indicated by decomposition at 118-120°C in the solid state, a 
benzene-d6 solution of germirene 79 and 2,3-dimethyl-l,3-butadiene in an NMR 
tube was heated while the solution was being monitored by 1H NMR. Only a slight 
change was observed at 50°C, but heating up to 70°C for 9 h gave germacyclopen- 
tene 80 (95%) and diphenylacetylene (100%) with complete consumption of the 
starting material (Scheme 26). This cheletropic reaction is reversible; in the ab- 
sence of the trapping reagent, the colorless solution at room temperature turns pale 
blue at 50°C, showing the regeneration of germylene 76, and becomes colorless 
again on cooling. These results indicate that germirene 79 is a useful precursor 
for diarylgermylene Tbt(Tip)Ge: 76 under neutral conditions without forming any 
reactive by-products (Scheme 26). 53 

Tbt~ PhC---~CPh Tbt~ . , . ~  Ph ~ Tbt\ 
/Ge: ~, Ge j Ge 

Tip / t. Tip / ~ --PhC~OPh T ' /  a X V ~  r. Ph 
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79 ,i = 76 + PhC~CPh 

06D6 
SCHEME 26. 
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For the synthesis of germanetellone 77, germirene 79 and an equimolar amount 
of elemental tellurium were allowed to react in benzene-d6 at 80 °C, and the reaction 
was monitored by ]H NMR. Heating for 9 days led to the appearance of new 
signals along with those of diphenylacetylene at the expense of those assigned 
to 79, and the solution turned green. The sealed tube was opened in a glovebox 
filled with argon, and mesitonitrile oxide was added to the solution to afford [3+2] 
cycloadduct 78 in 94% yield (Scheme 27). 51'52 These results clearly showed the 
almost quantitative generation of germanetellone 77. Removal of the solvent from 
the green solution without the addition of mesitonitrile oxide gave germanetellone 
77 quantitatively as green crystals (Scheme 27). 51'52 This is the first isolation 
of a kinetically stabilized germanetellone. Germanetellone 77 was sensitive to 
moisture, especially so in solution, but was thermally quite stable; 77 melted at 
205-210°C without decomposition. 

3. Synthesis of AlkyLaryl-Substituted Germanium-Containing Heavy Ketones 

For systematic synthesis and isolation of alkyl,aryl-disubstituted germanium- 
containing heavy ketones, the chalcogenation of an alkyl,aryl-disubstituted germy- 
lene, Tbt(Dis)Ge: 81 [Dis = bis(trimethylsilyl)methyl], 53 was examined (Scheme 
28). Germylene 81 was generated by the cycloreversion of the corresponding ger- 
mirene 82 under conditions similar to those for diarylgermylene 76. 

Thermal reaction of germirene 82 was performed in the presence of 1/8 molar 
amount of $8 to give germanethione Tbt(Dis)Ge=S (83) quantitatively, which was 
isolated as yellow crystals in a glovebox under pure argon (Scheme 28). Sim- 
ilarly, germaneselone Tbt(Dis)Ge=Se (84) and germanetellone Tbt(Dis)Ge=Te 
(85) were also synthesized quantitatively and isolated as orange-red and blue- 
green crystals, respectively (Scheme 28). 43'51 Although the reactions of germylene 
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81 with elemental sulfur and selenium are completed after a week, that with tel- 
lurium was very slow and needed more than 3 weeks to finish, most likely due to 
the extremely low solubility of tellurium powder. 

Although germanethione 83 can also be synthesized by the desulfurization of the 
corresponding tetrathiagermolane 86 with triphenylphosphine, the formation of 83 
is not exclusive (62%); the 1,2,4,5,3,6-tetrathiadigermacyclohexane derivative 87 
was isolated in 31% yield. This result shows that some intermolecular coupling 
process of the intermediates might be involved in the desulfurization of 86 bearing 
the less hindered Dis group as compared to the case of Tbt(Tip)GeS4 (69b). 43 

4. Synthesis of Stable Dialkyl-Substituted Germanium-Containing Heavy Ketones 

Although there have been no reports so far on the synthesis of kinetically sta- 
blized germanium-containing heavy ketones bearing only alkyl substituents, penta- 
coordinate germanechalcogenones 89-91 bearing two alkyl ligands were recently 
synthesized by the chalcogenation of the corresponding base-stabilized germylenes 
88 (Scheme 29). 55 

Their crystallographic structural analysis revealed that these pentacoordinate 
Ge complexes have pseudo-trigonal bipyramidal geometry with a trigonal planar 
arrangement of the chalcogen and the two carbon atoms around the germanium 
center. The Ge--chalcogen bond lengths of 89-91 were found to be intermediate 
between the typical single and double bond lengths (vide infra). 

5. Heteroatom-Substituted Germanium-Chalcogen Double Bond Compounds 

In addition to the extensive studies on Ge-containing heavy ketones, there 
have been reported several examples of stable germanium--chalcogen double 
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bonds having two heteroatom substituents 93, 56 95, 57 96, 57a 98a,b, 58 and 99a-d 
(Scheme 30). 58 

Most of them were prepared by the direct chalcogenation of the corresponding 
germylenes 92, 94, and 97 thermodynamically stabilized with the heteroatom 
substituents. 

C. Double Bond Systems Containing a Tin Atom 

1. Synthesis of Stable Stannanethiones and Stannaneselones 

The successful isolation of Si- and Ge-containing heavy ketones naturally 
provoked the challenge to synthesize and isolate the much heavier congeners, 
tin-chalcogen double bonds. However, the combination of Tbt and Tip groups 
is not bulky enough to stabilize the stannanethione Tbt(Tip)Sn=S 11~ 59 in 
contrast to the lighter analogues such as silanethione 38 and germanethione 
7lb. 

Although the stability of stannanethione 100, which was generated in the sulfur- 
ization of the corresponding stannylene Tbt(Tip)Sn: (101) with elemental sulfur, 
was evidenced by the characteristic absorption maxima (hmax = 465 nm) in its 
electronic spectra, concentration of the reaction mixture resulted in the dimeriza- 
tion of 10O giving the 1,3,2,4-dithiadistannetane derivative 102 (Scheme 31). 59a'c 
Stannanethione 100 can also be formed in the desulfurization of the correspond- 
ing tetrathiastannolane 103 with triphenylphosphine, but the formation of 100 has 
been confirmed only by trapping experiments (vide infra), 59b and the ll9Sn NMR 
chemical shift for the central tin atom of 100 was not measured. The formation of 
similarly substituted stannaneselone 105 was also demonstrated by intramolecular 
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lO2  (Y = s)  

trapping experiments (vide infra), but no spectroscopic evidence was obtained 
(Scheme 31). 59b'60 

The high reactivity of tin-chalcogen double bonds was somewhat suppressed 
by the modification of the steric protecting group combined with the Tbt group 
from Tip group to more hindered ones such as 2,4,6-tricyclohexylphenyl (Tcp), 
2,4,6-tris(l-ethylpropyl)phenyl (Tpp), and 2,2"-dimethyl-m-terphenyl (Dmtp) 
groups. 61'62 Thus, in these bulkier systems, the corresponding stannanethiones 
(107, 110, and 113) and stannaneselones (116, 119, and 122) showed character- 
istic orange and red colors, respectively, and all of them showed considerably 
deshielded ll9Sn NMR chemical shifts (~Sn = 467 to 643 ppm) at ambient tem- 
perature, suggesting the sp 2 character of their tin centers and also their stability 
in solution (Scheme 32). On concentration of their NMR samples', however, these 
tin-containing heavy ketones underwent dimerization to give the corresponding 
dimers (108, 111,114, 117, 120, and 123), and it was unsuccessful to isolate them 
as a stable solid or crystallines. 

As the final goal of the synthesis and isolation of tin-chalcogen double bond 
species, further modification of Dmtp group was examined. 62 Thus, the fine tuning 
of the side chains of the terphenyl unit of Dmtp (i.e., the use of 2,2"-diisopropyl-m- 
terphenyl (Ditp) group which bears two isopropyl groups instead of methyl groups 
in 2 and 2" positions) allowed isolation of the corresponding stannanethione 125 
and stannaneselone 127 as stable orange and red crystals, respectively. Both 125 
and 127 were synthesized by the dechalcogenation of the corresponding Tbt- and 
Ditp-substituted tetrachalcogenastannolanes 124 and 126 with three equivalent 
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moles of phosphine reagents (Scheme 33). 62 As judged by ll9Sn NMR and elec- 
tronic spectra, no dimerization was observed for 125 and 127 even after concen- 
tration to the solid state, and the molecular geometry of stalmaneselone 127 was 
definitively determined by X-ray crystallographic analysis as shown in Fig. 1. 

In addition to the successful isolation of the stable stannaneselone 127, it should 
be noted that deselenation of 126 with two equivalent molar amounts of triph- 
enylphosphine resulted in the isolation of a novel fin-containing cyclic diselenide, 
diselenastannirane 128, as a stable crystalline compound. 6° 

D. Double Bond Systems Containing a Lead Atom 18 

1. Synthesis of Plumbanethiones by Desulfurization of Tetrathiaplumbolanes 

In anticipation of kinetic stabilization of a plumbanethione, the heaviest con- 
gener of metallanethiones of Group 14 elements, a series of hindered tetrathi- 
aplumbolanes 129-131 was desulfurized with 3 equiv, of hexamethylphospho- 
rous triamide at low temperature ( -78°C in THF). The color of the reaction 
solution turned red for 129 and 130 or orange for 131, indicating the gener- 
ation of plumbanethiones 132, 133 or 134, respectively. 16,63 Subsequent addi- 
tion of mesitonitrile oxide to this solution at -78°C gave the corresponding 
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oxathiazaplumboles 135-137, a [3+2] cycloadduct of plumbanethione 132-134, 
in a moderate yield in each case (Scheme 34). 16,63 Plumbanethiones 132 and 134 
were also trapped with phenyl isothiocyanate to give [2+2] cycloaddition products 
138 and 140, respectively, though 133 did not afford such an adduct 139. The 
formation of new Pb-containing heterocycles 135-137, 138, and 140 is worthy 
of note as the first examples of the trapping of plumbanethiones. Observation of 
the color changes of the reaction solution suggests that plumbanethiones 132-134 
thus formed are stable in solution at least below -20°C. 

In order to elucidate the thermal stability of the plumbanethione 133, tetrathi- 
aplumbolane 130 was desulfurized at higher temperature. Reaction of 130 with 
3 equiv, of triphenylphosphine in toluene at 50°C gave a deep red solution, from 
which plumbylene 141 was precipitated as pure deep red crystals (Scheme 35). 64 
Besides 141, 1,3,2,4-dithiadiplumbetane 142 was obtained as another lead-con- 
taining main product. It should be noted that the final product 141 bears only Tbt 
groups while 142 has only Tip groups, though the starting material 130 bears both 
Tbt and Tip groups on the lead atom. 

Tbt 
Tbtx / S ' ~  S 3Ph3P, toluen e \ Tip,, / S \  /Tip 

Pb I , . Pb-- S + Pb Pb 
Tip / NS ~ S  50°C \ Tip/. \ S  / "Tip 
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The fact that the final products, plumbylene 141 and dithiadiplumbetane 142, 
bear only Tbt and Tip groups, respectively, indicates the presence of some 
comproportionation process in their formation from 133. A plausible mechanism is 
shown in Scheme 36 for the formation of 141 and 142, though a detailed reaction 
mechanism is not clear at present. 64 The tetrathiaplumbolane 130 is first desul- 
furized to provide plumbanethione 133, as has been seen in the desulfurization of 
130 at low temperature. Plumbanethione 133 might undergo 1,2-aryl migration to 
give plumbylenes 143 and 144, which subsequently react to afford an arylsulfido 
bridged organolead heterocycle 145, since a less hindered arylthioplumbylene is 
known to have a tendency to oligomerize forming a cyclic compound. 65a The retro 
[2+2] cycloaddition reaction of 145 affords 141 and 146. Dithiadiplumbetane 142 
may be obtained from the less crowded plumbylene 146. 

X-ray crystallographic analysis reveals that plumbylene 141 exists as a monomer, 
and there is no intermolecular interaction between the lead and sulfur atoms, 64a 
while other heteroatom-substituted plumbylenes so far known exist as a hetero- 
atom-bridged cyclic oligomer. 65 

2. Synthesis of a Plumbanethione by Sulfurization of a Plumbylene 

In order to prove the 1,2-aryl migration process proposed for plumbanethione 
133, the synthesis of plumbanethione 148 by sulfurization of a diarylplumbylene 
147 with one atom equivalent of elemental sulfur at low temperature and the suc- 
cessive trapping reaction of 148 with mesitonitrile oxide were carried out (Scheme 
37). 16 The formation of cycloadduct 149 indicates the generation of intermediary 
plumbanethione 148. Furthermore, the fact that heating of a toluene solution of 
isolated plumbylene 147 and one atom equivalent of elemental sulfur at 50°C gave 
141 clearly demonstrates the occurrence of 1,2-aryl migration in 148 (Scheme 35).16 
The formation of 141 in this experiment is the first demonstration that R(RS)Pb is 
more stable than R2Pb-=S. 



156 NORIHIRO TOKITOH AND RENJI OKAZAKI 

[(Me3Si)2N]2Pb 

2TbtLi -20 °C 

Tbt 
Tbt \Pb  1/8S8, toluene \ 

: ~' Pb--S 
Tbt / 50 "C \ 

Tbt 

147 141 (11%) 

THF 
1/8S 8 

-78 °C 

Tbt \  MesCNO Tbt \  /S "~C /Mes  
Pb=S ~' Pb II 

Tbt / -78 "C~r. t. Tbt / ~ o I N  

148 149 (6%) 

SCHEME 37. 

This interpretation of the experimental results was corroborated by ab initio 
calculations on the relative stabilities of a series of double bond compounds, 
[H2Pb-----X] and their plumbylene type isomers, [trans-H-Pb-X-H] and [cis-H-Pb- 
X-HI (X = O, S, Se, and Te) (vide supra)) 6 The results of the theoretical cal- 
culations and experiments for lead-chalcogen double bond species are in sharp 
contrast to those of the other Group 14 element analogues which do not isomerize 
to the divalent compounds. 14b 

IV 

STRUCTURES AND PHYSICAL PROPERTIES 

A. X-ray Crystallographic Analysis 

It should be very important to reveal the structural features of heavy ketones 
and to make a systematic comparison with those of a carbonyl compound such as 
the bond shortening and the trigonal planar geometry which result from the sp 2 
hybridization between the carbon and oxygen atoms. 

First, crystallographic structural analysis of the thermodynamically stabilized 
silanethione was established for the bulky silanethione 31b (see Scheme 8). 
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Although the Si-S bond [2.013(3)/~] in 31b is shorter than a typical Si-S single 
bond (2.13-2.16 ]k), 66 suggesting its double bond character to some extent, it is still 
0.07 ~ longer than the calculated value for the parent silanethione H2Si=S (1). The 
Si-N distance (1.964/~) in 31b, slightly longer than a Si-N cr bond (1.79 ~,), sup- 
ports a very strong coordination of the nitrogen atom of the dimethylaminomethyl 
group in 31b to the central silicon atom, which in turn makes the silathiocarbonyl 
unit of 31b considerably deviated from the ideal trigonal planar geometry; the sum 
of the angles around the central silicon atom is 344.9 °. The authors concluded that 
the resonance betaine structure strongly participates in the electronic distribution 
of the internally coordinated silanethiones 31a,b. 

Therefore, the elucidation of the intrinsic structural parameters of heavy ketones 
has to be done with kinetically stabilized systems. Most of the heavy ketones syn- 
thesized by steric protection with the Tbt group have provided single crystals suit- 
able for X-ray structural analysis. The results for silanethione 38, germanethione 
71b, germaneselones 75, 84, germanetellones 77, 85, and stannaneselone 127, are 
summarized in Table III. 

The structural parameters of all heavy ketones examined show that they have 
an almost completely trigonal planar geometry and a distinct double bond nature. 
The observed double bond lengths and Aobs [bond shortening (%) compared to 
the corresponding single bonds[ values are in good agreement with calculated 
values for H2M=X (vide supra, Table 1). 14 These findings clearly indicate that 
heavy ketones have structural features similar to those of a ketone, although their 
double bond character is lower than that of the corresponding carbon homologues 
as judged by their Aobs values. 

It should be noted that all the M=X bond lengths observed here are sig- 
nificantly shorter than those reported for the corresponding double bond com- 
pounds stabilized by intramolecular coordination of heteroatoms. In other words, 

TABLE III 

STRUCTURAL PARAMETERS OF HEAVY KETONES Tbt(R)M~X 

R Tip Tip Tip Dis Tip Dis Ditp 
M Si Ge Ge Ge Ge Ge Sn 
X S S Se Se Te Te Se 

Compound 38 71b 75 84 77 85 127 

M--X ( ]~)  1 .948(4)  2.049(3) 2.180(2) 2.173(3) 2.398(1) 2.384(2) 2.375(3) 
Aobs(%) a 9 9 9 8 9 8 9 
Y,/M(deg) b 359.9 359.4 359.3 360.0 359.5 360.0 359.9 

aThe bond shortening (%) compared to the corresponding single bonds. 
bSummation of the bond angles around the M atom, 
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thermodynamically stabilized systems suffer from considerable electronic pertur- 
bation by heteroatom substituents. 

Although some examples of thermodynamically stabilized double bond systems 
between Group 14 and Group 16 elements showed trigonal planar geometry due 
to their structural restriction, almost all of their bond lengths are longer than those 
kinetically stabilized and theoretically predicted. 67 These results clearly show that 
considerable electronic perturbation is inevitably involved in the thermodynami- 
cally stabilized systems. 

B. NMR Spectra 

As in the case of 13C NMR, low-field chemical shifts are characteristic of sp 2 
hybridized nuclei in the heavy ketones. For example, the 29Si chemical shifts of 
silanethione 38 and silaneselone 57 are 167 and 174 ppm, respectively. Silanetel- 
lone 60 shows its 29Si NMR signal at 171 ppm. In contrast, the 29Si NMR signals 
of Corriu's compounds 31a (X--S) and 54 (X=Se) appear at 22.3 and 29.4 ppm, 
respectively, 17 indicating the high sp a nature of the silicon centers in 31a. The other 
silanethiones 34 and 35, not isolated hut generated as stable species in solution, are 
reported to show their characteristic 29Si NMR chemical shifts [34.2 and 41.1 ppm 
for 34 and 35, respectively], which are indicative of their intramolecularly coor- 
dinated betaine structure as observed in the cases of 31a and 54. Silanethione 36 
shows a characteristic 29Si NMR chemical shift at 8 -21.0, which is apparently 
upfield shifted compared to that for the noncoordinated, "true" silanethione 38 
and at significantly higher field than those of the tetracoordinated silanethiones 
31, 34, and 35 mentioned above. The characteristic low-field 77Se and lZSTe chem- 
ical shifts of 57 (Sse = 635) and 60 (bre = 731) are also indicative of their sp 2 
hybridized chalcogen atoms. 

Similarly, stannanethione 125 and stannaneselone 127 kinetically stabilized by 
Tbt and Ditp groups have ll9Sn chemical shifts of 531 and 440 ppm, respectively. 
Recently, Parkin et al. have reported the synthesis of stable terminal chalcogenido 
complexes of tin 150 (Scheme 38), and the chemical shifts for the central tin atom 

x 

150a: X = S 
150b: X = $e 

SCHEME 38. 
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150 resonate at a much higher field: -303 ppm (150a: X=S) and -444 ppm (l$0b: 
X=Se). 68 This clearly shows that the thermodynamically stabilized tin--chalcogen 
double bonds in 150 (X=S, Se) are electronically perturbed to a great extent. 

On the other hand, such information is not available for germanium-containing 
heavy ketones because of difficulty in observing Ge NMR, but the low-field res- 
onating 77 Se and 125Te NMR chemical shifts of germaneselones [~ se = 941 (for 
75) and 872 (for 84)]  47'49 a n d  germanetellones [bre = 1143 (for 77) and 1009 (for 
85)] 43'51 are in keeping with the sp 2 hybridization of these elements as in the cases 
of silaneselone 57 and silanetellone 60. 

C. UV-Vis Spectra 

In Table IV are listed characteristic visible absorptions observed for the heavy 
ketones kinetically stabilized by Tbt group. 

It is known that the n-~r* absorptions of a series of R2C=X (X=O, S, Se, Te) 
compounds undergo a systematic red shift on going down the periodic table, l° A 
similar tendency is observed for the Si, Ge, and Sn series of Tbt(R)Si=X (X--S, 
Se), Tbt(R)Ge=X (X=S, Se, Te), and Tbt(R)Sn=X (X=S, Se). In contrast, one can 

TABLE IV 

ELECTRONIC SPECTRA (n--+ ~*) OF DOUBLY BONDED COMPOUNDS BETWEEN GROUP 14 
ELEMENTS AND CHALCOGENS 

Observed (kmax/nm) a calcd b 

X = S X = Se kmax/nm Aen'tr*/eV c 

TbtCH=X 587 d 792 e H2C=S 460 10.81 

Tbt(R)Si=X 396 f 456 g H2Si=S 352 10.27 

T b t ( R ) G ~ X  h 450 / 519 i H2Ge~---S 367 9.87 

Tbt(R)Sn~---X 473 j 531 k H2SnnS 381 9.22 
H 2 P ~ S  373 9.11 

aln hexane. 
°CIS/TZ(d,p)//B 3LYP/TZ(d,p). 

CELUMO(~*) -- EHOMO(n). 
dReferenee 69. 
eReferenee 73. 
fR = Tip. Reference 22. 
gin THE R = Dip. 
hx = Te: R = Tip, krrax640nm. Reference 51. 
iR = Tip. Reference 47. 
JR = Tip. Reference 59c. 
kR = Ditp. Reference 62. 
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see a very interesting trend in the absorption maxima of two series, Tbt(R)M=S and 
Tbt(R)M=Se (M=C, Si, Ge, Sn). In both series their hmax'S are greatly blue-shifted 
on going from carbon to silicon congeners, whereas hmax'S of silicon, germanium, 
and tin congeners are red-shifted with increasing atomic number of the Group 
14 elements. This trend is also found in calculated values for H2M=S (M=C, Si, 
Ge, Sn). 14 Since calculated Ae,~. values increase continuously from H2Sn=S to 
H2C=S, a long wavelength absorption for H2C=S (and hence for ThtCH----S 69) 
most likely results from a large repulsion integral (Jn~*) for the carbon-sulfur 
double bond, as in the case of H2C=O vs H2Si=O. 7° 

D. Raman Spectra 

The stretching vibrations of the M=X bond were measured by Raman spectra 
for silanethione 38 (724 cm-1), germanethiones 71b (521 cm -1) and 83 (512 
cm-1), and germanetellones 77 (381 cm -1) and 85 (386 cm-1). These values are 
in good accordance with those calculated for H2M=X compounds [723 (Si-----S), 
553 (Ge-----S), and 387 (Ge=Te) cm-1]. 14 It is noteworthy that the observed value of 
Tbt(Tip)Ge-----S 71b is very close to that observed by IR spectroscopy for Me2Ge=S 
(518 cm -1) in an argon matrix at 17-18 K, 71 indicating similarity in the bond nature 
of both germanethiones in spite of the great difference in the size and nature of the 
substituents. 

V 

REACTIVITIES 

As mentioned in the previous sections, heavy ketones undergo ready head-to- 
tail dimerization (or oligomerization) when the steric protecting groups on the 
Group 14 element are not bulky enough to suppress their high reactivity. Indeed, 
Tbt(Mes)M=X (M = Si, Ge; X = S, Se) cannot be isolated at ambient tem- 
perature, and instead the dimerization products are obtained. In the cases of tin- 
containing heavy ketones, the dimerization reactions take place much more easily 
than in the lighter Group 14 element congeners, and only the combination of Tbt 
and Ditp groups can stabilize the long and reactive tin-chalcogen double bonds 
(see Schemes 31- 33). 

Although the high reactivity of metal-chalcogen double bonds of isolated heavy 
ketones is somewhat suppressed by the steric protecting groups, Tbt-substituted 
heavy ketones allow the examination of their intermolecular reactions with rel- 
atively small substrates. The most important feature in the reactivity of a car- 
bonyl functionality is reversibility in reactions across its carbon-oxygen double 
bond (addition--elimination mechanism via a tetracoordinate intermediate) as is 
observed, for example, in reactions with water and alcohols. The energetic basis 
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of this reversibility is that there is very little difference in the or and "rr bond ener- 
gies of C=O bond (see Table I). In contrast, an addition reaction involving a heavy 
ketone is highly exothermic and hence essentially irreversible because of its much 
smaller -rr bond energy than the corresponding or bond energy. 

All heavy ketones kinetically stabilized by the Tbt group react with water and 
methanol almost instantaneously to give tetracoordinate adducts (Scheme 39). 
They also undergo cycloadditions with unsaturated systems such as phenyl iso- 
thiocyanate, mesitonitrile oxide, and 2,3-dimethyl-1,3-butadiene to give the corre- 
sponding [2+2], [2+3], and [2+4] cycloadducts, respectively (Scheme 39). The 
former two reactions proceed at room temperature, while the reaction with the 
diene takes place at higher temperature, with the lighter homologues requiring 
more severe conditions. 

Reaction of 711} with methyllithium followed by alkylation with methyl io- 
dide gives a germophilic product 151. The [2+4] cycloaddition of 71b with 
2-methyl-l,3-pentadiene affords 152 regioselectively. When a hexane solution of 
152 is heated at 140°C in a sealed tube in the presence of excess 2,3-dimethyl-1, 
3-butadiene, a dimethylbutadiene adduct 153 is obtained in a high yield, indicating 
that the Diels-Alder reaction of germanethione 71b with a diene is reversible, and 
hence such a diene adduct as 152 or 153 can be a good precursor of germanethione 
71b (Scheme 40). 47 Similar reactivity was observed for germaneselone 75, and the 
retrocycloaddition of 154 takes place at much lower temperature (50°C) than that 
for 152, suggesting the weaker C-Se bond as compared to C-S bond (Scheme 40). 

In contrast to the considerable thermal stability of the isolated heavy ketones of 
silicon, germanium, and tin, a plumbanethione behaves differently. When stable 
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plumbylene Tbt2Pb 1477z was sulfurized by 1 molar equiv, of elemental sulfur 
at 50°C, the heteroleptic plumbylene TbtPbSTbt (141) was obtained (Scheme 
37) 16 instead of plumbanethione TbtzPb=S 148 which is an expected product in 
view of the reactivity observed for divalent species of silicon, germanium, and 
tin (vide supra). The formation of 141 is most reasonably explained in terms of 
1,2-rnigration of the Tbt group in the intermediate plumbanethione 148, and this 
observation is supporting evidence for the 1,2-aryl migration in plumbanethione 
133 proposed in the reaction shown in Scheme 36. This unique 1,2-aryl migration 
in a plumbanethione is in keeping with a theoretical calculation which reveals that 
plumbylene HPb(SH) is about 39 kcal mol -l more stable than plumbanethione 
H2Pb=S" 16 

VI 

CONCLUDING REMARKS 

Remarkable progress in the chemistry of main group elements enabled us to syn- 
thesize and isolate heavy ketones which are capable of existence as stable species 
if their highly reactive M=X bond is adequately protected toward dimerization 
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by kinetic or thermodynamic stabilization, As can be seen in this article, kinetic 
stabilization is much superior to thermodynamic stabilization to elucidate the in- 
trinsic nature of the chemical bonding between the heavier Group 14 and Group 
16 elements. 

Although the structural features of their M=X bonds (M = Si, Ge, Sn; X = 
chalcogen atom) such as trigonal planar geometry and bond shortening compared to 
the corresponding M--X single bonds are similar to those of ketones, heavy ketones 
have much higher reactivity because of their weak "rr bonds. The systematic study 
on heavy ketones containing silicon through lead using steric protection with the 
Tbt group has revealed that unlike lighter congeners, a heavy ketone containing 
lead, R2Pb--X, is unique in that it is less stable than its isomeric plumbylene 
RPb--XR. 

In contrast to the successful isolation and characterization of heavy ketones 
containing heavier chalcogen atoms such as sulfur, selenium, and tellurium, those 
containing oxygen are still elusive species and neither their isolation nor spec- 
troscopic detection have been achieved, probably due to their extremely high 
reactivity caused by their highly polarized structure. Only the stability of ger- 
manone Tbt(Tip)Ge==O in solution at room temperature has been indirectly demon- 
strated by the trapping experiments. 24' 25 The most fascinating and challeng- 
ing target molecules in this area should be the stable oxygen-containing heavy 
ketones. 
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I 

INTRODUCTORY REMARKS: SCOPE AND LIMITS 

The general purpose of  this chapter is to show the potential of  calix[4]arenes la,b 
as ancillary ligands in coordination and organometallic chemistry of  transition 
metals, in the areas of  both metal reactivity and catalysis. Therefore, the main 
focus will be on the metalation of  calix[4]arenes and their O-alkylated derivatives, 
only when it produces compounds potentially useful for exploring the chemical  
reactivity of  the metal centers. A particular emphasis will be placed on modeling 
studies of  the heterogeneous metal-oxo-surfaces using metalla-calix[4]arenes. 

The scopes outlined above limit the purpose of this chapter, which will not 
cover: (1) the transition metal  complexation by protonated or functionalized forms 
of  calix[4]arenes; (2) the metalation of  calix[4]arenes using non-transition metals; 
and (3) chemical  curiosities derived from the metalation of  calix[4]arenes (some 
recent reviews cover these areas very well), t In addition, the authors have been 
particularly careful to report only those compounds which have a well-established 
synthesis and a full spectroscopic and structural characterization. 

*Tel. +41 21 692 39 02; Fax: +41 21 692 39 05; E-mail: carlo.floriani@icma.unil.ch. 
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INTRODUCTION 

Modeling studies of oxo-surfaces 2 that bind metals appropriate to drive catalytic 
or stoichiometric reactions date back a very long time. 3 An interesting approach 
foresees the use of a preorganized set of oxygen donor atoms in a quasiplanar 
arrangement for binding metal ions. In such a context, the calix[4]arene skeleton 1 
comes into play, 4 with a number of unique geometric and electronic peculiar- 
ities. Calix[4]arenes have only recently been exploited for binding metals, 1,4,5 
and even more recently as ancillary ligands for supporting reactive metals in 
organometallic chemistry. 1 In such a role, calix[4]arenes have quite a number 
of unique attributes. Let us first look at their geometric properties. In the metalla- 
derivatives, calix[4]arenes almost exclusively assume the cone conformation, thus 
keeping the oxygen set quasiplanar. They usually act as tetraanionic ligands, 
though the charge of the 04 set can be tuned by a different degree of alkylation 
(Chart 1). 

The oxygen alkylation enables control of the functionalization degree of the 
metal and at the same time, using appropriate R substituents, also the steric pro- 
tection of the metal reactive site. The symmetry of the cone conformation is 
largely determined by the coordination number of the metal attached to it, and 
thus, indirectly, by the symmetry of the incoming substrate to the metal. Such 
geometric features are revealed by the methylene bridging and the Bu t groups 

Bu t 

B u t @  But 

[p.But calix[4].(OH )4] 

Bu' 

A B 
Lo-But-calix[4]-(O )4] 4" [p-But-calix[4]-(OM e)(O)3] 3" 

CHART l. p-Bu t-calix[4]arene and derived anions. 

c 
[p-But-calix[4]-(O Me)2(O)2] 2" 
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CHART 2. Frontier orbitals of [M(calix[4]arene)] moieties. 

functioning as spectroscopic probes in a 1H NMR spectrum. 4 What about the 
consequences on the frontier orbitals available at the metal due to its binding to 
the calix[4]arene skeleton? Although in metallacalix[4]arenes the metal anchoring 
groups are methylene-bridged phenoxo anions, the role of calix[4]arene is different 
from that of the same number of monomeric phenoxo units.4 

The four oxygen donor atoms preorganized in a quasiplanar geometry have 
a major effect in determining the set and relative energy of the frontier orbitals 
available at the metal for the substrate activation (see Chart 2). 

In the calix[4]arene-based fragments the four lowest-lying orbitals, which can 
accommodate up to eight electrons, lie on two orthogonal planes, thus favoring a 
facial over a meridional structure when such a fragment is bound to three additional 
ligands. The facial compared to the meridional arrangement of the three low-lying 
frontier orbitals favors, among other things, the formation of a metal substrate 
multiple bond, 4 that is, stabilization of alkylidenes and alkylidynes, and affects the 
migration-insertion reactions. 4 

The metal-oxo molecular models outlined above have a quite remarkable po- 
tential for studying the metal activity in a quite unusual environment. Some of 
the possibilities could be: (1) the generation and the chemistry of M--C, M=C, 
M~---C functionalities; (2) the interaction with alkenes, alkynes, hydrocarbons, and 
hydrogen; (3) the activation of small molecules like N2 6 and CO; (4) the support 
of metal-metal bonded functionalities; and (5) the generation of highly reactive 
low-valent metals. 
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The chemistry associated with the metal-oxo-surfaces modeled by the metalla- 
calix[4]arene at the molecular level will be reviewed according to subdivisions in 
the following sections. 

III 

METALATION OF CALIX[4]ARENES AND O-ALKYLATED CALIX[4]ARENES 
USING TRANSITION METALS 

A preliminary question is how to make the starting materials for entering 
organometallic and coordination chemistry in the area of calix[4]arenes. 

Calix[4]arene complexes of transition metals have been known for several 
yearsJ '5 From the few examples in the literature, it was, however, very difficult 
until recently to single out some general methods for producing compounds suit- 
able for studying metal reactivity. Each methodology is exemplified in Scheme 1, 
listing some of the most used metalla-calix[4]arenes as starting materials in co- 
ordination and organometallic chemistry. The more versatile metalation meth- 
ods of calix[4]arene, 1, mono-O-alkylated calix[4]arene, 2, and bis-O-alkylated 
calix[4]arene, 3 (see A, B, and C in Chart 1) la,b have been summarized in Scheme 1. 
The reaction of 1 with metal halides can be pursued in the case of the highest ox- 
idation states of metals like Nb, 7'8 Ta, 7'9 and W 1°,11 (see complexes 4--6). In the 
latter case, a small excess of WCI6 or other Lewis acids produces the isomerization 
to the t rans  derivative 7.11 When such a method was employed in the metalation 
of 3 or analogous di-O-alkylated calix[4]arenes, the ligand undergoes, except in 
the case of ZrCl4 • THF2, the dealkylation of one of the oxygens, thus producing 
the corresponding mono-O-alkylated calix[4]arene complex. This is, in fact, the 
best method for the synthesis of 812 and 9. 9 In addition, the best synthesis for the 
mono-O-alkylated calix[4]arene, [p-But-calix[4]-(OH)3 (OMe)], goes through the 
facile hydrolysis of 8, and the synthesis of 2 can be carried out as a "one pot" 
reaction.12 The direct metalation of 1, 2, and 3 can be achieved using, when avail- 
able, homoleptic alkyl-, 5a'b aryl-, 13,14 amido_Se derivatives of transition metals, as 
exemplified in the synthesis of 10.14 Owing to the difficult large-scale synthesis 
of 2, it is usually preferable to use the acid-base or oxidative-induced dealkyl- 
ation of the di-O-alkylated derivatives. These latter are obtained as reported in 
Scheme 1, via a preliminary deprotonation of 3 using LiBu, Na metal, or sodium 
hydride, followed by the reaction with the corresponding metal halide (see the 
synthesis of 11,12 12,15 13,16 14,12 and 1517 in Scheme 1). The alternative synthe- 
sis of the bis-O-alkylated metalla-calix[4]arene can take advantage of the existing 
corresponding homoleptic metal(II)-alkyl or -aryl derivatives, as in the case of 
iron(II) 13 and manganese(II) 18 complexes. For such metals, the metathesis reac- 
tion from the corresponding metal halides is much more difficult. There is a major 
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SCHEME 1. 

difference between the synthetic methods reported above, namely the formation or 
not of lithium or sodium halides. In many cases, it is quite difficult to free the final 
complex from these salts, due to the halide binding to the transition metal or the 
alkali cation being hosted in the calix[4]arene cavity. This latter event depends on 
how the transition metal shapes the cavity of the calix[4]arene ligand (see below). 

At this stage it could be useful to make a comment on the structural features of 
complexes 4-17. The coordination number of the metal affects strongly the shape 
of the calix[4]arene fragment. In the case of five-coordinate and, eventually, four- 
coordinate metals, the calix[4]arene moiety displays a cone, which changes to an 
elliptical conformation in the case of a six-coordinate metal. 4, t0 Such conformation 
changes, which appear in the solid state, are also detectable in solution, as in the 
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case of diamagnetic metals, using lH NMR spectroscopy. The resonances of the 
Bu t substituents and/or the bridging methylenes probe the two-, four-, and lower 
symmetries of the calix[4]arene moiety. The synthetic methods mentioned in this 
section address those metalla-calix[4]arenes which are appropriate for studying 
the metal reactivity. 

It is worth mentioning that the purpose of this chapter is not to provide an 
exhaustive list of all the metallated calix[4]arenes, which is covered in previous 
reviews. 1 

IV 

LOW-VALENT METALLA-CALIX[4]ARENES 

A. Metal-Metal Bonded Dimers 

A set of oxygen donor atoms, providing both (r and ~ donation to a metal 
center, is not appropriate to stabilize any low oxidation state of a metal) 9 This is, 
however, a synthetic advantage since very reactive, unstable, low-valent metalla- 
calix[4]arenes can be generated in situ and intercepted by an appropriate substrate. 
In the absence of a suitable substrate, the reactive fragment, however, can collapse 
to form metal-metal bonded dimers. The formation of metal-metal bonds has 
been, however, so far observed in the case of Group V and VI metals only. The 
most complete sequence so far reported has been for tungsten, molybdenum, and 
niobium. 

In the case of tungsten, 11'2° complex 6, whose structure is displayed in Fig. 1, 
has been used as starting material. In the absence of any intercepting substrates like 
olefins, acetylenes, etc. (see the next section), it undergoes controlled reduction 
(Scheme 2) leading to a number of structurally interesting compounds. When the 
reduction of 6 was carried out in a K/W 1:1 molar ratio, no salt separation was 
observed, and the paramagnetic tungsten(V) derivative 18 was obtained. The most 
interesting structural feature of 18, overall quite similar to the parent compound 6, is 
the unusual complexation inside the calix [4] arene cavity of K +, whose solvation is 
partially provided by "q6-bonded opposite phenyl rings. A similar solvation mode of 
K + was structurally identified in tantalum-alkali cation calix[4]arene complexes. 21 

Increasing the reducing agent/W ratio and using Na-naphthalenide led to the iso- 
lation of the two-electron-reduced, diamagnetic compound 19. The C2v symmetry 
of the 1H NMR spectrum and the X-ray analysis are in agreement with the cen- 
trosymmetric structure sketched in Scheme 2 for 19 [W = W, 2.614(1) ~k]. The six- 
coordination of the metal and the inclusion of the alkali metal cation removes the 
planarity of the O4 core and the cone conformation of the calix[4]arene. The sodium 
cation within the calix[4]arene cavity is "qa-bonded to two opposite arene rings. 
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FIG. 1. Crystal structure and selected structural parameters of complex 6. 
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As will be discussed in detail in the next section, when the reduction of the par- 
ent compound 6 was conducted at low temperature ( - 20  °C) with 2 equiv, of 
Na in tetrahydrofuran (THF) saturated with ethylene, complete salt removal was 
achieved, and the "q2-ethylene complex 20 was isolated. 22 Upon irradiation, the 
latter released ethylene, behaving as a source of the d 2 [W{p-But-calix[4]-(O)4}] 
carbenoid, which coupled to give a new W=W dimer [W=W, 2.582(1) A], isolated 
as the bis-ButNC adduct 21. In 1H NMR, 21 exhibits a C~-symmetric pattern of 
signals for the calix[4]arene moiety. 

The different genesis of 19 and 21, both containing a W=W double bond in 
an edge-sharing bioctahedron, 23 clearly indicates that the W=W functionality re- 
quires the support of two bridging ligands, either chlorides (see 19) or oxygens 
of adjacent metalla-calix[4]arene moieties (see 21). The reduction of 6 with 3 
equiv, of Na gave complex 22 (Fig. 2), showing a C4v 1H NMR spectrum. When 
excess Na was added to a THF solution of 22, an additional 1 equiv, of Na per 
W atom was consumed. The resulting deep blue W II compound, 23, was found 
to be diamagnetic in the solid state. The IH NMR spectrum of 23 shows a Car 
pattern for the calix[4]arene moiety and the diamagnetism of the complex. Among 
the properties of the electron-rich metalla-calix[4]arene dimers mentioned above, 

FIG. 2. Crystal structure and selected structural parameter of complex 22. 
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their occurrence in the ion-pair form with alkali cations tightly bonded to the 
calix[4]arene fragments should be emphasized. The alkali metal cations in such 
structures have very different binding sites, either displaying a bridging bonding 
mode across the lower rims of two adjacent calix[4]arenes, as in 22 and 23, or being 
complexed inside the cavity, as in 18 and 19, where they experience ~q6 or ~q3 inter- 
actions with the arene rings. Both dimers 22 and 23 contain a tungsten-tungsten 
multiple bond [2.313(1) and 2.292(1) lk in 22 and 23, respectively], consistent 
with a triple bond in 22 and eventually a quadruple bond in 23.11 The interac- 
tion between the two [W(calix)]- fragments in 22 is illustrated by the molecular 
orbital diagram on the right of Chart 3, showing a W-W cr27r 4 configuration 
and indicating a metal-metal triple bond character, consistent with the observed 
metal-metal distance of 2.313(1) ~,. For the tetraanionic dimer 23, which differs 
from 22 by two more electrons, a formal O'2~4~ 2 configuration with a metal- 
metal quadruple bond and a shorter W-W bond length is expected, on the basis 
of the molecular orbital scheme in Chart 3. However, the strong "rr donation from 
the oxygen p~ to the tungsten dxy orbitals leads to a significant destabilization of the 
latter orbitals, involved in the W-W 8 bonding. The contribution to metal-metal 
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CI-IART 3. Molecular orbital interaction diagram between the two [W(calix)]- fragments in 22. 
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bonding from the occupied 8 orbital is therefore very weak, in agreement with 
the observed W-W bond distance in 23, 2.292(1) A, which is only negligi- 
bly shorter than in 22 in spite of the higher formal metal-metal bond order. 
The high energy of the occupied ~ orbital also explains the high reactivity of 
23, in particular toward oxidation. It is worth noting that no quadruply bonded 
(W-W) 4+ compound supported by alkoxide or phenoxide ligands is known; 19 
so 23 is unprecedented. However, a few (Mo-Mo) 4+ compounds Mo2(OR)4L4 
(L= R'OH, Py, PMe3) are known and show metal-metal distances slightly shorter 
or almost identical (2.10-2.20 ~) to those observed (2.20-2.25 A) for the triply 
bonded (Mo-Mo) 6+ compounds, such as Mo2(OR)6 .19'23'24 

A different synthetic approach to M-M bonded metalla-calix[4]arenes, which 
does not make use of any redox chemistry, has been reported. 25 Such an approach 
reveals the possibility of other bonding modes of the M2 unit to the calix[4]arene, 
some examples being reported in Scheme 3. 25a,b In hydrocarbon solvents, the 
compounds M2(NMe2)6 (M = Mo, W) react with 1 to give the complexes 24 
(M = Mo, W). In the molecular structure of 24, the calix[4]arene ligands span 
the Mo~-Mo bond of distance 2.193(1) A in a ~, ~2, ~ manner. The calix[4]arene 
bowl encapsulates the H2NMe2 cations tightly, as judged by 1H NMR spectroscopy. 
However, upon refluxing in pyridine, compounds 24 are converted to 25. The 

M2(NMe2)6 + 1 ~ M~---M 

M= Mo, W 

Mo2(OBut)6 

}" M , ~ - . ~  2H + Ill 
O/n/ I'X,,O pyridine O ~  X--.~O.,,k~HNMe2 ,..~Mx-..~. ~ 

u 0 u O  0 u 

24 25 26 

M ~  Q -~ [Me2NH2] + T1 

2 lU M2(OBut)6 
O o~ML~oMe 

27 

SCHEME 3. 
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molecule of 25 has a center of symmetry, and the Mo2-calix[4]arene unit has a 
dumbbell shape [Mo-~--Mo bond distance, 2.226(1)/~]. Each Mo atom has four 
Mo-O phenoxide bonds, one of which is hydrogen bonded to a HENMe2 cation. 
Heating compound 25 under a dynamic vacuum at 100°C for 3 days forms com- 
pounds 26 [Mo~Mo bonds, 2.226(6)/~]. Compounds 26 are formed directly in the 
reactions between M2(OBut)6 compounds and I in benzene at room temperature 
(1 or 2 days). The Mo=~=Mo complexation has been observed also in the reaction of 
2 with Mo2(OBut)6, leading to 27. In neither series of compounds reported above 
has any particularly interesting reactivity of the M-M bonded functionality been 
disclosed so far. 25 

A completely different scenario has been observed in the case of the stepwise 
reduction of [p-But-calix[4]-(O4)]zNb2(Cl)z] (see complex 4 in Scheme 1), as re- 
ported in Scheme 4. 8,26,27 Such a reduction has been carded out under argon 
with a controlled amount at each step of sodium metal. Analogous results have 
been obtained using other alkali metals, 6 though the chemistry has been mainly 
investigated in the case of the sodium derivatives. Complexes 28--30 are all dia- 
magnetic. In the case of 29 [Nb=Nb, 2.659(1)/~], the 1H NMR spectrum shows a 
two-fold symmetry in toluene at low temperature, while in coordinating solvents, 

~ ~ N ~  "CI 
c, 

~ ~  F(NbNb) _ 

2 Na u ~  
- 2NaCl ~ 28 

Ar (4Na 
2Na, THF//  1THF 

L~N/?~'~'N'b~'~'O~ "" 2Na, THF LNa/6"T'~/J~'O\'/I\ 
. - ,, NaL2 ' " = \L=Na III NaL2NaL2 

\ ~ ? b ~  / Ar ~ ~tNb~-/ 7 
-/7 - 

k I11 r(NbNb)-- r(NbNb)-- L I ] 

SCHEME 4. 
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FIG. 3. 

'Na 

Crystal structure and selected structural parameter of complex 29. 

like pyridine, a four-fold symmetry is observed according to the transformation of 
a tight to a separated ion-pair form. 6 The structural features of 28-30 6,26 are very 
much similar to those reported for the tungsten derivatives displayed in Scheme 2, 
though the reactivity is very different. In particular, complex 29 (Fig. 3) reacts 
with a variety of substrates, like CO, N2 and alkenes (see below). 

B. Alkene, Diene, and Alkyne Complexes 

The reduction of a high-valent metalla-calix[4]arene in the presence of olefins, 
dienes, and acetylenes is probably the best, though not unique, synthetic access 
to the corresponding complexes. A few significant examples have been so far 
reported. 

As reported in the previous section, the reduction of 6 with alkali metals in 
THF led to metal-metal bonded species. 22 Suitable substrates can intercept the 
d 2 [{p-But-calix[4]-(O)4}W] fragment, preventing the formation of such dimers, 
which represent a "thermodynamic sink. ''22 

As outlined in Scheme 5, the reduction of 6 below -20°C in THF saturated 
with ethylene or propylene led to the corresponding ~-olefin complexes 20 and 
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H2Ck---~CH 2 . . Ph. H Ph~_~Ph 
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35 31 33 34 

SCHEME 5. 

31. The "qE-cyclohexene complex 32 was obtained by a similar procedure. 22b,zs 
The latter exhibits a high thermal lability; new olefin or acetylene complexes can 
be readily obtained by heating solutions of 32 in toluene (50°C, 12 h) in the 
presence of a slight excess of the new olefin (provided the desired product is more 
thermally stable than 32).22b'28 The "q2-trans-stilbene complex 33 and the diphenyl- 
acetylene complex 34 were most conveniently prepared by this route, the direct 
synthesis being limited by competitive reaction of the free olefin or acetylene 
with Na. 22b,28 Attempts to labilize the metal-olefin bond via an additional ligand 
to the metal was, unexpectedly, unsuccessful. On the contrary, in the case of 20 
the addition of MeCN or ButNC led rather to a stabilization of the metal-olefin 
interaction 22b (see complex 35, Fig. 4). All "qZ-olefin species 20, 31-33 exhibit 
an effective C4v symmetry in solution (NMR), according to a free rotation of 
the olefin. The C2H4 ligand in 20 gives rise to a single signal both in 1H NMR 
and in 13C NMR (at 70 ppm). The W--C [2.124(9) ]k] and C--C [1.40 ]k] bond 
distances in complex 31 are in good agreement with the metallacyclopropane 
formulation. 22b 

The interactions between the [W(calix)] metal fragment and the ethylene moiety 
has been analyzed using the extended Hiickel calculations (see Chart 4). 22b As 
supported by the structural parameters of 31, the dxz is no longer available for "rr 
donation from the calixarene oxygens in the xz plane, thus explaining the strong 
Cz~ distortion of the [{p-But-calix[4]-(O)4}W] unit observed in the X-ray structure 
of 31, with the two W - O  bonds in the metal-ethylene plane ca. 0.2 ,~ longer than 
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FIG. 4. Crystal structure and selected structural parameters of complex 35. 

E(eV) 

-10 

-12 

-14 

2bl 
. ,,,,, ,, 

• 2a 1" - . . . .  F 

l e  , r ' - -  . "  

" ' .  I b i - "  ' 

o@o , , 

z t H~\--~o.~ 
Y u~O 

H 2 C - - C H  2 

CHART 4. Molecular orbital interaction diagram for 20. 



M-C Bond Functionalities Bonded to Oxo-Surface Modeled by Calix[4]arenes 181 

a' .a 

H>V-/<H 
R = H, 20 . R' o ~ W N ~ o  R = Me, R' = H, 37 

R=Me, 31 _"- - R=R'=Me, 38 
Nacat 

Na I [CP2Fe]+ N a b  (~) 

R=H, 39 ~ o~Wx~o R=R'=H, 41 
R=Me, 40 J _-" -."R'= ~ R=R'=Me, 42 

SCHEME 6. 

the remaining two W - O  bonds in the orthogonal plane. 22b The presence of two 
orthogonal d~ orbitals equally available for the interaction with the "rr system of 
C2I-I4 suggests a small activation barrier for fragment rotation about the z axis. The 
calculations on the ethylene complex, with the C=C rotated by 45 ° with respect to 
the x z  symmetry plane, gave an estimate of the energy barrier of only 3 kcal mol- I. 
This result suggests an essentially free rotation of the organic fragment and is in 
good agreement with the 1H NMR of 20 and 31-33, indicating an apparent fay 
symmetry of the calix[4]arene moiety even at low temperatures. 22b The metal- 
assisted olefin chemistry of W-calix[4]arene has another significant peculiarity 
that justifies the comparison of metaUa-calix[4]arenes with a metal-oxo-surface. 
This is the electron-transfer-catalyzed dimerization of ethylene and propylene to 
the corresponding metallacyclopentane. 22b Unlike many organometallic systems,29 
the reductive coupling of an olefin (see Scheme 6) is not a reversible reaction and 
only occurs in the presence of small amounts of a reducing agent, in our case 
sodium metal. This led, as a synthetic result, to regiochemically controlled isomers 
of metallacyclopentanes. 

Related results in this area have been reported studying the synthesis and 
the reactivity of zirconium-butadiene functionality bonded to the p-But-calix[4] - 
(0)2 (OMe)2 dianion. 3° The synthesis of the parent compound used in this study, 
43, is displayed, along with the analogous diphenyl derivative, in Scheme 7, and 
its structure in Fig. 5. 
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I\Ph Cl\ /CI 
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Mg(C4Hs)(THF)2 I1 Mg(Ph2C4H4)(THF)3 :~ 

SCHEME 7. 

The reaction can be carded out via the preliminary isolation of 15 or it can be 
performed in situ with the corresponding Mg-butadiene derivative. In the solid 
state, the bonding mode of the butadiene ligands in both complexes 43 and 44 can 
be described as ~r 2, ~4. A variety of bonding modes of butadiene to zirconium rang- 
ing from ~2, ,q4 to tr 2, 'rr, .q4 can be found in complexes having subunits other than 

CI 

C-Car (C4H6) = 1.43(4) A 
Zr-Cav = 2.43(3) A 

FIG. 5. Crystal structure and selected structural parameters of complex 43. 
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[Cp2Zr]. 31 The structural and spectroscopic characteristics of the Zr-diene frag- 
ment in 43 and 44 are more closely related to the [(tmtaa)Zr] 32 derivatives [tmtaa = 
dibenzotetramethyltetraaza[ 14] annulene dianion] than the corresponding [CpEZr] 
species. In particular, one can say that the s-cis form is the only butadiene con- 
former detected in the solid state; heating of 43 or 44 did not result in any cis-trans 
isomerization. 33 The Zr-C distances, ranging from 2.398(17)-2.525(16), and the 
close C--C bond lengths within butadiene, averaging 1.43(2) .~ in the structure of 
43, support the ~r 2, .q4 bonding mode. The plane of the ligand is nearly parallel 
to the 04 mean plane. An energy barrier of 20 kcal mol -l  for the rotation of the 
butadiene unit around the C2v pseudo-axis, leading to a rearrangement between the 
two possible configurations of the butadiene, has been found, which is compatible 
with the observed 1H NMR behavior. 3° 

Scheme 8 displays reactions where 43 behaves as a source of a Zr(II) derivative.3° 
They can be formally viewed as oxidative additions to the [p-But-calix[4] - 
(OMe)2(O)zZr] fragment. The main driving force in the case of ketones is the high 
oxophilicity of the metal, which induces the reductive coupling of benzophenone 
leading to 45, or the addition of dibenzoyl causing the formation of the dioxo- 
metallacycle in 46, which contain a C- C double bond. It has to be mentioned that 

Ph~__~Ph 

0..,. / 0  
Zr 

MeO " / /  

toluene RT. I PhCOCOPh 

toluene A ~[ PhCCPh 

Ph Z ' ~ r  Ph 

MeO//  ~'OMe 

Zr 
MeO ~'~'/ ~"OMe 

Ph Ph 
Ph,,,~L~Ph 

O\zr/O 

2 Ph2CO I toluene R.T. 

PhNNN,-N2 I toluene -70°C 

/%?°-( / 

Me Ph 48 Me 

SCHEME 8. 
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the reaction of 43 with ketones at low temperature (see below) follows a very differ- 
ent pathway and leads to the insertion of the carbonylic group into a Zr--C tr bond. 
In the reaction with 43, phenylazide functions as a source of phenylnitrene, 19b'34 
leading to the corresponding Zr(IV)-dimeric phenylimido derivative. Displace- 
ment of butadiene with diphenylacetylene 35 occurs under more drastic conditions. 
A complex like 47 has been proposed as an intermediate in the formation ofzircono- 
cyclopentadiene coming from the reductive coupling of the diphenylacetylenes and 
isolated as the PMe3 adduct. 36 

Although the bonding mode of butadiene to zirconium is ar 2, .q4, as revealed by 
X-ray analysis, in a number of reactions and under certain conditions it behaves 
like atr  2, "rr, .q4 butadiene, thus the zirconium-butadiene functionality behaves as 
though containing two Zr-C tr bonds. This behavior is illustrated in the reactions 
listed in Scheme 9. 

They include the hydrolysis to form the ix-dioxo dimer 49, and the products 
derived from the formal insertion of nitriles, ketones, and ButNC into the Zr-C 
tr bonds. In the case of hydrolysis, butenes have been identified. The occurrence 
of the zirconyl ( "Zr :O")  group in a monomeric zirconium compound remains 

Zr 
oo// OMe 
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/ \ 
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rather rare. 37 The 1H NMR spectrum of 49 is in agreement with an approximate 
D2 symmetry and, thus, shows a singlet for the methoxy groups and a pair of 
doublets for the bridging methylenes. The reaction of 43 with ketones has a par- 
ticular dependence on temperature. 3° When it was performed at room temperature 
(see Scheme 8, compounds 45 and 46), the displacement of butadiene by the in- 
coming substrate was observed. On the contrary, when the reaction was carded 
out at low temperature and with a 1:1 molar ratio (Scheme 9), the insertion of the 
ketone unit was observed in one of the two Zr-C (r bonds, leading to the seven- 
member metallacyle in 50. The reaction then proceeded further with a second mole 
of Ph2CO to give 51. 

The tantalum-butadiene derivative 56, where butadiene displays a cis-~r 2, ~14 
bonding mode, has been obtained from the reaction of 9 with [Mg(CaH6)], in 
the form of an orange microcrystalline solid (Scheme 10). 9 The chemistry and 
structural features of 56 parallel those of the analogous zirconium derivative 43. 30 
Different reacting modes have been identified for ButNC, PhN3, and Me2CO. In 
the reaction with ButNC, the butadiene ligand behaves as though it is bonded to the 
metal in a (r 2, ~r, .q4 fashion and affords the imino complex 57, as a consequence 
of a double migration such as has been observed for the complexes 114-115 
(see Scheme 22). Butadiene behaves in a similar manner in the reaction with 
acetone, to give the nine-membered dioxo metallacycle, 58. In the reaction 
with PhN3, complex 56 behaves as a source of the d 2 tantalum(III) fragment 
[p-But-calix[4]-(OMe)(O)3Ta] to give a phenylimido derivative (Scheme 10), that 
is the ix-phenylimido dimer 59 (Fig. 6). 
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FIG. 6. Crystal structure and selected structural parameter of complex 59. 

V 

THE ORGANOMETALLIC FUNCTIONALIZATION OF 
THE METALLA-CALIX[4]ARENES 

A. The Synthesis and the Chemistry of M--C ~ Bonds 

The existence, the properties, and the chemical behavior of the M--C cr bond 
functionality was largely explored in the case of Group IV and V metals. The 
starting material used in the case of titanium(III) and titanium(IV) are those re- 
ported in Scheme 1, namely 8, 11, and 14.12 They undergo alkylation or arylation 
using conventional organometallic methodology. The results are reported in 
Scheme 11.12 The organometallic derivatives in Scheme 11 have a basic struc- 
ture which is exemplified by 62. Complex 62 has, however, an additional struc- 
tural peculiarity, since the presence of the p-tolyl at the metal gives rise to a 
very interesting solid state assembly (Fig. 7). 12 It possesses a crystallographi- 
cally imposed C2 symmetry, the two-fold axis running through the molecular 
axis. The most peculiar feature of the structure consists in the columnar chaining 
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FIG. 7. Crystal structure and selected structural parameter of complex 62. 
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of the complex molecules. In all cases the calix[4]arene fragment displays a Cs 
symmetry in the 1H NMR spectrum [two pairs of doublets (CH2); three singlets 
(But)]. 

It has been reported that the trianion B in Chart 1 is a suitable ancillary li- 
gand for ensuring stability to the titanium(IV)-carbon functionality, and similarly 
that the dianion C (Chart 1) stabilizes the titanium(III)-carbon functionality. Any 
attempt to synthesize the [TiR2] fragment bonded to the 04 oxo-matrix via the 
alkylation of 14 failed, since this reaction proceeds with a preliminary reduc- 
tion of titanium(IV) to titanium(Ill). Therefore, due to the different stabilization 
degree of titanium(IV) and titanium(HI) by the trianionic and dianionic forms 
(B and C in Chart 1) of the calix[4]arene, a single Ti--C functionality over the 
O4 set environment has been identified. All organometallic derivatives 60--65 are 
particularly appropriate for studying the chemistry of the Ti--C bond in titanium(III) 
and titanium(IV) derivatives. Some of the more relevant peculiarities of such com- 
pounds are: (1) the 04 set provides an unusual coordination number for titanium 
in organometallic derivatives, and a quasiplanar oxo-matrix for the metal; (2) the 
geometric constraints of the calix[4]arene skeleton affects the Ti-O "rr interac- 
tion with the phenoxo groups; (3) the methoxy groups can function as spectator 
donors. As shown by the different Ti-OMe bond distances in the structures of 
8, 62 (Fig. 7), and 65,12 the methoxy group can provide a variable coordination 
number, as required by the metal along the reaction pathway; (4) the synergism 
between the ancillary calix[4]arene ligand and the organic functionality. An in- 
teresting observation has been made in the context of the latter point. Moderate 
heating of 60 or 62 did not affect the Ti- C bond, but led to the cleavage of the 
O-Me bond and the formation of the corresponding titanium(IV) derivatives 63 
and 65, while 11 could not be converted to 8 even under drastic conditions. An 
important catalytic issue has been recently discovered in titanium-calix[4]arene 
organometallic chemistry. The [(DMSC)TiC12] complex [DMSC = 1,2-alternate 
dimethylsilyl-bridged p-But-calix[4]arene] under reducing conditions is an excel- 
lent highly regioselective catalyst for the cyclotrimerization of terminal alkynes 38 
according to Scheme 12. 39 The resting stage in the catalytic cycle is a rare example 
of a metallanorbornadiene, one Ti-C bond of which is prone to the insertion of 
aldehydes and ketones. 39c 

A detailed study has been published on the synthesis, rearrangements, and mi- 
gration insertion reactions of Zr-C functionalities anchored to a calix[4]arene 
moiety, n° This approach has been developed through the synthesis and the organo- 
metallic functionalization of 70 and 15 (Schemes 13 and 14), which give rise to 
two classes of derivatives related by the base-induced demethylation of one of the 
methoxy groups. The experimental and theoretical studies reported emphasized 
the major differences between the [O4Zr] 2+, [OnZr] +, and the [Cp2Zr] 2+ [Cp = 
-qS-CsHs] fragments.no The parent compound 15, which serves as starting material 
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for the organometallic derivatization of zirconium-calix[4]arene, has been prepared 
according to the two procedures outlined in Scheme 13. 40 

The synthesis avoiding the use of any alkali salt is preferred in this kind of 
chemistry because the alkali salt very often remains complexed by the ensuing 
calix[4]arene moiety, 21 while that passing through the intermediate 68 gives higher 
yields, when carried out in situ. The demethylation of 312 led to an appropriate syn- 
thetic approach to the monochlorozirconium(IV)-calix[4]arene, 70, which can be 
an attractive parent compound for organometallic functionalization. The synthetic 
procedure is shown in Scheme 14. 40 

The alkylation of 15 (path b, Scheme 15) 40 has been performed according to 
conventional procedures using lithium or Grignard reagents. The preliminary iso- 
lation of 15 is not essential; thus, the synthesis of the zirconium alkyl or aryl 
derivatives can be carded out in situ directly from 3 (path a, Scheme 15). The 
1H NMR spectra of 71-74 all imply C2v symmetry, as revealed by the CH2 (one 
pair of doublets), But(two singlets), and MeO (one singlet) patterns. All the alkyl 
derivatives 71-73 are thermally stable up to 80°C in C6D 6. The aryl derivative 
74 is more thermally sensitive than the corresponding alkyl compounds 71-73, 
and refluxing in benzene for 36 h gave the corresponding benzyne derivative, 41 
75 (Fig. 8), via toluene elimination. 4° The structure of 7540 shows a symmetric 
bonding mode to the metal, the Zr-C bond distances being very close. Their mean 
value [2.173(5) .~] is remarkably shorter than those found for Zr- C tr bonds. The 
C-C bond distances within the benzyne ring are very close without alternation 
of short and long bond lengths, and they range from 1.386(8) to 1.407(7) ,~. 
Such a trend of structural data is quite close to that observed in  [CpEZr(1]6-C6H4) 
(PMe3)]. 41c The plane of the "q2-bonded atoms is nearly perpendicular to the 
mean plane through the 04 core. The et-elimination, leading to the corresponding 
alkylidene, 42 has never been observed in the case of the attempted thermal de- 
composition of 71-73. The reactivity study on 71-74 should take into account the 
base-induced demethylation of one of the methoxy groups when they are treated 
with a relatively strong base, as established by the transformation of 72 to 76 
induced by Et3N. Complex 76 has also been obtained from the alkylation of 70 
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FIG. 8. Crystal structure and selected structural parameter of complex 7S. 
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(Scheme 14). The reaction of 72 with pyridine causes the dealkylation both at the 
methoxy group and at the metal leading to 77 and to the organic products shown 
in Scheme 15. 

Compounds 71-74 are particularly appropriate precursors (Scheme 16) for the 
corresponding mono-alkyl cationic species, 4° which, especially in the case of 
[Cp2Zr] chemistry, are still receiving a lot of attention as polymerization catalysts. 43 
The generation of cationic species has been achieved via two major routes: (1) the 
one-electron oxidation using [Cp2Fe]+BPh4 - to generate 78 in toluene, or 79 in 
a coordinating solvent like THF, 43 and (2) the reaction with a Lewis acid, like 
[B(C6Fs)3], to give 80 (Scheme 16). 43,44 

Complex 78 undergoes a thermally induced disproportionation reaction with si- 
multaneous arylation of zirconium by BPh4-, thus forming 72 and 81 (Scheme 16). 
The cationic species 78 and 81) have C2v symmetry, as revealed by the 1H NMR 
spectrum. The Lewis acid activity of such cationic species is not easily defined. 
Complex 78 reacts with THF, causing its partial polymerization, as is the case for 
79, which can be isolated free of polymeric THF only after recrystallization. Sim- 
ilar behavior has been observed for 80, that is, photolability and degradation in the 
presence of halogenated solvents, such as CHzC12. Both 78 and 81) did not show, 
however, any activity toward olefin polymerization, because in such compounds 
the two methoxy groups sterically overprotect the metal center. 4° The reaction of 
78 with pyridine emphasizes the action of a strong base in the demethylation of one 
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of the methoxy groups. The pyridine functions as the acceptor of the methyl cation 
and thus forms 77 and PyMe+BPh4 -.  Under basic conditions, the Lewis-acidic 
zirconium assists the demethylation of one of the methoxy groups. 

A better synthetic approach to the organometaUic derivatives of the mono- 
methoxy-calix[4]arene-zirconium fragment is in Scheme 17. 40 The reaction of 
70 with LiPh gave the phenyl derivative 81, which behaves as expected in the in- 
sertion reaction with ButNC, 45 leading to a "q2-iminoacyl, 82 (Fig. 9). The reaction 
causes the cleavage of the dimer into two monomeric units (see Scheme 17). The 
results mentioned above show the variety of the Zr-C bonds which have been built 
up over a calix[4]arene oxo-surface (i.e., Zr-C tr functionalities in [ZrR2], [ZrR], 
and [ZrR]+), and a "rr functionality in [Zr-aryne]. The O4-macrocycle is a unique 
chemical environment for such Zr -C  fragments, for a number of reasons: (1) the 
topology of the O4-Zr moiety is approximately square-pyramidal, with the metal 
out of the "On" plane; (2) the metal orbitals available for binding functionalities 
or assisting their transformations are located on the free face of the [ZrO4] hemi- 
sandwich; (3) the partial methylation of the phenoxo groups not only provides a 
variable range of charges for an 04 set, but allows one to tune the ratio between 
strong tr, ~ donor (the phenoxo) and weak tr donor oxygens (the methoxy); and 
(4) the competition for the same orbitals by the O4 set and the organometallic 
functionalities would be an important factor for their reactivity. For a better un- 
derstanding of the basic chemical behavior of the [ZrO4] "+ [n = 0,1,2] core in 
binding and assisting the chemistry of organometallic functionalities, extended 
Hiickel calculations on the fragments in Chart 5 have been carried out, 4° with the 
aim of studying their frontier orbitals (Chart 6) and comparing them with those of 
other well-known organometallic fragments, such a s  [Cp2Zr]2+. 46 

In order to emphasize the peculiar role of calix[4]arene as a supporting ligand 
compared to cyclopentadienyl and phenoxo anions, a detailed investigation has 
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FIG. 9. Crystal structure and selected structural parameters of complex 82. 

been carried out on the migratory insertion of carbon monoxide and isocyanides 
in the Zr-C tr bonds. 47 The starting materials of this study are the dialkyl and 
diaryl derivatives, 71, 72, and 74 (Scheme 18). They undergo a sequential series of 
insertion reactions occurring with the formation of C-  C bonds and giving organic 
fragments which remain bonded to the calix[4]arene-zirconium moiety. Scheme 18 
displays the migratory insertion of carbon monoxide into the Zr-C bonds in 71, 
72, and 74, and the further migratory aptitude of the resulting Zr-C functionalities 
to ketones and isocyanides. 

Zr . ~  Zr... Zn \% 

D E F 

[calix[4]-(O)4Zr] ° [calix[4l-(OMe)(O)aZr] ÷ [ca!ix[4]-(OMe)2(O)2Zr] 2÷ 

CttART 5. [Zr-calix[4]arene] fragments. 
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The reaction of 71, 72, and 74 with CO was carried out in benzene at room 
temperature under 1 atm and was completed in a few minutes. Regardless of the 
R substituent and the reaction conditions, the "q2-ketones were the only products 
detected in solution and then isolated as solids. The formation of the "q2-ketones 
83-85 probably occurs via the intermediacy of an rl2-acyl, followed by the migra- 
tion of the second alkyl group to the "qZ-acyl carbon. 45 Such a migration is greatly 
enhanced by the carbenium ion nature of the "qZ-acyl.46'48 This corresponds to a low- 
energy vacant ~*co accepting orbital. In the present case, unlike when the [ZrR2] 
fragment is bonded to the cyclopentadienyl ligand, it was impossible to detect the 
"q2-acyl intermediate. The higher lability of the Zr-  C bond can be associated with 
the unprecedented, in this kind of complex, six-coordination of the metal (usually 
it is tetrahedral), and also the topology of the [ZrO4] fragment. The metal, in such 
a hemi-sandwich structure, has, in fact, an open face where it assists the organic 
transformations of the incoming substrates. The ~2-metal bonded ketones 83-85 
maintain some of the migratory insertion properties typical of the metal-carbon 
cy-bond. 49 Although no reaction with CO was observed, 83 reacted smoothly with 
two moles of ButNC. The formation of 87 can be explained by the sequence shown 
in Scheme 18. The insertion of ButNC on 83 produces a carbenoid metallacycle 
which then adds the pseudo-carbene ButNC. 5° The reaction of "q2-ketone species 
with a free ketone to form a C-C coupled diolate usually produces a mixture 
containing the three possible diolate forms, 88--90. The formation of such a mix- 
ture requires that the rlZ-metal bonded ketone be replaced at an early stage by an 
incoming ketone [R12CO], so that both reacting species [Zr('q2-R2CO)] and [Zr('q 2- 
R'2Co)] can produce the observed mixture. At this stage two results, which have rare 
precedents in the literature, should be emphasized: (1) the reactivity of the metal- 
carbon bond in the "q2-metal bonded ketones 83--85 toward inserting groups, 49 a 
reaction which can be of synthetic utility, and (2) the potential use of 83-85 as a 
source of zirconium(II) in displacement reactions with appropriate substrates. 

In the absence of an excessive driving force derived, as in the case of CO, from 
the oxophilicity of the metal, the reaction with ButNC allowed one to better single 
out almost all of the steps of the migratory insertion of the isocyanide into the 
Zr -C bonds, as shown in Scheme 19. 47 

The reaction of 71, 72, and 74 with ButNC exemplifies the migratory aptitude 
of the alkyl and aryl groups bonded to zirconium. A complete range of migra- 
tory insertion pathways has been observed as a function of temperature and the 
nature of the alkyl or aryl substituent. However, only in the case of 71 was it pos- 
sible to select a specific pathway using temperature exclusively as the controlling 
factor. 47 The reaction of 71 and 72 with ButNC at room temperature (Scheme 19, 
path a) using a 1:1 Zr : ButNC molar ratio led to the "q2-imine complexes 91 and 
92 via the intermediacy of the corresponding "q2-iminoacyl.45'51 The migration of 
the second alkyl group to the "q2-iminoacyl carbon was inferred in the case of 71 
and 72, via the isolation of the corresponding "qz-imine. The metal-carbon bond in 



M-C Bond Functionalities Bonded to Oxo-Surface Modeled by Calix[4]arenes 197 

89 
,Bu t 

R-%__C//C''N . 3CNBut 
/ \ 

But.. N..[Zr]/N. Bu t 

R = Me, 93 

CNBu t 

' n r . ,  
R'C--Cg | / -  C% .Bt. 

,,,../.. Z,..~.Bu,/ ["'[z/r, "N 

R Bu t 
86 ~ PhCOCOPh R ~ / a ' ' -  

Bu t R 
t I [Zr]R2 b 2 CNBu t R . ! / N  ,C% Bu t 

R = Me, 11 -80 °C ~ C~...~_//N" 
t "q  R = CHaPh, 72 

R=p--MeCsH4,74 J R=Me, 94 
CNButla . ~ B u  t R = p-MeCsH4' 95 

60 °C 

R,C__C ,R 
/ \ 

BU t / N..[Zr] / N. Bu t 

R = Me, 96 

R = p-MeC6H4, 97 

Ph Ph 
Ph2C= O P h - c ~ c ~ P h  

,- / \ 
R = CH2Ph [Zr] _R2C=NBu t O.. /O 

R = Me, 91 R = CH2Ph [Zr] 
R = CH2Ph, 92 

89 

[Zr] = [p-But-calix[4]-(OMe)2(O)2Zr]2+(as for Scheme 18) 
SCHEME 19. 

91 can still participate in migratory insertion reactions, similar to those observed 
in the case of the "qE-metal bonded ketones in 83-85. The reaction of 91 with an 
excess of ButNC or, more simply, the reaction of 71 with 3 moles of ButNC at 
room temperature led to 93. This reaction implies the preliminary insertion of an 
isocyanide into the Zr -C bond of the Zr-imine, 91, to form the carbenoid interme- 
diate which then adds a further mole of isocyanide to give 93. 50 Attempts to insert 
a ketone into the zirconium-carbon ~y bond of the imine 91 resulted, instead, in the 
displacement of the imine by the ketone, as a consequence of the high oxophilic- 
ity of zirconium. The resulting "qE-metal bonded ketone readily inserts a further 
molecule of ketone, thus forming the C - C  coupled product 89 (see Scheme 18). 
The proposed displacement of the "q2-metal bonded imine 52 in 91 and 92 is sup- 
ported by the identification of the free imine and by the reaction of 92 with PhCO- 
COPh, leading, as in the case of 83 and 84, to 86. These results suggest a possible 
synthetic utility of 91 and 92 as a source of the [calix[4]-(OMe)2(O)2Zr] ° fragment, 
formally containing a zirconium(II), more available than in the case of 83 and 84, 
being devoid of strongly bonded oxygen donor atoms. 

The competitive pathway (Scheme 19, path b), which has been singled out at 
low temperature for 71 and 74, shows the preferential migration of the second 
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FIG. 10. Crystal structure and selected structural parameters of complex 94. 

alkyl group to an incoming ButNC, 51 to give bis--q2-iminoacyl 94 (Fig. 10) and 
95. Regardless of the Zr:ButNC stoichiometfic ratio, the reaction proceeds via 
pathway b at low temperature for 71 and 74, while in the case of 72, which is 
unreactive at low temperature, the only compound formed at room temperature, 
via the pathway a, is always 92. In the case of the p-tolyl substituent, pathway b is 
preferred since only very limited formation of the "q2-imine is observed, even under 
forcing conditions. Gentle heating (60°C) induces the intramolecular coupling s3 
of the two "q2-iminoacyl derivatives 94 and 95 to the corresponding ene-diamido 
complexes, 96 and 97. The intramolecular coupling followed first-order kinetics in 
both cases. The activation parameters [AH~ (kJ. tool-l), Ea(kJ • tool-l)] obtained 
from the kinetic measurements are 106 4- 2, 109 4- 2 for complex 94 and 113 -4- 8, 
116 4- 8 for complex 95. 47 

All the reactions displayed in Schemes 18 and 19 belong to four general classes, 
namely: (1) the migratory insertion of carbon monoxide or isocyanides into a 
metal-alkyl bond with the consequent formation of'q2-acyl or "q2-iminoacyl func- 
tionalities; (2) the alkyl-aryl migration to an -qZ-acyl or "q2-iminoacyl metal-bonded 
moiety, leading to the corresponding "qZ-ketone or "q2-imine; (3) the intramolecular 
coupling of two "q2-iminoacyls to an ene-diamido ligand; and (4) the migratory in- 
sertion of ketones and isocyanides into the M - C  bond of'q2-metal bonded ketones 
and imines. 

Although the oxygen atom environment is common in vanadium chemistry 54 it 
is rarely used to support the V-C functionality. 55 Two significant exceptions in 
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this context are the recent impact that silica-supported vanadium catalysts have 
had in olefin polymerization 56 and the work of Feher who used silasesquioxanes as 
ancillary ligands to better understand the nature of the active silica-supported vana- 
dium species. 3'57 An interesting relationship between the use of calix[4]arene as 
an ancillary ligand and other oxygen-supported organometallic functionalities has 
been found. 3'4 In the case of vanadium-calix[4]arene derivatives the genesis and 
reactivity of the V -  C functionality anchored to the dimethoxy-p-But-calix[4]arene 
dianion (C in Chart 1) and the oxidative demethylation of the ligand as an entry 
into the analogous vanadium (IV) organometallic chemistry have been reported.15 
An overview of this chemistry is reported in Scheme 20. The parent compound 
12 can be considered a useful entry point into the organometallic chemistry of 
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vanadium bonded to the oxo-matrix defined by the calix[4]arene skeleton. It was 
prepared by reacting 3, pretreated with BuLi, with VC13.THF3. Complex 12 is a 
yellow-green crystalline solid with the paramagnetism expected for a d 2 high-spin 
compound (Ixefr = 2.69 V-a at 300 K). Complex 12 undergoes alkylation to the cor- 
responding paramagnetic vanadium(HI) derivatives 98-100 using either a lithium 
or a Grignard reagent (Scheme 20). They have been isolated as thermally stable 
organometallic derivatives, though they undergo facile oxidative transformations 
(see below). The reactions in Scheme 20 also emphasize the migratory ability of 
the alkyl and aryl groups at the metal in insertion reactions with carbon monoxide 
and ButNC leading to the corresponding "q2-acyls, 101 and 102, and "q2-iminoacyls, 
103 and 105. The precoordination of ButNC at the metal is modeled by the for- 
mation of 106 from 12. The vanadium(III) complexes so far mentioned display 
interesting redox behavior. Compounds 12 and 100 treated with 1 equiv, of iodine 
led to the corresponding vanadium(IV) derivatives 107 and 108, respectively. The 
oxidation with I2 is particularly remarkable in the reaction of 100 to 108 since 
the V-C bond is not affected by the oxidation process. The reaction occurs with 
the simultaneous loss of MeI. Extended Htickel calculations have been carried out, 
thus defining the frontier orbitals of the [calix[4]-(OMe)2(O)2V] fragment engaged 
in the transformation of the V-C bonds and in the conversion of vanadium(HI) to 
vanadium(IV) organometallics. The oxidation involves the removal of one electron 
from an essentially pure d orbital, that is la2. In the resulting vanadium (IV) cationic 
complex, the strong nucleophile I-  removes the methyl group from a methoxy sub- 
stituent activated by the relatively high metal oxidation state. The methoxy group 
not only functions as a weakly binding group, but it can also undergo an acid- or 
redox-assisted conversion into the corresponding anion. The synthetic relevance 
of the reaction of 12 and 100 with iodine should also be emphasized, since com- 
plexes 107 and 108 would be hardly accessible from a different route. In the case 
of an excess of 12 being used in the oxidation of 100 to 108, the reaction proceeds 
further with the cleavage of the V-C bond and the complete demethylation of the 
calix[4]arene 109. The reaction may proceed via the intermediacy of the corre- 
sponding vanadium(IV)-monoiodide derivative, which transfers I-  to the methyl 
of the residual methoxy group. 

The most rich chemistry of the metal-carbon tr bond has been developed in 
the case of tantalum(V) anchored to the tetraoxo matrix, as defined by either 
calix[4]arene tetraanion or the monomethoxy calix[4]arene trianion (A and B, 
respectively, in Chart 1). 9 In particular, the synthesis and the chemical reactivity 
of tantalum ~r- and w-bonded to organic fragments are described, including the 
base-induced demethylation of the methoxy-calix[4]arene. This reaction allows 
the transfer from one model ligand to the other one without affecting the organic 
functionality bonded to tantalum. The alkylation pathway of the parent compounds 
of this chemistry is displayed in Scheme 21. The alkylation of 5 furnished the 
corresponding alkyl/aryl derivatives, which have been obtained as light-yellow, 
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thermally stable, crystalline solids. Although the solid-state structure of 111 and 
112 (see below) reveals their dimeric nature, solutions of compounds 110--112 are 
in equilibrium with their corresponding monomeric form. As can be judged from 
the 1H NMR spectrum, such an equilibrium is completely shifted to the right in 
the case of l U ,  while in the case of 110 and 112 both forms are equally present 
in solution. Reaction of 9 with Grignard reagents led to 113-115, which are all 
equally thermally stable in boiling benzene for 24 h. However, depending on the R 
substituent, they display different reactivities under various conditions. All of them 
undergo demethylation to 110-112 in the presence of pyridine. The by-products 
of the reaction are the R-R coupled hydrocarbons and a mixture of alkylated 
pyridines. The benzyl derivative 114 undergoes demethylation quite readily in the 
presence of light or under an atmosphere of H2. 

The migratory insertion reactions of the Ta-C functionalities in complexes 
113--115 are presented in Scheme 22. 9 In the reaction of 113--115 with both CO 
or ButNC, the migration, under mild conditions (i.e., room temperature), of both 
alkyl or aryl groups to form "q2-ketones 116-118 and -q2-imino derivatives, 119- 
121, has been observed. Unlike the case of [Cp2M] or polyphenoxo derivatives 
of Ta, migration of the second alkyl or aryl group to the intermediate "q2-acyl 
or "q2-iminoacyl derivatives is very fast, which prevents the interception of the 
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precursor. 45'53'58 As with the [('q8-CsH8)ZrR2] derivatives, 59 such a pathway is 
assisted by the presence on the metal of the three facial frontier orbitals. An 
extended Hiackel analysis was carried out on the migratory insertion reaction of CO 
and RNC into the Ta--C or bonds, thus modeling in detail the reactions in Scheme 22. 
Both classes of compounds 116-118 and 119-121 are particularly thermally stable, 
and the M-C bond does not undergo a further insertion reaction. They can be quite 
sensitive to the presence of a base which causes demethylation and formation of 
the corresponding anionic species, as illustrated by the reaction of 117 (Fig. 11), 
120 and 121 with pyridine. Complex 9 can also be used as starting material to 
synthesize complexes which contain unsaturated carbon functionalities that are 
bonded to the metal (Scheme 23). Very probably, the reaction with LiC--=CPh 
proceeds through the formation of a bis(phenylacetylide) derivative A, which then 
reacts with a third equivalent of LiC-=CPh by an attack of the a-carbon of one 
of the acetylide ligands to form 125. Complex 125 contains a or-bonded acetylide 
and an "q2-bonded 1,4-diphenylbutadiyne, Ph--C~C--C-----C--Ph. The addition of 
yet a further equivalent of LiC--=CPh is, very probably, prevented by the existence 
of only three available frontier orbitals on the [calix[4]-(OMe)(O)sTa] fragment; 
the fourth orbital is only available for nonbonding electrons (see below). Reaction 
of 9 with allyl-MgC1 led to the complete replacement of both chlorides and to the 
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formation of the bis(allyl) derivative 126, which has been isolated as a yellow 
microcrystalline solid. The "qa-bonding mode of both allyl groups is supported by 
the ]H NMR spectrum, which did not change as a function of temperature. Complex 
126 behaves in a manner similar to cr-bonded alkyl or aryl derivatives undergoing 
migratory insertion with CO and ButNC to give 127 and 128, respectively. They 
apparently do not display any peculiarities compared with the analogous derivatives 
116-121. 

B. The Synthesis and the Chemistry of MetaI-Alkylidene 
and -Alkylidyne Functionalities 

The approach to metal-alkylidene 6° and metal-alkylidyne 61 chemistry has es- 
sentially focused on the attempt to make a bridge between homogeneous and 
heterogeneous systems 62 using a preorganized quasiplanar tetraanionic 04 set of 
oxygen donor atoms derived from the deprotonated form of calix[4]arene. To 
make this approach most significant, the choice of tungsten, which has played 
a major role in both heterogeneous and homogeneous systems since the discov- 
ery of the metathesis reaction, and whose ligands of preference contain oxygen 
donor atoms, 6°c'd was considered almost compulsory. 63 One might wonder what 
might be the consequence of using the calix[4]arene as ancillary ligand in metal° 
alkylidene and metal-alkylidyne chemistry. The metal bonded to the nearly planar 
calix[4]arene skeleton in its cone conformation displays three frontier orbitals, 
one tr and two ~r, particularly appropriate for stabilizing the M - C  multiple bond 
functionality, so that alkylidenes and alkylidynes may form spontaneously from 
conventional alkylation reactions. The other unique role of calix[4]arene, which 
makes comparisons with the heterogeneous metal-oxide systems 2 valuable, is 
the basic surrounding of the metal where the oxygen donor atoms can assist the 
protonation--deprotonation of alkylidynes and, in general, their reaction with elec- 
trophiles. The so-called macrocyclic stabilization 64 helped greatly in keeping the 
metal-calix[4]arene fragment resistent to protic acids and strong electrophiles. 
The use of a tetraanionic macrocycle led to anionic alkylidynes, thus providing 
the best entry to functionalized alkylidenes. Anionic alkylidynes would also allow 
one to set up a novel redox chemistry in the field. Within the scheme outlined 
above, there has been a report 63 on: (1) the genesis of W-anionic alkylidynes; (2) 
their reversible protonation and deprotonation reactions; (3) their metallation with 
carbophilic metals leading to dimetallic alkylidenes; (4) their unusual transforma- 
tion into functionalized alkylidenes using appropriate electrophiles; and (5) their 
oxidative coupling to ix2-'q 2 : "q 2-acetylene derivatives. 63 

The attempts to obtain alkyl derivatives of 6 in the reaction with 1 or 2 equiv, of 
Li or Mg alkylating agents did not lead to the expected products (Scheme 24). On 
the other hand, when a 3 : 1 molar ratio was used, alkylidyne derivatives 129-131 
(Fig. 12) were readily obtained (Scheme 24). The reaction went well also when 
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FIG. 12. Crystal structure and selected structural parameters of complex 129. 
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[3-hydrogens were present, as in the case of 130. The reaction solvents played an 
important role both in the selection of the reaction path (ct elimination vs reduction) 
and in the separation of Mg and Li halides. The best results were obtained at low 
temperature in toluene. 63 

Recent work by Schrock gave evidence of the possibility of obtaining M - C  
functionalities by loss of H2 from W(IV) primary alkyls. 65 This raised the question 
of the actual mechanism of the direct generation of alkylidynes described above, 
especially considering the fact that using 1 or 2 equiv, ofMCH2R (M = Li, Mg; R = 
Ph, SiMe3, Bu"), reduced, rather than alkylated, species were obtained. The reaction 
of 6 with LiCHzSiMe3 was studied in some detail and led to the conclusion that 
alkylation is an alternative to the reduction path. 66 Using less reducing alkylating 
agents in a 2 : 1 ratio, dialkyls/alkylidenes could be prepared. Reacting 6 with butyl- 
1,4 di-Grignard in a 1 : 1 molar ratio, the dialkyl species 132 was obtained, without 
the formation of any paramagnetic species. 63 The reaction of 6 with Zn(CHzPh)2 
led to the phenyl alkylidene 134 (Fig. 13). The reaction of 6 with ZnMez led to the 
clean formation of the dimethyl derivative 135, whose synthesis, acid-base (see 
complexes 136 and 137), and redox chemistry (see complexes 138 and 139) are 
summarized in Scheme 25. 67 Complexes 129-131 were found to be thermally and 
photochemically very stable. Their NMR spectra in coordinating solvents showed 
a Cav symmetric calix[4]arene moiety. The alkylidyne carbon gave a signal at 
260-300 ppm in 13C NMR spectra. 

The electron-rich, anionic alkylidyne species seemed to be particularly good 
candidates for reactions with electrophiles, summarized in Scheme 26. 63 The (re- 
versible) protonation of 129-131 led cleanly to the corresponding alkylidenes 
without any other major change in the coordination sphere of the metal. The de- 
protonation of the alkylidene by basic solvents (i.e., pyridine), can be followed 
in the 1H NMR spectrum. Although the protonation of alkylidynes is known, it 
is not reversible and occurs with important modifications in the coordination ge- 
ometry and changes in the nature of the donor atoms around the metal. 6s In the 
1H NMR spectra the calix[4]arene moiety appeared to be of Cnv symmetry, as 
in the related "qZ-alkene/alkyne complexes, according to a very small rotational 
barrier of the alkylidene ligand. A synthetically useful derivatization of the an- 
ionic alkylidynes 129-131 is their metalation, which was performed using the 
carbophilic Ag +. The metalation of 129-131 gave the dimers 144-146. The struc- 

ture of 145 is displayed in Fig. 14. Alkylidynes can also react with neutral elec- 
trophiles, such as a carbonylic functionality, provided it is sterically accessible. 
The reaction between 129 and benzaldehyde and diphenylketene (Scheme 26) il- 
lustrates the possibility of using anionic alkylidynes as organometallic Grignard 
reagents. 63 

The presence of a heteroatom at the alkylidene carbon atom moves properties of 
metal-alkylidene complexes to the borderline of Fischer carbene chemistry. 69 The 
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FiG. 13. Crystal structure and selected structural parameters of complex 134. 
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SCHEME 26. 

changes in the M==C bond polarization caused by the heteroatom and the introduc- 
tion of functional groups increase the possible use of the metal-alkylidene 6° syn- 
thon both in organic and organometallic synthesis. Anionic tungsten-alkylidene 
derivatives, exemplified by complex 12963 in Scheme 27, are the appropriate start- 
ing materials for entering the area of functionalized metal-alkylidenes. 7°m Two 
major complementary synthetic routes have been devised for this purpose. 72 The 
first is the reaction of 129 with a variety of electrophiles (see Schemes 27 and 
28), such as Ph3SnC1 (see complex 149 in Scheme 27), COC12 (see complexes 
15t) and 151 in Scheme 27), C1PR2 (see complexes 153 and 154 in Scheme 28). 
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FIo. 14. Crystal structure and selected structural parameters of complex 145. 
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The structure of 151, along with some structural parameters, is displayed in Fig. 15. 
Another interesting approach 72 to functionalized alkylidenes is reported in Scheme 
28, and resembles the methodology leading to functionalized carbenes via nucle- 
ophilic substitution at halocarbene ligands, developed by Roper. 73 Oxidation of 
129 with 12 led to 157, 63,72 where iodine can be potentially replaced by a number 
of organic or organometallic nucleophiles. The donor atoms introduced into the 
alkylidene functionality have been used for metal complexation (see complexes 
155 and 156 in Scheme 28). 

Another quite relevant synthetic methodology leading to metal-alkylidenes and 
alkylidynes has been discovered studying the olefin rearrangement assisted by the 
metal-oxo-surface modeled by tungsten(IV)-calix[4]arene. 22 Once more, advan- 
tage is taken of the metal having the appropriate frontier orbitals for establish- 
ing a t r  and two w bonds along the axial direction. This study addressed a few 
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FIG. 15, Crystal structure and selected structural parameters of complex 151. 

relevant points: (1) the deprotonation of "q2-olefins to give 1-metallacyclopropene 
rearranging, in the case of terminal olefins, to alkylidynes; (2) the photochemical 
rearrangements of the metaUacyclopentane and the derived metallacylopentene to 
the corresponding alkylidene and alkylidyne; and (3) the assistance of the basic 
O-donor atoms in reactions with electrophiles, which reinforces the analogy with 
a metal-oxo-surface I (see Chart 7). 

>=r< >:r< --O--M--O--M--O--M-- ~ 
- - - M - - O - - M - - O - - -  CH~ c.~ 

- - u - - o  ,., u ~ O - - M - - O -  1 C H 2 .H 
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CH~ c,.~ 
H3Cx,H H3CH H3C H CH2 CH2 

E 3 . O .  ° 
- -M--O- -M~O--M--O . . . .  M--O--M--O 'M--O--M--O-- 

CHART 7. Ethylene rearrangements over a metal-oxo surface. 
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The electron-deficient nature of calixarene-supported tungsten(VI) makes 
a-carbon atoms susceptible to proton abstraction, the resulting carbanion being 
stabilized by donation to the metal and charge delocalization onto the oxygen 
atoms. 19 The reaction of complex 33 with BuLi in toluene at low temperature 
(-80°C) led to the clean deprotonation of the 1,2-disubstituted "q2-olefin to give 
the anionic 1-metallacyclopropene, 161 (Scheme 29). The attempted deprotona- 
tion of the terminal olefin in 20 led to the alkylidyne 159, most likely via an anionic 
1-metallacyclopropene intermediate, analogous to 161, undergoing an irreversible 
1,2 proton shift. Protonation (PyHC1) of 159 gave the corresponding alkylidene 
160. Complexes 159 and 160 were identified by their characteristic spectroscopic 
features: a signal at 283.7 ppm, with a Jcw = 283.7 Hz, in the 13C NMR spectrum 
of 159, and a quartet at 9.93 ppm (J  = 7.8 Hz, 1H) in the 1H NMR of 160. The 
outcome of this deprotonation-protonation sequence is the isomerization of an 
"q2-olefin to an alkylidene. Such a rearrangement, which was proposed 74 to occur 
in heterogeneous systems, was seldom observed in solution. 75 More common are 
examples of the reverse rearrangement. 76 

A fundamental point in both molecular and surface chemistry concerns the 
involvement of donor atoms (from the ancillary ligand or the surface) in acid/base 
reactions. 77 The reaction of H + (from PyHC1) and Me + (from MeOTf) with the 
anionic 1-metallacyclopropene 161 (Scheme 29) has been investigated. Although 
protonation gave back the starting material as the only product observed in solution 
(1H NMR), the reaction with MeOTf led to the neutral 1-metallacyclopropene, 162, 
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FIG. 16. Crystal structure and selected structural parameters of complex 161. 

alkylated at the oxygen and not at the carbon center (at least when performing the 
reaction at - 80 ° C in toluene). This suggests that the oxygen atoms are the preferred 
site of attack of electrophiles on 161 under kinetic control. It can be supposed that 
protonation also occurs first on oxygen atoms, and that the resulting protonated 
analogue of 162, due to the high mobility of H +, readily rearranges to the observed 
product. The structure of 16128 in Fig. 16, showing the binding of the lithium 
cation to both the calix[4]arene oxygen and the carbon of the metaUacyclopropene, 
exemplifies the assistance of the oxygens from calix[4]arene in the reactions with 
protons and electrophiles. 

The metallacycle 36 (see Scheme 6) undergoes, under mild conditions, some 
remarkable transformations, such as the deprotonation (LiBu) to the 1-metallacy- 
clopentene 163, which can be reversibly protonated (PyHC1) back to the start- 
ing material (Scheme 30). 22 Both acid-base interrelated metallacycles 36 and 
163, which are thermally stable, rearrange when irradiated (Xe lamp) to the 
alkylidene 164 and alkylidyne 165, respectively. 22 Although the photochemical 
generation of alkylidenes from dialkyls is well established, 78 it has never been 
observed on a metaUacycle, where such a reaction constitutes an isomerization. 
More interesting still is the rearrangement of 163 to 165, which represents the first 
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example of the photochemical generation of an alkylidyne. It should be noted that 
this photochemical path represents the best synthetic approach to both 164 and 
165. 22 

Although the generation of M--C, M=C, and M=C functionalities directly 
from hydrocarbons has been recognized for a long time as a superior feature of 
heterogeneous over homogeneous catalysts, the investigation of the chemistry of 
the d~-[{p-But-calix[4]-(O)4}W] fragment, and in particular of "qZ-olefin species, 
led to the discovery of a variety of olefin rearrangements which are very close to 
those supposed to occur on metal oxides or other active surfaces (Chart 8). 

Such rearrangements are driven by light, acids, and bases, or occur under reduc- 
ing conditions. This means that they can be controlled and, in perspective, used 
to generate in situ active species from inert precursors. These rearrangements lead 
to metallacycles, alkylidenes, and alkylidynes, where the organometallic frag- 
ment derives from one of the cheapest building blocks of chemistry, ethylene. 
The protonation-deprotonation of alkylidene and alkylidynes, respectively, be- 
yond their synthetic value as a means to modify the ligand and as an access to 
new complexes, has shed new light on the underestimated role of coordinated 
donor atoms in acid/base reactions, both in homogeneous and surface chemistry. 
Although some of these transformations are known for different metal fragments, 
the occurrence both on a single fragment and on a metal-oxo-surface is unique and 
unprecedented (see Chart 8). 
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CHART 8. Ethylene rearrangements over a W-oxo surface modeled by W-calix[4]arene. 

Following the study on the olefin rearrangements 22b over a tungsten-calixarene 
oxo surface, attention then focused on the possibility of discovering a synthetic 
methodology for intercepting the 1-metallacyclopropene, which paves the way to 
metal-alkylidenes, 6° or other related species. 79'8° A recent report 2s discusses the 
general synthesis of alkene and alkyne complexes of W(IV)-calix[4]arene, which 
have been converted into anionic 1-metallacyclopropene by either deprotonation of 
the alkene or addition of hydrides to the alkyne. By the use of suitably substituted 
alkenes and alkynes, 1-metallacyclopropenes have been isolated in stable forms, 
which do not rearrange to the corresponding alkylidynes. They have been used for 
studying the reactivity toward electrophiles and one-electron oxidizing agents. 

The alkene-W complexes used in this study are complexes 33, 166, and 168 
(Schemes 5 and 31). The deprotonation of the W-alkene functionality has been 
carried out on 166, which has three methyl substituents at the C=C bond, in order 
to prevent any rearrangement of the 1-metallacyclopropene to the corresponding 
alkylidyne. 22b The reaction of 166 with LiBu led to the 1-metallacyclopropene 
169 (Scheme 32), which was isolated in quite good yield. The alkylidene 169, a 
very stable compound, was characterized both in solution and in the solid state. 2s 
The tH NMR spectrum shows a four-fold symmetry calixarene skeleton, while the 
a3C NMR spectrum contains a resonance at 271.0 ppm for the alkylidene carbon. 

Complex 169 is very susceptible to electrophilic attack, as shown in Scheme 32. 
The protonation of 169 with PyHC1 gave back 166. In this reaction, the assistance 
of one of the oxygens as the primary site of the protonation cannot be excluded. 
The alkrylation with MeOTf, unlike in the case of 161 (see Scheme 29), 22 occurs 
at the alkylidene carbon as well, forming the 2,3-dimethyl-2-butene-W deriva- 
tive 167, which was obtained also by the direct synthesis given in Scheme 31. 
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FIG. 17. Crystal structure and selected structural parameters of complex 170. 

The metallation with PhaSnCI follows the same pathway leading to the tin deriva- 
tive 170, which can be a useful material in transmetallation reactions. 28 Its struc- 
ture is displayed in Fig. 17. The anionic 1-metallacyclopropene 169 undergoes 
one-electron oxidation by a variety of reagents, the best one being [CuCOC1]. The 
reaction proceeds with the formation of a copper metal mirror and 171. The forma- 
tion of 171 requires the intermediacy of a free radical species like A (Scheme 32), 
preferentially undergoing dimerization rather than hydrogen abstraction from the 
solvent. There is no evidence of the formation of an alkylidene coming from the 
latter route, even in trace amount. DFT calculations support that the removal of 
one electron from 169 gives a free radical-type metaUacyclopropane prone to W-C 
homolytic cleavage at the most substituted carbon. 

A different synthetic access to a 1-metallacyclopropene, which can be a versatile 
organometallic synthon, is displayed in Scheme 33. The mono-alkyne derivatives 
of W(IV)-calix[4]arene are easily accessible through the thermal displacement 
of cyclohexene from 32 using the appropriate acetylenes. The reaction led to 
complexes 34 and 172-174. The proposed 3-metallacyclopropene has been con- 
firmed from the spectroscopic and the X-ray data. The 1H NMR data reveal a 
cone conformation of the calixarene with a four-fold symmetry, for which the 
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explanation is similar to that given for the W-alkene complexes. The addition of 
the hydride to 34 via the reaction of LiHBEt3 led to the 1-metallacyclopropene 
161, 79,80 which has been reported to form from the deprotonation of the stilbene 
complex 33. 22 The bond lengths within the metallacyclopropene units (complexes 
161 and 169), 2s support the proposed bonding sequence. In all structures, the W-C 
single bonds are longer than 2.0 A, though there is a significant difference between 
the metal binding to sp 3 (complexes 169 and 161) or sp 2 carbons (complex 34). The 
W-C (alkylidene carbon) bond distances in 169 and 161, 1.916(5) and 1.912(6) 
,~, respectively, are in agreement with the presence of the 1-metallacyclopropene 
functionality. The C-C bond length varies from 1.43av A in 169 and 161 to ca. 
1.30 A in 34. Although the lithium cation is interacting at a rather short distance 
[2.541(13) ,~] (see Fig. 16) with one of the carbons of the C2 unit in 161, this 
did not affect the structural parameters mentioned above. The structural analy- 
sis reported allows comparison between the two isomeric metallacyclopropenes, 
namely 161 and 34. There is a distinctive behavioral difference between 161 
(Scheme 29) and 169 (Scheme 32) in the reaction with MeOTf, which in the 
former case led to the alkylation of the calixarene oxygen, while in the case of 169 
the methylation occurred at the 1-metallacyclopropene with the formation of 167. 
The protonation of 161, in contrast, proceeds as in the case of 169, thus generating 
the trans-stilbene derivative, 33. DFT calculations support the assistance of oxy- 
gen as a primary site of the protonation, 4,22b'63 so that the protonation of anionic 
1-metallacyclopropene would occur via the proton transfer from the oxygen to 
the carbon. 28 The regiochemistry of the reaction of nonsymmetric alkyne com- 
plexes with hydrides is exemplified in the reaction of 173 with LiHBEt3, which 
leads to 175. In other cases too, the nucleophilic attack seems to occur at the 
carbon of the alkyne bearing the most electron donating substituents. Both com- 
pounds 161 and 175 have a 13C NMR resonance for the alkylidene carbon at ca. 
250 ppm. 
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The acenaphthylene complex 168, when submitted to the deprotonation re- 
action, revealed the consequence on the stability of the 1-metallacyclopropene 
as a function of the substituent at the olefin functionality, mainly in terms of 
steric constraints. 28 A particular instability is associated with the formation of a 
1-metallacyclopropene fused with a C5 ring. As a matter of fact, the deproton- 
ation of 168 led to the formation of 176, presumably via the intermediacy of B. 
It is probable that B originates from the homolytic cleavage of the W - C  sin- 
gle bond of the 1-metailacyclopropene. The dimerization of B would lead to the 
dinuclear W(V) paramagnetic bis-alkylidene shown in Scheme 34. Complex 176 
undergoes either a one- or a two-electron oxidation. In the latter case, the re- 
action, carried out using either CuC1 or Cp2FeBPh4, led to the formation of the 
diamagnetic derivative 177 (Fig. 18). The IH and 13C NMR spectra of 177 did 
not show any peculiarity or major difference in respect to the other W-alkylidene 
derivatives. 63 Complexes 176 and 177 are structurally very similar, notwithstand- 
ing the oxidation state of the metal and the presence of two lithium countercations 
binding at the oxygens of the calixarene in 176. 28 The 1-metallacyclopropene an- 
ions in Schemes 32, 33, and 34 should be considered as the electronic equivalent 
of metalla-alkylidyne anions, to which they rearrange when the substituents at the 
two carbons are protons. The two related species resemble each other in, among 
other things, their behavior toward oxidizing agents. Their dimerization can be 
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FIG. 18. Crystal structure and selected structural parameters of complex 177. 

achieved by one-electron oxidation. In the case of alkylidynes, their dimerization 
led to the formation of ix : .q2 : ,q2 acetylene,63 while in Scheme 32 the formation 
of a dinuclear bis-alkylidene is observed. The alternative synthesis of the latter 
compounds passes through the deprotonation of strained olefins, which undergo 
spontaneous evolution to dinuclear alkylidenes. The electronic structure and reac- 
tivity pathway of the 1-metallacyclopropene functionality has been analyzed using 
a DFT approach. 28 

Although the alkylidene- and alkylidyne-metal functionalities have a very rel- 
evant impact on preparative chemistry and catalysis, 6°,61'7° their access is lim- 
ited to only a few synthetic methodologies. Metalla-calix[4]arenes allowed a 
direct synthesis of metal-alkylidenes and -alkylidynes from among the most com- 
mon organic functionalities, namely from olefins, acetylenes (see above), ketones, 
and aldehydes. This latter entry in the field opens much wider possibilities in 
the use of such functionalities as synthons in organic synthesis. 7° In addition, 
this novel synthetic methodology has been applied to niobium, 81 having a lim- 
ited number of alkylidene 8z and alkylidyne 83 derivatives, by the use of p-Bu t- 
calix[4]arene tetraanion as ancillary ligand. 8 The active compound able to access 
the chemistry outlined above is a Nbm-calix[4]arene dimer (29 in Schemes 4 
and 35), which contains an Nb=Nb double bond. 6'8'26'27 This section covers in 
particular the genesis of Nb-alkylidenes from ketones and aldehydes and their 
reversible deprotonation-protonation to bridging alkylidynes 8 along with the use 
of the [Nb(III)-calix[4]arene] dimer in the McMurry 84 synthesis of olefins 
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(see Schemes 35 and 36). The reactivity of 29 is particularly pronounced, with 
a variety of organic substrates, thus causing their overall reduction by four elec- 
trons. Among them, particularly interesting is the metathesis of the Nb=Nb double 
bond with the >C=O ketonic functionality, which corresponds to a four-electron 
reduction of the carbonyl with complete C----O cleavage. 8 The reaction, thus, 

Ph 
I 
CH2 
I 

. .  j / N b X - " - , , . ,  
4 + Mg(CN2Ph)2 toluene ~ y ~ i, +H ÷ = PyHCI 

\ El ~ -.+=.aC,0"8 

~ _ _ T H F  ~ + ' 

~ ~ /~-----]2e +H H ÷ ~ 4 e  

~, O- u 0 
,, , 

/ Nb \ PhCHO NI~- -H Ph C "I ~'.C Ph 
.a  II F a . ° - = , - , / / x ~  o ..-~+- - ~ , . . / -  
~o~NXbo. ,0 / - .  e..,. ~ +H O.~o, N~o..O 

M ÷ = 1/2 Mg, 1 8 5 b  

SCHEME 36. 
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c1 

Crystal sa'ucture and selected structural parameter of complex 180. FIG. 19. 

proceeds with the formation of the corresponding alkylidenes 178-183 and the 
oxo-niobium(V) derivative, 184 (Scheme 35). The structure of 180 is displayed 
in Fig. 19. The reaction has some notable peculiarities. It is not very sensitive 
to the substituent at the carbonyl functionality, thus occurring equally well with 
aromatic, mixed, or aliphatic ketones. The synthetic value of the reaction lies 
in the easy separation of the alkylidene from the corresponding oxo-compound, 
184, thus allowing the introduction of the metal-alkylidene functionality, via the 
presence of a ketonic group in a variety of organic substrates. Although the reac- 
tion with ketones usually led to the formation of the metal-oxo compounds and the 
corresponding olefin from the coupling, s5 in the present case the isolation of the in- 
termediate metal-alkylidene was quite easy. Aldehydes usually behave differently 
and in a more complex manner in their reaction with low-valent metals, while, with 
the [Nb-----Nb] bond, the presence of the hydrogen at the carbonyl functionality does 
not induce a different pathway of reactivity. Unlike previous reports in the field, 86 
the reaction of 29 with aldehydes (see Schemes 35 and 36) leading to 183 and 
185 and the corresponding oxo-niobium(V) complex 184 parallels the reactions 
with ketones. All the Nb-alkylidenes mentioned above possess a very low energy 
barrier for the rotation of the alkylidene functionality between the two isoener- 
getic positions for the formation of the metal-C w bonding. 8 The Nb=C distances 
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[1.96 mav] lie in the range of the few Nb-alkylidenes reported. 87 The protonation of 
185 using PyHC1 led to the formation of the corresponding benzyl derivative 186, 
which was deprotonated back to the alkylidene form using sodium naphthalene. 
Alkylidene 185 underwent sodium naphthalenide induced deprotonation to the 
alkylidyne dimer 187, which can be quite easily protonated back to 185. An inter- 
esting observation in this context is the proton transfer occurring between 186 and 
187, which can be assisted by a quite basic solvent like pyridine and leads to the 
formation of 185 (Scheme 36). Such a finding is diagnostic of the easy protonation- 
deprotonation of M-C functionalities bonded to a calix[4]arene moiety. 

The synthetic method leading to Nb-alkylidenes and Nb-alkylidynes was par- 
ticularly successful, due to a quite remarkable difference in the reaction rate of 
29 with ketones or aldehydes, vs the subsequent reaction of the alkylidene with 
ketones and aldehydes (see Scheme 37). The former reaction takes a few minutes 
at -40°C, while the latter one occurs in hours at room temperature. 88 The reaction 
between 178 and benzaldehyde led to triphenylethylene and the niobyl derivative 
184. Due to the difference in reaction rates between a and b in Scheme 37, it 
was found that the sequential addition of two different ketones or aldehydes to a 
THF solution of 29 produced a nonsymmetric olefin in a stepwise McMurry-type 
reaction. 84 This is exemplified in the coupling shown in reaction c (Scheme 37). 
The proposed reaction pathway does not involve the intermediacy of a pinacolato 
ligand and therefore differs from the mechanism of the McMurry reaction and 
related reductive couplings at activated metal sites. 89 

Taking advantage of the reactivity of the [Nb=Nb] bond in complex 29, it was 
possible to achieve the formation of metal-carbido functionalities, related to metal- 
alkylidenes, directly from carbon monoxide and under very mild conditions. 27 The 
reductive cleavage of carbon monoxide using organometallic fragments represents 
a discrete homogeneous analogue to the CO dissociation to carbide and oxide on 
many metal surfaces. 9° The few existing homogeneous analogues of the CO dis- 
sociation, which are mainly due to Wolczanski, 91 Chisholm, 92 and Cummins, 93 
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often follow convoluted pathways, as is also the case in cluster chemistry. 9°d Com- 
plex 29, which is able to perform the four-electron reduction of dinitrogen 6,26 and 
ketones, 8 reacts with carbon monoxide (1 atm, -40°C) leading to the oxyalkyli- 
dyne dianion 188 (Scheme 38), which occurs in a tetranuclear ion-pair form made 
up of two dianions bridged by four sodium cations. The structural parameters of the 
[Nb2CO] fragment in 188 proves the four-electron reduction of carbon monoxide, 
with the two Nb ions playing completely different roles. The structure and some 
structural parameters of 188 are shown in Fig. 20. In the aforementioned reduc- 
tion of CO, one should not disregard the driving force associated with the strong 
oxygen-alkali cation interactions. The further reduction of 188 using 2 equiv, of 
sodium metal led to the cleavage of the residual C-O bond and the formation of 
189. The two Nb-calix[4]arene moieties are joined by a IX-carbido and a IX-OXO 
ligand (Fig. 21). The bent bonding mode of a carbido bridging two transition metal 
ions in dinuclear complexes is unique. 94 

The two-electron reductive cleavage of C-O from 188 to 189 was followed 
by the reductive deoxygenation of 189 and the formation of a linear bridging 
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Crystal structure and selected structural parameters of complex 189. 
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carbido compound, 190, with the loss of the Ix-oxo ligand (Scheme 38). Com- 
plex 190 i s  a NbV-Nb TM paramagnetic complex [P-elf = 1.65 BM at 300 K]. The 
Nb--C--Nb fragment is almost linear [Nb--C--Nb, 173.9(2)°], while the Nb--Cav 
distance [ 1.922(4) A] is well in agreement with a Nb=C(alkylidene) description.8 
The oxidation of 190 with 1 equiv, of Cp2FeBPh4 led to the diamagnetic complex 
191, which shows a typical ]3C NMR resonance for the bridging carbide at 257 ppm. 

FIG. 22. Crystal structure and selected structural parameter of complex 192. 
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Other synthetic approaches have been explored for binding an alkylidene func- 
tionality to a metalla-calix[4]arene. Among them, the reaction of diazoalkanes 
with coordinatively unsaturated metalla-calix[4]arenes deserves particular men- 
tion. The synthesis of an unusual high-spin (5.2 BM at 292 K) iron(II)-carbene, 
192, is displayed in Scheme 39,13 and its structure is shown in Fig. 22. 

C. Outlook 

A novel generation of organometallic catalysts is expected to come out of the 
chemistry of metalla-calix[4]arenes. The preorganized oxo-surface of calix[4] arene 
anions offers a unique opportunity for making molecular model compounds com- 
petitive with the well-known heterogeneous oxo-catalysts. They can challenge the 
heterogeneous systems in assisting the hydrocarbon rearrangements, the polymer- 
ization of various types of olefins, and the oxo-transfer processes. 
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I 

I N T R O D U C T I O N  

W e  i n t r o d u c e d  t h e  t e r m  metalloid cluster f o r  m o l e c u l a r  m e t a l  a t o m  c l u s t e r s  1 in  

o r d e r  to l i m i t  t h e  v e r y  w i d e - s t r e t c h e d  g e n e r a l  t e r m  metal cluster w h i c h  is  b a s e d  

o n  a d e f i n i t i o n  b y  C o t t o n .  2 A c c o r d i n g  to  C o t t o n ' s  d e f i n i t i o n ,  n o n m e t a l  a t o m s  a r e  

a l s o  a l l o w e d  to  t a k e  p a r t  in  a m e t a l  c l u s t e r ,  a n d  t h e r e f o r e  m o l e c u l a r  c l u s t e r s  l ike  

Cu146Se73 (PPh3)303 s h o u l d  b e  r e g a r d e d  a s  m e t a l  c l u s t e r s  as  we l l .  T h e  p r o t o t y p e  

o f  t h e  n e w l y  d e f i n e d  c l a s s  o f  m e t a l l o i d  c l u s t e r s  is  t h e  Au55 c lus t e r .  4 A l t h o u g h  al l  

a t t e m p t s  to  a n a l y z e  t h e  s t r u c t u r e  o f  t h i s  c l u s t e r  b y  X - r a y  d i f f r a c t i o n  h a v e  f a i l e d  so  

far,  it  i s  g e n e r a l l y  s u p p o s e d  t h a t  it  c o n s i s t s  o f  a c e n t r a l  A u  a t o m  s u r r o u n d e d  b y  t w o  
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shells of 12 and 42 further Au atoms. This implies that the Au atoms topologically 
correspond to the arrangement of atoms within the Au metal. In other words, the 
idea of the metal structure is contained in a cluster of this kind and fully justifies 
the term metalloid (suffix -o/d  is deduced from the greek edSo(r--idea, prototype). 

A few years ago, only a few examples of structurally characterized metalloid 
clusters were known. For a long period of time, a Pt6Ni38 cluster with 6 naked 
palladium metal atoms (i.e., they do not carry ligands) was considered to be the 
largest cluster of this type. 5 Only a year ago, a record within the field of pre- 
cious metalloid clusters was established with a Pd59 cluster containing 11 naked 
palladium atoms. 6 Very recently, in November 2000, the largest metalloid cluster 
formula ever structurally characterized was published. 7 However, in 1997, it came 
as a big surprise when our group succeeded---3 years before the Pd59 cluster was 
reported in synthesizing and structurally analyzing a cluster carrying 57 naked 
AI atoms. 8 This A177R202- cluster [R = N(SiMe3)2] showed that, when analyzed 
in detail, packing of the A1 atoms is significantly different from the packing in A1 
metal; the coordination numbers diminish from the cluster center to the outside, 
and consequently the AI-A1 distances become shorter in the same direction. Thus 
the common idea of these clusters as small ligand-protected metal parts had to be 
revised, at least for the metalloid clusters discussed within this paper. However, this 
extremely important result almost escaped notice in a recently published mono- 
graph dealing with metal clusters, 9 as well as in the publication about a Pd59 and 
a Pdl45 cluster. 6'7 Obviously, the structure as well as the unconventional synthesis 
of the A177 cluster were regarded as being an exception, a curiosity. 

Herein, we will show that the A177 cluster does in fact not constitute an ex- 
ception but is only one of the achievements of a new synthesis technique which 
made possible the synthesis and structural characterization of a multitude of fur- 
ther metalloid clusters, all formally representing intermediates on the way to metal 
formation. Such intermediates on the way to metal formation can help to improve 
our understanding of the mechanism of one of the oldest chemical processes in the 
history of chemistry, since metalloid clusters are likely to be formed as intermedi- 
ates during the precipitation of metals and during metal dissolution. Both reactions 
can be followed by recording either the cluster size (number of naked metal atoms) 
or the median oxidation number which drops (e.g., to 0.23) for the A177 cluster. 
Intermediates containing such "metal-near" oxidation states are best accessible 
starting from compounds with metals in oxidation states as low as possible and as 
unstable as possible. The use of metastable AI(I)- or Ga(I) solutions which can be 
transformed under mild conditions by disproportionation to metal and an AI(III)- 
or Ga(III) compound is based on this idea (Scheme 1)) °'11 During these dispro- 
portionation reactions on the way to the metal, metalloid cluster compounds can 
be trapped, if suitable conditions are applied. 

This approach to the formation of metalloid molecular cluster compounds shows 
clearly the difference from ZintMike phases which lately have been successfully 
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MX 

m 

x 

+ MX3 

x 

SCHEME 1. Metalloid MxXy clusters (x > y) as intermediates during the disproportionation reaction 
of MX solutions (M = AI, Ga; X = C1, Br, I). 

Msolia + MX3 

investigated by Corbett. lz Although there is a certain topological similarity to 
metalloid clusters as described herein, these metal cluster units carry high negative 
charges (no electron deficiency !) which are stabilized in a"bath" of positive cations. 
The preparation method established for these compounds starts from the metal 
elements by reduction with strong electropositive metals (mostly alkali metals), 
leading to the "extraction" of small parts out of the infinite crystal lattice structure of 
metals. This process is responsible for the negative values of the median oxidation 
state of the clusters, which excludes the presence of electron-deficient bonding, 
typical for polyhedral and metalloid cluster compounds) 3 Thus, combined with 
the cations located in the immediate vicinity, physical properties 14 are observed for 
these phases that differ significantly from the molecular ligand-protected metalloid 
clusters representing typical electron-deficient compounds. These Zintl-analogous 
clusters are not included in the following account. 

II 

COCONDENSATION TECHNIQUE AND SYNTHESIS OF 
METASTABLE AIX OR GaX SOLUTIONS 

In the last decades, a considerable number of high temperature molecules like 
the metal mono-, -di-, or trihalogenides were generated and characterized using 
the matrix isolation technique) 5 In a matrix isolation experiment, the reactive 
species is embedded in a cage of a solid inert gas (typically a noble gas), kept at 
a temperature of about -260°C, and can then be characterized spectroscopically 
without the risk of reactions such as aggregation or disproportionation, which 
are common for these species under normal conditions. 16 In the past, we have 
investigated first the properties of A1X and GaX molecules (X = F, C1, Br) alone, 
and then the reactivity of these species under matrix conditions, by cocondensation 
together with reactants such as another A1X, O atoms or HX (e.g., A1X + A1X --+ 
(AIX)2 ;  17 A1X + O --+ O = A1X;  18 A1X + HX --+ HA1X2)) 9 
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A 
M + HX(s) , MX(s) + 1/2 H2 (a) 

A 
2 M + X2(~) , 2MX(s) (b) 

A 
2 M + MX3(~) , 3MX(s) (c) 

SCHEME 2. 

Spectroscopic measurements were used to identify and structurally characterize 
these species which are generated in microgram scale in the matrix, and the experi- 
mental results were compared with the results of quantum-chemical calculations. 2° 
On the basis of these analyses and on earlier work by Peter Timms, 2a we started 
about 10 years ago to prepare AIX and GaX in the synthesis scale (1-5 g)) l  

Special synthetic routes are necessary to gain access to the metastable mono- 
halides of A1 and Ga, since they are thermodynamically unstable at room tempera- 
ture toward disproportionation into A1 metal and A1X3 or Ga metal and GaX 3. First, 
the gaseous MX species, that are thermodynamically stable at high temperatures, 22 
have to be synthesized. A variety of methods are available for their preparation, 
some of which are shown in equations (a)-(c) of Scheme 2. 

To suppress as much as possible the disproportionation reaction which is pre- 
ferred at low temperatures, the process has to be done at relatively high temper- 
atures (800-1000°C). The gaseous MX species thus formed have subsequently 
to be quenched at low temperatures in order to prevent disproportionation once 
again, which occurs on slow cooling. 11 

The preparation of MX(g) (M = A1, Ga) from reaction of HX(g) with liquid A1 or 
Ga has already been proved possible in the matrix experiments mentioned above. 
The matrix experiments also have the advantage that the effect of different HX gas 
streams on the MX concentration can be tested until optimal conditions are found. 
These optimized conditions were then also used for the synthesis of these species 
in larger scales using the apparatus depicted in Fig. 1. 

The set-up of the synthesis experiments as shown in Fig. 1 is, in principle, 
comparable to the experimental set-up used by Timms 23 for the preparation of 
other high-temperature molecules (e.g., BF). Similar apparatus has been in use 
for some time now for metal vapor syntheses. 24 The reaction between metal and 
hydrogen halide (HC1, HBr, or HI) takes place in a graphite cell, which is typi- 
cally positioned in a 30-L stainless steel vessel, and in a vacuum of approximately 
5 x 10 -5 mbar. Under these conditions, a gaseous equilibrium mixture is formed 
which---depending on M, HX, and the particular reaction conditions--consists 
of between 90 and 100% MX and H2. The gaseous monohalides continuously 
streaming out of the graphite cell are condensed at 77 K together with a suitable 
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A Stainless steel vessel 

B Solvent inlet 

C AI/Ga in graphite cell with 
resistance heating (W) 

D run-off rim 

E Cooling shield (Cu) 

F Glas vessel 

G Dewar vessel with dry 
ice (- 78°C) 

K Cooling water 

S Solvent 

HX Hydrogen halide gas 

HV Vacuum 10 -5 mbar 

I HV (Oil diffusion pump) 

FIG. 1. Schematic picture of the cocondensation-high-vacuum system for the generation of gaseous 
MX species and their trapping in a matrix of an organic solvent. 

solvent on the inner surface of  the stainless steel vessel while the hydrogen that 
emerges from reaction (a) is removed continuously by a high-performance pump 
system. Typical experiments yield approximately 45 mmol of  MX over a period 
of about 2 h. The coolant is subsequently removed and the melting condensate 
collected in a Schlenk vessel located under the run-off rim. The solution thus ob- 
tained can be studied with conventional techniques. To prevent disproportionation 
of  the MX species once the condensate starts to melt, solvents have to be added 
which are capable of  stabilizing these metastable compounds. The choice of sol- 
vents that may be used in this process is very much limited, especially since protic 
solvents and halogenated hydrocarbons must be ruled out because of  their high 
reactivity with respect to MX. Further limitations result from the requirements of  
the solvent used with regard to its physical properties; e.g., the solvent must be 
readily volatile and should have good solvating properties even at extremely low 
temperatures. 

Initial attempts to stabilize A1C1 were carried out using pentane as solvent. 
The dark red condensate obtained at 77 K spontaneously turned black on warm- 
ing above approximately 170 K due to the formation of  aluminum as a result of 
disproportionation reaction (3A1C1 --+ 2 A1 + A1C13), and no subvalent A1 species 
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was found in the resulting solutions. Experiments in which pentane was replaced 
by toluene or other aromatic solvents were also unsuccessful. On the other hand, 
the use of THF appeared at first promising. After melting the condensate, a deep 
red solution was obtained at -78°C that reacted violently with water, producing 
hydrogen gas. The initial euphoria quickly gave place to sobriety, however, be- 
cause the color of the THF solution vanished several hours after the solution was 
brought to room temperature. It turned out that this observation was a consequence 
of ether cleavage reactions, 25 which are also known to occur in solutions of boron 
halides. These undesired reactions can easily be avoided if a less reactive ether 
such as diethyl ether is used or if only small proportions of THF are added to 
the mixture. Furthermore, it also became apparent that toluene had to be added to 
the latter to guarantee that the condensed species becomes fully dissolved upon 
warming. The deep red solution thus obtained can be stored without significant 
changes for several weeks at about -50°C.  An analysis of the elemental ratio 
of A1 to CI and the amount of hydrogen produced on hydrolysis of the solution 
(A1 + + 2 H + ~ A13+ + H2) is in agreement to the existence of solvated "A1CI" in 
these solutions. 1° 

Recent studies confirm that "AIBr," "All," and "GaX" (X = C1, Br, I) can be 
stabilized analogously. 26 As expected, the MX compounds become more stable 
with respect to disproportionation with increasing atomic numbers of M and X, and 
the example "A1Br" shows that the solvent combination toluene/diethyl ether can 
be replaced by other nucleophilic solvents in some cases. The thermal stability of 
the solution increases with increasing Lewis basicity of the solvent. The addition 
of an aromatic component leads to a further increase of the thermal stability. The 
number and properties of species contained in these solutions have been the subject 
of intensive research. 27 Exact analysis of these solutions has proved difficult since 
they tend to undergo disproportionation reactions with progressing time leading 
to metal and the trihalogenide. Nevertheless, we succeeded in a few rare cases to 
synthesize crystalline AIX and GaX species from these primary solutions, almost 
all of which were compounds with classical 2c2e bonds, e.g., A14Br4.4(NEt3) 28 
or Ga818 • 6(PEt3) 29 (Fig. 2). 

These and other subhalogenides, such as GasC17.5(Et20) 3° and A15BrT. 
5(THF), 31 have been discussed in detail previously 32 and will generally not be 
considered here, because they show no or nearly no parallels to metalloid species; 
the only exception being Ale2Br20.12(THF). 33 With respect to structural system- 
atization, they were the first molecular AIIX or GaIX species to be structurally 
characterized; these subhalogenides themselves attract considerable interest. They 
are also starting points for the synthesis of cluster compounds. Thus, by metathesis 
reactions we were able to synthesize a series of A1Rn and GaRn clusters; among 
these were the first Al(I)-organic compound AICp TM as well as the analogous 
GaCp .35 compound. However, they will not be discussed here and were only 
mentioned in order to mark the different bonding properties in comparison to the 
metalloid clusters. 
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a, 

FIG. 2. 
clarity). 

~I QAI 
~Ga ~N 

Molecular structure of GasI8- 6(PEt3) and A14Br4- 4(NEt3) (ethyl groups are omitted for 

III 

METALLOID AI CLUSTERS 

As indicated above, Al-rich metalloid clusters are generated as intermediates 
during the disproportionation of AIX solutions. This disproportionation reac- 
tion becomes visible by a metal mirror coating and happens even under mild 
conditions (room temperature); that is, the reactions proceed to the thermody- 
namically stable final products A1X3 and A1. We suggested using this A1 film 
formation for technical applications, such as in the metallization of electrical 
isolation and also for porous materials. 36 The A1 mirror coating growing on 
the glass vessel following the disproportionation reaction has yet to be exam- 
ined regarding the possible formation of nanostructured A1 species on a glass 
surface. 

Keeping in mind the tendency of pure subhalides to disproportionation, we 
tried to slow down the disproportionation process by substituting the halogenide 
ligands with bulky groups. The use of the N(SiMe3)2 ligand proved to be especially 
fruitful and we were able to synthesize the following species, each of which will 
be presented in more detail in the following sections: [A17R6]-, 37 [AI12Rs]-, 38 
[AII4R6X612-, 39 [A169RI813-, 40 arid [A177R20] 2- 8 (R = N(SiMe3)2). 

A. AIF[N(SiM%)2]s- Cluster I az 

A metastable solution of xylene/diethyl ether reacts in the temperature range 
- 7 8  to 30°C with solid LiN(SiMe3)3 to give black crystals identified as [A17 
{N(SiMe3)2}6]- [Li(OEt2)3] +. The central A1 atom of the anion 1 (Fig. 3) is sur- 
rounded by a distorted octahedron of six further A1 atoms, each of which is bonded 
to one NR2 ligand. 
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FIG. 3. Molecular structure of [A17{N(SiMe3)2}6]- 1 (methyl groups are omitted for clarity). 

The distance from the six-coordinate central atom to its A1 neighbors is 273 pm, 
and is thus in between that of  A1-A1 bonds (266 pm) in typical molecular A1 
compounds 4z and in A1 metal (286 pm). On the other hand, the A1-A1 bond con- 
necting the AI atoms within the two A13R3 groups is somewhat shorter (254 pm). 
The arrangement of  the seven A1 atoms is unusual, since we are not aware of  any 
other example of  two metal atom tetrahedra (exhibiting pure, nonbridged metal-  
metal bonding) that are vertex connected through a mutual "naked" metal atom. 
This special arrangement of  atoms can be regarded as a primary configuration on 
the way to close packing, since the addition of  only six further A1 atoms, arranged 
around the central atom in the plane between the three-membered rings, leads to 
a cuboctahedral coordination sphere (Fig. 4). 

FIG. 4. Section of the cubic close packing of Al-metal. The A17 unit of 1 is marked. 
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FIG. 5. Geometric model for, e.g., conductivity measurements via a single atom contact. 

The interpretation of I as an A13+-center surrounded by two A13R32- 42 units 
can be excluded because of the lack of any 27A1 NMR signal with an appropriate 
high-field shift (as observed for A1Cp*2 + ).43 However, the calculated NMR shift for 
the model compound A17(NH2)-6 is +801 ppm, which is halfway to the position 
observed for aluminum metal, 44 and thus the central A1 atom in its special coordi- 
nation sphere appears to be similar to atoms in solid aluminum. A comparison with 
small anionic AI clusters (e.g., an All3- species) 45 in which a high-field shift for 
the central A1 atom is predicted (8 = - 195.2), seems not to be adequate, since the 
electronic situation on the central A1 atoms is obviously completely different from 
that on the central atom, e.g., in the A17R6- group, in which the negative charge 
is localized primarily on the ligands and a slightly positive charge placed equally 
on the six outer A1 atoms. On the basis of these theoretically obtained NMR shifts 
of the central AI atoms, the A17R6- clusters and not  clusters like All3- should 
be regarded as intermediates on the way to the bulk A1 metal. It is therfore con- 
ceivable that compounds like A17R6- with well-defined environments around the 
naked A1 atom center can be of interest for the physical characterization of single 
metal atoms using other methods, for example in nanotechnology 46 (Fig. 5). All 
measurements of this type to date were carried out on samples in which the contact 
between single A1 atoms and the atoms of the bulk was not precisely defined. 

B. AII2[N(SiMe3)j8 Cluster238 

If the above mentioned solution of A1C1 and LiN(SiMe3)2 is heated to 60°C for 
a short period of time and then cooled back to room temperature, black crystals of 
Li(OEt2)3+[A112{N(SiMe3)2}s] - begin to grow within a few days (Scheme 3). 

29 AIC1 + 26 LiN(SiMe3)z 

> 24 LiCI + 2 Li÷[AI12{N(SiMe3)2}8] + 5 [AI{N(SiMe3)2}z]C1 

SCHEME 3. Reaction scheme showing the formation of 2. 
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FIG. 6. Molecular structure of [Allz{N(SiMe3)2}8]- 2 (methyl groups are omitted for clarity). 

In contrast to the All2 cluster 2, the A17 cluster 1 is formed under milder condi- 
tions (24 h at 20°C and several weeks at -25°C) if the same educts are used. The 
X-ray structure of the anion 2 is shown in Fig. 6. 

The structure of the Al12[N(SiMe3)218- anion is similar to that of a neutral In12R8 
cluster compound (R = SitBu3), as published recently by Wiberg et al. 47 The  EPR 
spectra of a solid sample of 2 confirmed the radical character of the anion. Like 
the In12 cluster, the anion of 2 can be regarded as a section of the metallic lattice 
(Fig. 7). 

In order to clarify the bonding properties of 2, we performed density functional 
theory (DFF) calculations on the model compounds All2H8- and Al12(NH2)8-; 
the results of these calculations are in pleasing agreement with the experimental 
values, and the same was found for the neutral In12R12 species. 

There are 20 triangular faces in 2, and this structural type also applies for the 
well-known species A112RI22- (R = iBu) 48 with icosahedral symmetry. The closo 

type A112R122- anion may be one of the primary intermediates during the formation 
of 2. If two R-  groups are removed from such an intermediate, an AllzR10 species 
is formed (Scheme 4) which is in principle similar to the distorted icosahedral 
AI12(A1Br2)10 that we reported recently. 33 

Further reduction to All2Rlo 2- and dissociation of two additional R-  ligands 
should lead to an AI12R8 molecule or the corresponding anion, and indeed this 
is found in experiments. Since similar cluster compounds are obtained for A1 
and In ([A112{N(SiMe3)2}8]- and Ini2(SitBu3)8), it is plausible that the proposed 
mechanism represents a general pathway during reduction processes leading to the 
bulk metal. Therefore, intermediates similar to 2 are also expected to occur for other 
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FIG. 7. Section of the cubic close packing of Al-metal. The Al12 unit of 2 is marked. 

metals. Limitations arise from the size of the metal atoms which must be compatible 
with the size of the ligands. On this basis, the large supersilyl (SitBu3) ligands are 
suitable for protecting the large In12 cluster, whereas the smaller N(SiMe2)2 groups 
match the smaller All2 cluster. 

C. AI14[N(SiMe3)2]d62- Cluster3 ae 

In order to find optimal reaction conditions for the synthesis of the A177R202- 
cluster (see below), we repeatedly heated the reaction solution of All in Et20 and 
toluene with solid LiN(SiMe)2 for a short period of time to 55°C. This treatment, 
followed by cooling the solution back to +7°C, results in dark brown crystalline 
platelets of 3, representing the first partially substituted AI subhalogenide com- 
pound. Obviously the substitution proceeds significantly slower for iodide than for 
chloride, and this difference is responsible for the observation that the completely 
substituted clusters AI7R6- and AI12R8- are formed starting from A1C1, but not 
from All. 

-2R + 2e () - 2R +le () 
AI12R12 2" > AII2RIo ~' Al12R8 > A112R8" 

SCHEME 4. Hypothetical reaction scheme for the formation of 2 starting from an icosahedral All2 
compound. 
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FIG. 8. Molecular structure of All4[N(SiMe3)2]6162- 3 (methyl groups are omitted for clarity). 

Figure 8 demonstrates the X-ray structure of the cluster dianion 3. The main 
structural unit is best described by two staggered, approximately Al-centered A16 
rings. The central A1 atoms deviate somewhat from the planes of the rings and 
are separated by 272.8 pm. All other A1-A1 distances range from 257.0 pm (i.e., 
between A1 atoms with iodine ligands) to 291.0 pm (i.e., between A1 atoms with 
N(SiMe3)2 ligands ) and thus lie in the range typical for polyhedral or metalloid 
AI clusters. 

The average oxidation state of the A1 atoms in the A17R6- cluster 1 and in 3 is 
0.71, distinctly higher than the value of 0.23 found in the A177 cluster (see below). 
The disproportionation of the initially monovalent A1 species to aluminum metal 
seems to be therefore equally far advanced for 3 and for 1. To discuss appropriately 
the bonding properties in the two species with aluminum in the same average 
oxidation state, we carried out DFT calculations on the model compounds A17R6 - 
( la;  R = NH2)  and AI14R122- (3a; R ---- NH2). 

These calculations indicated that the dimerization process l a  ---> 3a is exothermic 
( -275  kJ. mol-l).  The bond distances in l a  and 3a, which are included in Fig. 9, 
correspond at a first glance to the experimentally determined values for 1 and 3. 
Additional calculations were carried out on the isomer 3b, the results of which 
are also included in Fig. 9. In this case, the central A1-AI distance is highly 
elongated (490.3 pm), and an approximately polyhedral structure results, similar 
to that found for Mr4 Frank-Kasper polyhedra (e.g., Mg23(A1, Zn)49), 49 the only 
important difference being that the central atom is missing in 3b. 

Although the polyhedral structure of 3b seems to point to a bonding situa- 
tion as described by Wade for a precloso or nido structure, 13 the calculations 
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FIG. 9. Calculated structure of the model compounds A17(NH2)6- (la), Al14(NH2)122- (3a), and 
polyhedral Al14(NH2)122- (3b). Selected A1-A1 distances [pm]: la: All-A12: 276.0, AI2-AI3: 254.3; 
3a: All-A12; 272.1, A12-A13: 271.3, AI2-A1Z: 269.0, All-All': 269.3; 3b: All-A12: 290.8, AI2-A13: 
263.8, A12-A12': 280.8, All-All': 490.3. 

showed that 3b is clearly destablized with respect to 3a (+123 kJ. mol-1). This 
implies that for Aln clusters a metalloid cluster is energetically favored over 
a polyhedral cluster. 5° As already discussed for other metalloid clusters (A17, 
Al12, A177), the experimental and theoretical findings presented for 3 confirm that 
Wade's rules are in general not appropriate to describe bonding situations of this 
type. 

To improve our understanding of the exceptional bonding situation in 1 and 3, 
we calculated the 27 A1 NMR shifts for the central ( la ,  3a) and apical A1 atoms 
(3b). The results for l a  (8 = 652), 3a (~ = 358), and 3b (~ = -313)  show--as 
already discussed for 1--that  for l a  and 3a, but not for polyhedral 3b, the central 
A1 atoms approach the bonding situation found in aluminum metal (~ = 1640). 44 
These theoretical findings confirm the arguments based on the structural properties. 
The geometry of the partially preformed metal structure becomes evident in the 
metalloid cluster 3 rationalized in Fig. 10. Close packing as in the metal structure 
results from rotation by 30 ° followed by translation. 
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I II III 

FIG. 10. Illustration of the similarity between the cluster structure of 3 and the closest packing 
in A1 metal: Rotation of the upper ring of I by 30 ° leads to a structure II, which can then easily be 
transformed into a section of the closest packing of A1 metal by shifting in the layer of the page by 
(1/4, 1/4, 0). 

D. Alrz[N(SiMea)2]22- Cluster 48 

Experiments in which LiN(SiMe3)2 was added to an AII solution in toluene 
and ether (see above) at -78°C,  and this solution then stirred at +60°C for 
about 1 h, resulted in the formation of black crystals of [A177{N(SiMe3)2}20] 2- 
2[Li2I. (Et20)5] +. 

Figure 11 shows the shell-wise structure of the A177 cluster unit: A central 
A1 atom is surrounded by a distorted icosahedral Al12 shell. Next comes a shell 
consisting of 44 AI atoms and finally a shell of 20 A1 atoms with 20 N(SiMe3)2 
groups attached through strong 2e2c-A1N bonds. The structural differences of this 
cluster with respect to clusters of precious metals will be discussed in detail in 
Section V of this report. It is remarkable that topologically only the central A1 
atom with its coordination number of 12 is close to the geometric environment 
of an A1 atom in the AI metal. Toward the exterior of the cluster the coordination 
numbers decrease and the A1-A1 bond lengths get correspondingly shorter. The 
relation between coordination numbers and A1-A1 distances is summarized in 
Table I. 

It is not a surprise that the bonds become more localized (molecular) with in- 
creasing distance from the cluster center. Although the central A1 atom in the cluster 
has the same coordination number as the A1 atoms in the A1 bulk metal, the cluster 
exterior induces a change of the geometry of the neighboring A1 atoms which form 
an icosahedron in the case of the cluster compound instead of the cuboctahedron 
found in the A1 metal. At the same time, the A1-A1 distances become shorter (286 
pm in the metal vs 277 pm in the cluster). The negative charge of the A177 clus- 
ters is neutralized by two IX(I) bridged Li2 cations in the crystal. The A177R20 z- 
clusters are packed in a distorted hexagonal primitive symmetry (Fig. 12) with 
a coordination number of 8 + 12 (i.e., 8* (21.7-23.1/~) and 12" (26.9-32.7 ,~). 

Unfortunately all crystals of A177R202- that exist so far proved to be too small and 
too reactive to measure their electrical conductivity or other important physical 
properties. It should be mentioned that the same problems arise in the case of 
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FIG. 11. Molecu la r  structure of  [A177{N(SiMe3)2}20] 2 -  4 [N(SiMe3)2 l igands  are omitted for  

clarity] showing  the order  o f  the A1 a toms in shells. The edges  within this st ick model  represent  the 77 

A1 atoms. 

TABLE I 

A1-A1 DISTANCES WITHIN AND BETWEEN THE A177 CLUSTER SHELLS 

Shell Center  1 1--~ 2 a 2 2--+ 3 3 

Atoms  1 12 44  20 
c .n .b  12 9 c 4 7 a 2 (4) e 

dminimal [m] 2 .674 2.693 2.638 2 .564 2.565 (4.905) 

dmaximal [~k] 2 .870 2.973 2.991 2.999 2 .852 (5.170) 

daverag e [/~] 2 .762 2.795 2.818 2 .756 2.688 (5.019) 

Note: Only  a toms with  a dis tance be tween 2.5 and  3 . 0 / ~  f rom a par t icular  a tom 

were  counted  and  considered  for  the coordinat ion  number.  

aCoordinat ion  f rom 1. to 2. shell. 

%. n., coord ina t ion  number.  

Cc. n. = c. n. 1. shell ~ central atom q- C. n. 1. shell -~ C. n. 1. ~ 2. shell = 1 -]- 4 + 4 = 9. 

aC. n. = C. n.2 --, 1. shell + C. n.2. shell + C. n.2. ~ 3. shell = 1 + 3.75 + 2 = 6.75. 
eThere is no signif icant  bond ing  be tween each  pair  o f  A1 a toms within the 3. shell. 
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FIG. 12. Arrangement of the [A177{NM(SiMe3)2}20] 2- clusters 4 within the crystal of 
[A177{N(SiMe3)2}20] 2- 2[Li2I. (Et20)5] +. 2toluene. 

metalloid clusters of precious metals, and this is the reason why there are only a 
small number of crystalline, definitely structurally analyzed clusters (see above). 
So, although this missing tendency for crystallization of metalloid clusters of the 
precious metals is unsatisfying with respect to their characterization, the easy 
approach and handling is, together with the relatively poor reactivity (e.g., with 02 
or H20), responsible for the many possible applications of the Aus5 cluster, sl In 
contrast to these clusters, the metalloid A1 and Ga clusters, which will be discussed 
below, have an enhanced reactivity; many of them will ignite spontaneously when 
exposed to air. The same trends in reactivity of metalloid clusters of base and 
precious metals can be found when the reactivity of main group metals is compared 
to those of precious metals. 

We applied numerous synthesis methods to maximize the yield of the A177 
cluster compound whose physical characteristics we wanted to measure. Our most 
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FIG. 13. Molecular structure of [A169{N(SiMe3)2}lS] 3- 5 [N(SiMe3)2 groups are omitted for clar- 
ity] showing the order of the A1 atoms in shells. The edges within the stick model represent the 69 A1 
atoms. 

recent experiments, based on a reactive A1CI (toluene/Et20) solution to which solid 
LiN(SiMe3)2, was added and then heated to 60°C, resulted in dark brown rod-like 
crystals of  the composition [A169{N(SiMe3)2} 18] 3- 3[Li.  (Et20)4]+. 40 The X-ray 
structure of  the A169 nucleus 5 is shown in Fig. 13. 

Unlike the A177 cluster, the central A1 atom of the A169 nucleus is not sur- 
rounded by a distorted icosahedron but a decahedral All2 shell with distorted Dsh 
symmetry. The next shell contains 38 A1 atoms, which in turn are surrounded by 
18 AI[N(SiMe3)2] ligands. Similar to the A177 cluster the coordination numbers 
decrease and the A1-A1 distances shorten in direction from the center to the cluster 
surface. Although the difference in the structure of  this and of the A177 cluster 
seems at a first to be rather insignificant, the environment of  the central A1 atom 
is affected. This shows that a slightest variation on the surface of  nanostructured 
materials can affect the structures in the depth of  1-2 nm toward the core of  the 
nanoparticles. This observation has major implications for catalytic processes. 
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A comparison of the mean oxidation numbers of the A177 cluster 4 (+0.23) and 
the A169 clusters 5 (+0.21) shows that in spite of a reduced number of A1 atoms, 
the reduction to metal has progressed further in the case of the A169 cluster. 

Synthesis and characterization of an A169 cluster which can be regarded as a 
slightly modified A177 cluster show the extreme sensitivity of the cluster geometry--  
even with the same ligand to reaction conditions and number of ligands. Many 
more clusters will have to be synthesized to get a consistent picture of their for- 
mation and, consequently, the mechanism of metal formation which represents, as 
already mentioned, one of the oldest chemical processes in history. 

E. AI12(AIBr2)lo. 12(THF) Cluster 633 

All metalloid AlnRn clusters discussed in the previous sections are, in principle, 
metalloid with regard to fcc packed aluminum. Motivated by the various modifi- 
cations of each of the homologous elements boron and gallium, we have examined 
the question whether there are also further modifications of aluminum with more 
covalent bonding of the A1 atoms, similar to the boron and gallium modifica- 
tions (see below). The following analysis gives a first hint for such a hypothetical 
[3-aluminum modification. 

Experiments in which the condensation of A1Br was carried out in toluene/THF 
solution, where the THF fraction was very much reduced, ended not with the A1X 
oligomers described above, but with AlzzBr20 units best described as Allz(A1Br2) 10" 
12(THF) 6 (Fig. 14). 52 In this compound, a distorted Al12 icosahedron is connected 

FIG. 14. Molecular structure ofAll2(AIBr2)10 • 12(THF) 6. Only the O atoms of the THF molecules 
are shown. 
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to a THF molecule at both "peak" ends of the icosahedron. The remaining 10 A1 
atoms are tied to A1Brz • THF units via A1-A1 bonds, Thus, an internal dispropor- 
tionation to 12 A1 i °  and 10 A12+ species has formally occurred. To our knowl- 
edge, such a molecular cluster compound in which the atoms of the icosahedron 
are linked to atoms of the same species has heretofore been unknown. This finding 
is even more remarkable, especially regarding the boron modifications, that units 
of this kind should be embossed, also within molecular species. Up to now, these 
species did not even exist among the boron subhalogenides, maybe because of the 
lack of suitable experimental techniques. 

The structural similarity of A122Br2o • 12(THF) 6 to ~-rhombohedral boron with 
the familiar B84 unit raises the question whether another, more covalent, form of 
aluminum in addition to the metallic a-form exists, similar to the geometry of the 
AI atoms in the All2 icosahedra of 6. The mild conditions applied for the synthesis 
of A122Br20 might also favor the formation of such a modification. In order to 
support this hypothesis, we investigated the structural competition between the 
fcc and ff-B type for A1 by means of ab initio full-potential calculations, with the 
results shown in Fig. 15. 52 

At a volume corresponding to that of the experimental (fcc) energy minimum 
modification (V0), the interatomic distances in the open packed ff-B structure 
become very short, and the structure is more than 80 kJ. mo1-1 less stable than 
the fcc close packing. However, when the volume is relaxed the ff-B structure is 
rapidly stabilized. The optimum volume lies near V/V 0 = 1.4, corresponding to 
an expansion of about 40% with respect to the energy minimum volume. At this 
volume the A1-A1 distances within the A1 icosahedra are 264 pm, which compares 
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FIG. 15. Structural competition between the fcc and ff-B type of aluminum during expansion (ab 
initio full potential calculation). 
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[ AI22CI20"10H20(s) + Al2Cl4"2H20(s) J 

J 
/ 

12 .[~-Al"(s) 
+ 4 AI(,) + 4 AIC13"H20(s) + 4 AICI3"2H200) 

~ [ 16 AI(,) + 4 A1CI3-H20(s) + 4 A1C13"2H20(s) ] 

FI~. 16. Energies of 6a and the hypothetical 13-AI relative to the gaseous educts and the thermo- 
dynamic end-products. 

quite well to the range of distances found within the icosahedra of AlzzX20 units. 
Additionally, the energy decreases by about 33 ± 1 kJ. mo1-1 with respect to fcc 
A1 in its energy minimum. 

To further explore the energetic situation of the disproportionation product, 
we calculated the structure and energy of the model system Alz2C120.10H20(s) 
(6a) + A12C14. HzO(s) in relation to the educts (24 A1CI(g) + 12 H20(g) and the 
thermodynamically most stable end products (16Al(s) + 4 A1C13. H20(s)). The 
energy diagram, shown in Fig. 16, shows that already 81% of the disproportionation 
energy is liberated when the gaseous educts from solid 6a. 

The hypothetical condensation of the A12 icosahedra of 6a to '[3-Al(s)' is exother- 
mic by a value of - 740  kJ. mo1-1. These considerations show that such a 
previously unknown elementary structure of aluminum might be stable under the 
fight conditions, leaving the possibility that it is experimentally accessible. 

F. Conclusion 

The isolation methods and the structures of the metalloid aluminum clusters 
discussed here have shown the particular suitability of the ligand N(SiMe3)2 for 
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stabilizing intermediates on the way to the metal (a-A1). In this process, the cluster 
size depends on the reactivity of the AIX solution and the reaction temperatures. 
The reactivity of the AIX solutions increases in the order All < A1Br < AIC1 
and thus the cluster size increases in the same order. Low temperatures favor 
the formation of small clusters (e.g., A17R 6 - at - 2 5 ° C )  while relatively high 
temperatures lead to large clusters (e.g., A177R202- at +60°C). In all these cases, 
the clusters can generally be regarded as fragments of the fcc A1 metal lattice. 
However, this conclusion might not be applicable to the AI22X20 clusters. Formation 
of icosahedral A112 units and their direct bonding to further A1X2 groups points 
to the possible existence of a new A1 modification ([3-A1). The results of this 
unconventional molecular chemistry might stimulate new research in solid-state 
chemistry: this research topic has links to various other areas of chemistry. The 
consequences of our results for solid-state chemistry become even more evident 
if we take a closer look at the recently synthesized metalloid gallium compounds, 
described in the next sections. 

IV 

METALLOID Ga CLUSTERS 

In contrast to aluminum, for which only one solid-state modification is known so 
far, gallium, the higher homologue of aluminum, has a great variety of solid-state 
modifications, realized at different pressures and temperatures .53 For metalloid gal- 
lium clusters a great variety of structures is expected, too, since these compounds 
are with respect to their structure in between molecules and solid bulk metal. 
Therefore it is important for an appropriate discussion to compare the solid-state 
structure with the structures of the clusters. In the following account, the struc- 
tures of the different gallium modifications will be summarized first, and then the 
similarities to the cluster structures will be worked out. 

A. Solid-State Modifications of Elemental Gallium 

1. oL-Gallium 54 

In a-gallium, the thermodynamically stable modification of the element at nor- 
mal conditions, crystallizing in an independent structure type (Fig. 17), each Ga 
atom has one neighbor at a distance of 244.8 pm and six further neighbors in duads 
with distances of 270.2, 272.9, and 279.4 pm. Therefore, the coordination number 
of each individual gallium atom is best described by the notation (1 + 6). A more 
detailed analysis of the solid-state structure shows the presence of planar and puck- 
ered six-membered rings which are typically only found for Group 14 elements. 
The Ga--Ga distances in the planar six-membered rings are 244.8 and 270.2 pm; in 
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FIG. 17. Section of the solid-state structure of s-gallium. The Ga6 structural elements are marked. 

the puckered six-membered rings they amount to 244.8 and 279.5 pm. Thus, the 
solid-state structure of o~-gallium shows a structure with a complexity unusual for 
metals, and which contains substructures normally expected for nonmetals rather 
than metals. 

2. ~-Gallium 55 

[3-Gallium is experimentally accessible by crystallization of liquid gallium 
at -16.3°C and represents the only modification of elementary gallium which has 
a certain structural resemblance to the e~-phase. Each gallium atom of this struc- 
ture has eight neighbors arranged in duads with Ga-Ga distances of 268,8, 276,6, 
286.4, and 291.9 pm resulting in a [2 + 2 + 2 + 2] coordination. The solid-state 
structure consists of layers, which themselves consist of twin-threaded ladders, 
with distances of half a ladder step between two ladders, resulting in a trian- 
gle structure between the ladders (see Fig. 18). In the three-dimensional solid- 
state structure, tubes result (Fig. 18), reminiscent of a cubic primitive structure 
(a-polonium type). 

3. ~l-Gallium 5° 

The low-temperature phase ~/-gallium can be generated by crystallization of 
liquid gallium at a temperature of -35.6°C. The solid-state structure (Fig. 19) is 
distinguished by an unusual but highly symmetrical arrangement of gallium atoms 
which can be described by three different substructures. One of these substructures 
is a tubular construction of Ga7 rings. These Ga7 rings are twisted by 51 ° to each 
other so that on the surface of the tubes a triangular pattern develops. Inside the 
seven-membered rings, the Ga-Ga distances vary in the range of 261.5 to 266.3 pm. 
Between the seven-membered rings the Ga-Ga distances lie between 291.4 and 
296.3 pm. Inside the tubes, a linear arrangement of gallium atoms which can be 
described as a "one-dimensional Ga wire" is found. The Ga-Ga distances inside 
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FIG. 18. Section of the solid-state structure of [~-gallium. The tubular substructure is marked, and 
a single layer is pointed out. 

this "wire" are 260.2 pm. There is one short distance from the "wire atoms" to 
the surrounding tube of 291.6 pm and six longer distances with an average value 

of 305 pm. These two substructures are tied by a third substructure which can 
be described as a ladder structure. Inside the ladder structure the distances of the 

Ga atoms are 260.2 and 284.8 pm, whereas there are three bonds to the tubes with 
an average distance of 277 pm. The extremely variable surroundings of the gallium 

C a 

FIG. 19. Section of the solid-state structure of ~-gallium. View along the crystallographic c-axis. 
The different substructures are marked. 
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FIG. 20. Section of the solid-state structure of ~-gallium. The icosahedral substructure is marked. 
A magnification is displayed on the right side. 

atoms within these substructures show that ~/-gallium contains three different types 
of gallium atoms which differ, especially regarding their coordination numbers. 
The coordination number of the Ga atoms in the "wire" is 3. Inside the tube, the 
coordination numbers vary from 7 to 9, whereas it is 6 for Ga atoms in the ladder. 

4. 8-Gallium 57 

The solid-state structure of 8-gallium which develops at a temperature of 
-19.4°C, is at first glance distinguished by a very low order. The coordination 
numbers of the gallium atoms vary from 6 to 10, and the Ga-Ga distances also 
span a large range (254.7 to 292.9 pro). Besides this low order, a structural element 
exists (Ga12 icosahedra; Fig. 20), which can also be found in a-boron. However, 
unlike ~x-boron, the icosahedra in 8-gallium are irregular, and the Ga-Ga distances 
vary from 275.0 to 289.1 pm. The main difference from a-boron is the nonexistence 
of isolated icosahedra in 8-gallium. In this structure the Ga12 units are connected 
to each other, resulting in the high coordination number of 10 for the connecting 
Ga atoms, a value unusually high for gallium in its solid-state modifications. 

5. Gallium(ll)  5~ 

Compared to the normal-pressure modifications, the high-pressure modification 
gallium(II) has a high degree of order. All gallium atoms of this structure have the 
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FIG. 21. Section of the solid-state structure of gallium(II), The first coordination sphere is marked 
and shown separately. 

same coordination number of eight, and all Ga-Ga distances are equal (278.3 pm). 
The first coordination sphere around each gallium atom is best described by four 
triangles connected by a single atom and whose four bases point to the comers of 
a tetrahedra (Fig. 21). 

6. Call ium(l l I )  s3 

The high-pressure modification Ga(III), formed at temperatures of about 40°C 
and under a pressure of 3GPa (the melting point of a-gallium under normal pres- 
sure is 30°C), has the highest symmetry of the elemental structures of gallium 
discovered so far. In Ga(III) each Ga atom has four nearest neighbors at a dis- 
tance of 281.3 pm and eight neighbors at a longer distance of 298.5 pm. Con- 
sequently, each Ga atom has the coordination number 4 + 8 (Fig. 22). Ga(III) 
is thus the first modification of elemental gallium close to a metal modification 
with a high coordination number. In full agreement with this, the geometry of the 
unit cell (tetragonal I) also reflects this trend, and in fact it would transfer into 
a cubic space-centered cell for a = b = c. This variation consequently increases 
the coordination number from 4 + 8 to 8 + 6, a value similar to the one observed 
in the metal modification of the tungsten type. An analysis of the first coordi- 
nation sphere makes the close vicinity to the tungsten type even more obvious 
(Fig. 22). 
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FIG. 22. Section of the solid-state structure of gallium(llI). View along the crystallographic c-axis. 
On the right side, the first coordination sphere is shown. 

This short description of the various elementary modifications of gallium shows 
its high structural variety, which also includes structural elements that are atypical 
for metals. This variety is also reflected in the inner composition of the metalloid 
gallium clusters, as discussed below. 

B. Synthetic Routes to Metalloid Gallium Clusters 

Every known synthetic route leading to metalloid clusters proceeds via a meta- 
thesis reaction after the disproportionation of a subvalent gallium species into 
Ga(III) and Ga(0) has started. One has the choice between two different 
subvalent gallium species as starting materials: A subvalent Ga(I)Br solution 
generated with the help of the cocondensation technique (see above) or gal- 
lium subhalogenides synthesized in the conventional way (e.g., GaI which for 
the first time was described by Green et  aL) 58 In particular, G. Linti and co- 
workers, were successful in using conventionally synthesized subhalogenides. Us- 
ing the above mentioned GaI they succeeded in synthesizing a whole series of new 
gallium cluster compounds: Gan[Si(SiMe3)3]4, 59 [GanSi(SiMe2)2{Si(SiMe3)3}3]- 
[Li(THF)4]+, 6° [Ga413{Si(SiMe3)3}4]-[Li(THF)4]+, 6t Ga22[Ge(SiMe3)318, 62 and 
[Ga26{Si(SiMe3)3}8] 2-. 2[Li(THF)4]+. 63 However, with the exception of the Ga22 
and the Ga26 cluster, the synthesized compounds are not directly related to metal- 
loid structures, and will therefore not be dealt with here. All other metalloid gallium 
clusters discussed here were synthesized using a Ga(I)Br solution (toluene/THF) 
which was produced applying the cocondensation technique as described in Sec- 
tion II. In the following account, the metalloid gallium clusters synthesized so far 
will be discussed in the order of increasing number of Ga atoms. 
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FIG. 23. Molecular structure of [Ga6(SiPh2Me)8] 2- 7 (methyl and phenyl groups are omitted for 
clarity). Selected bond lengths [pm]: Gal-Ga2 = 247.1, Gal-Ga3 = 260.4, GaI-GaY = 275.7, 
Gal-Ga3' = 289.5, Ga2-Ga3 = 252.6. 

C. [Ga6(SiPh2Me)d 2- Cluster 764 

The Ga6(SiPh2Me)82- 7 anion within the compound [Ga6(SiPh2Me)8] 2- .  2[Li 
(THF)4] + represents the smallest metalloid Ga cluster. In this cluster six Ga atoms 
are arranged ladder-wise in the Ga core (Fig. 23). Four of them are connected to 
two SiPh2Me ligands each, with a medium Ga--Si distance of 242 pm. These eight 
ligands shield the metal core completely from the exterior. The two central Ga 
atoms are free of ligands and only bonded to other gallium atoms. The extraordi- 
nary structure of 7 can be described formally as Ga6R6 stabilized by two additional 
R -  donors, thus posing the question why no octahedral Ga6R6 species is formed, 
analogous to the octahedral aluminum compound [A16tBu6] -.65 For gallium, this 
option seems to be inconvenient. Instead, two R-  fragments are added to complete 
the observed structure. 

A possible explanation for the formation of this planar ladder structure can be 
found in the close geometrical similarity of 7 to [3-gallium. The relative positions 
of the Ga atoms in 7 are comparable to those found in [3-gallium (see Fig. 18), but 
as expected, the Ga-Ga distances in 7 are all shorter than in [3-gallium due to a 
more molecular kind of bonding. This means that in 7 the formation of metalloid 
structures is preferred over the formation of polyhedral structures, which results 
in the unusual arrangement of the Ga atoms. 

D. Gas[C(SiMe3)3]6 Cluster 8 e6 

The Ga8[C(SiMe3)3]6 8 cluster, which occurs as an intermediate during the for- 
mation of the Gal9 cluster (see above), includes the most extraordinary arrangement 
of gallium atoms in the cluster core of all structures of metalloid gallium clusters 
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FIG. 24. Molecular structure of Gas[C(SiMe3)a]s 8 (methyl groups are omitted for clarity). 

known so far. It consists of eight Ga atoms forming two tetrahedra connected at 
their points through a direct metal-metal bond (Fig. 24). 

The Ga-Ga distances in the Gas core vary only slightly (260.5 to 264.8 pm), 
and therefore the angles within the triangle planes of the tetrahedra differ by not 
more than 1 ° from the ideal value of 60 °. The ligands are tied to the gallium core 
with a medium Ga-C distance of 204.5 pm. In 8, the Ga-Ga bonds as well as the 
Ga-C bonds are significantly shorter than in tetrahedral Ga4(C(SiMe3)3)4 [d(Ga- 
Ga): 268.3, d(Ga--C): 207.4 pm]. 67 These data show that the C(SiMe3)3 ligand has 
a great steric demand, and steric overload will therefore lead to longer distances, 
as observed in Ga4(C(SiMe3)3)4. 67 

The structural element of two almost ideal tetrahedra which are connected to 
each other at their tops is completely unknown so far for Group 13 compounds; 
nor can it be found in the elemental structures, although the central Ga2 unit is 
close to the o~-phase. However, its coordination number of 4(1 + 3) does not reach 
the coordination number 7(1 + 6) of a-gallium. 

A structural classification of 8 is difficult due to the fact that an arrangement of 
metal atoms as in 8 is uncommon in the whole field of molecular metal clusters. For 
this reason, detailed understanding of the bonding properties in 8 requires quantum 
chemical calculations. Theoretical analysis seems to be especially applicable to 
learning more about the bond between the two tetrahedra, which appears at first to 
be an isolated metal-metal bond between two metal atoms in the formal oxidation 
state zero. 

In order to obtain insight into the bonding properties, DFT calculations on the 
model compounds GasH6 8a, Ga2H4 8b, and Ga4H4 8e were performed, with the 
results summarized in Table II. The results show that the distances in 8a exhibit a 
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TABLE II 
Ga-Ga DISTANCES, FORCE CONSTANTS, CHARGES, AND NMR SHIFTS OF THE CALCULATED 

MODEL COMPOUNDS 88, 8b, AND 

Compound Ga-Ga distance (pm) Force constant (mdyn/A) Charge 71Ga NMR (ppm) 

GasH6 8a d(Gal-Ga2): 253.8 -0.1 (Gal) 1028 (Gal) 
d(Ga2-Ga3): 259.4 0,8 (Gal-Ga2) 0.0 (Ga3) 942 (Ga3) 
d(Ga3-Ga4): 255.8 

Ga2H4 8b d(Ga-Ga): 246.2 1.1 0.1 705 
Ga4H4 8c d(Ga-Ga): 256.7 0.6 0.0 986 

H R 
\ 3 .H I 
Ga Ga / Ga 

I / /  ~ , H /  \ a--R taa t~a ~ H R "~G 
/ \ \ 

H H R 

8a 8b 8c 

similar sequence and band width as the distances in 8. As expected, the charges of 
the Ga atoms vary; the two central Ga atoms carry a slight negative charge (-0.12;  
Ga(R): +0.01). In a first approximation, one can talk of a "metallic" metal-metal 
bond which is for the first time realized in a molecular unit with an almost localized 
bonding situation, which can be compared to delocalized bonding in metals. 

The calculated Ga--Ga distance is close to the value found for Ga2H4. Be- 
cause the stretching force constant of the Ga-Ga bond in the model compound 
HGaGaH 2- (which is a model compound for the so-called Ga--Ga triple bond 68) 
is not significantly different from the one in simple bonded Ga-Ga molecules, 69 a 
comparison of the force constants is especially interesting. A most detailed anal- 
ysis indicates that the Ga-Ga bond in GasH6 8a (0.77 mdyn/ik) is weaker than the 
Ga-Ga bond in Ga2H4 8b (1.11 mdyrd,~). Obviously, the destabilization of the 
Ga--Ga bond is caused by the electron shifting within the two Ga4 tetrahedra. This 
destabilization is expected to become bigger with increasing coordination num- 
bers of the central Ga atoms, (e.g., two octahedral or icosahedral Gan polyhedra 
connected by a direct Ga-Ga bond). This possibly means that 8 is the first example 
for a model compound of a contact between particles of this kind, just before they 
are fused to form a larger cluster. 

E. [Ga12(C13Hg)lo] 2- Cluster 9 70 

The icosahedral cluster Gal2(C13H9)lO 2- 9 within the compound [Gau 
(C13H9)10] 2- 2[Li(THF)4] +, which is obtained by the reaction of fluorenyl lithium 
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FIG. 25. Molecular structure of [Ga12(C13H9)I0] 2- 9: At left, structure of the Gale core; at right, 
view along the axle running through the two naked Ga atoms. 

with Ga(I)Br, can be structurally described as follows: 10 of the 12 Ga atoms 
which form the icosahedral core structure are each connected to a fluorenyl li- 
gand with a medium Ga-C distance of 205.9 pm. The Ga12 icosahedron is slightly 
expanded in the direction of the two "naked" gallium atoms, so that the longest 
Ga-Ga distances (268.4 pm) are those between the two Gas rings. The distance 
between the "naked" Ga atoms and the Ga atoms of their corresponding Gas rings 
are insignificantly shorter (265.3 pro). The shortest Ga-Ga-distances (258.9 pm) 
of the icosahedral Gale lattice are found inside the Gas rings. 

Looking along an axis going through both "naked" Ga atoms (Fig. 25) makes 
it clear that all the fluorenyl ligands are bent by the same angle. This angle can be 
explained by the hybridization of the carbon atom directly connected to the gallium 
atom (close to sp3). The C-C distance to the et-C atoms (150.1 pm) and the C-C 
distance in the tetrahedral arrangement of the four bonding partners (angular sum 
of the C atom, 2*Ga-C-C + C-C-C: 330.4) are also in full agreement with this 
hybridization at the C atom. Due to this geometrical order of the fluorenyl ligands, 
a paddle wheel-shaped molecule results. 

At a first sight, the icosahedral arrangement of the 12 gallium atoms can be 
described as a closo-polyhedron, a structure that is already known from the corre- 
sponding boron compounds. 71 However, DFT calculations show that the bonding 
properties of 9 do not correspond to those found in polyhedral boron compounds. 
This becomes plausible if one assumes that 9 belongs to the class of metalloid 
clusters, because 9 can also be described as a fragment of the 8-modification. 
This becomes obvious if one removes two R-  ligands leading to the neutral com- 
pound GalzR8 with the same medium oxidation number of the Ga atoms as in 9. 
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Consequently, there is a direct relation to the metalloid In12R8 (see Section III, B) 
cluster whose inner frame contains metallic partial structures. 47 

The more molecular character of 9 in comparison to ~-gallium is responsible 
for a decrease of the bond lengths by about 25 pm. These results prove that 9, 
considering its synthesis as well as the electronic structure, has to be classified 
in between polyhedral gallium clusters such as the square antiprismatic cluster 
Gas(C13H9)82- 72 and metalloid clusters. 

E Ga18(SitBu3)8 Cluster 10 73 

The core of the metalloid gallium cluster 10 consists of 18 Ga atoms. Eight of 
the 18 gallium atoms carry a si(tBu)3 ligand with a medium Ga-Si distance of 
246 pm. These 8 gallium atoms form a strongly distorted square antiprism. The 
gallium core of the cluster is almost completely shielded by the 8 ligands. The 
Ga-Ga distances within the cluster vary from 250 to 300 pm. Moreover, there is a 
great structural resemblance of the arrangement of the Ga atoms in the cluster core 
to the arrangement of the gallium atoms in [~-gallium, which can clearly be seen 
in Fig. 26. This structural proximity to the [3-modification might be responsible 
for the arrangement of the Ga atoms as observed in the cluster core. 

G. [Galg{C(SiMe3)~}6]- Cluster 111 

The compound [GaI9{C(SiMe3)3}6]-[LizBr(THF)6] + contains 11, the smallest 
metalloid gallium cluster with a shell-like structure discussed here. The gallium 
core of 11 contains 19 gallium atoms, 6 of which are connected to a trisyl ligand 

a 

G 
FIG. 26. Molecular structure of Ga18(SitBu3)8 10 (tBu groups are omitted for clarity) and the 

corresponding section of 13-gallium. 
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FIG. 27. Molecular structure of [Ga19{C(SiMe3)3}6]- 11 (methyl groups are omitted for clarity). 

C(SiMe3)3 with a medium Ga-C distance of 200.9 pm (Fig. 27). The 19 gallium 
atoms form three six-membered rings lying on top of each other. The 19th gal- 
lium atom is located in the center of the middle six-membered ring. The distances 
within the middle six-membered ring vary from 277.13 to 279.40 pm, with a 
medium Ga-Ga-distance of 278.28 pm. The distances within the other two, outer 
six-membered rings vary from 252.01 to 255.47 pm, which corresponds to a 
medium value of 253.08 pm. Therefore the Ga-Ga distances within the indi- 
vidual six-membered rings are almost equal. The angles inside the middle six- 
membered ring vary from 115.97 ° to 117.05 °, thus attaining an almost planar 
arrangement. The six-membered tings located above and below are puckered. 
Therefore two different angles within the six-membered rings and also two 
different Ga-Ga-distances between the six-membered tings of 244.85 (middle 
six-membered ring--Ga(R)) and 265.30 (middle six-membered ring---Ga) are 
found. 

The 12 gallium atoms which are free of ligands form a distorted anti-cubocta- 
hedron, and in the center of this structure the central gallium atom is located. 
The medium bond length from the central gallium atom to the six gallium atoms 
forming the six-membered ring in the middle is 273.99 pm. The medium Ga-Ga 
distances to the six gallium atoms completing the anti-cuboctahedron is 294.90 pm 
(Fig. 28). Thus, the central Ga atom has the coordination number 12 [6 + 6], which 
resembles the coordination sphere of close-packed metal atoms. However, the ideal 
arrangement of the anti-cuboctahedron is not attained, but the resemblance of the 
first sphere to the cuboctahedron is striking, and the M3-M6-M3 arrangement with 
widely expanded and moderately twisted M3 rings in 11 underlines this similarity. 

A more detailed analysis of the first sphere of 12 Ga atoms shows that the 
cluster bears a resemblance not only to the anti-cuboctahedron. In the arrangement 
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FIG. 28. Molecular structure of the gallium core of [Gal9{C(SiMe3)3}6]- 11. 

illustrated in Fig. 28, one also becomes aware of a similarity to an icosahedral 
conformation. This icosahedral arrangement is evident in the increase of the angle 
between the atoms of the central six-membered ring and in the decrease of the 
Ga-Ga distances within the two three-membered rings, which are additionally 
twisted with respect to each other. Therefore, the geometric order lies in between 
anti-cuboctahedron and icosahedron and is thus close to the order found in the first 
shell of the A177 cluster anion 4 consisting of 12 aluminum atoms. 

The six ligand-bearing gallium atoms are connected to three non-ligand-bearing 
gallium atoms, with a medium bond length of 250.3 pm. In this arrangement, the 
gallium core is completely shielded by the ligand shell, and this might be re- 
sponsible for the structure observed in 11. Upon removal of the GaC(SiMe3)3 
fragments--which are stable by themselves 74 the basic fragment Ga13- is ob- 
tained with a total valence electron number of 40, corresponding to a "stable" 
Jellium state. 75 For this reason, in 11 an electronic stabilization also seems plau- 
sible. Especially remarkable for 11 is the central gallium atom with the high 
coordination number 12. The medium bond distance of the central gallium atom 
to the second shell is 284.45 pm, a value in between the medium bond lengths 
of the high-pressure modification Ga(II) (278.3 pm) and Ga(III) (292.77 pm), 
underlining the "metallic character" of the central Ga atom. The fact that the co- 
ordination number in 11 is 12 (6 + 6) rather than 8 [Ga(II)] or 4 + 8 [Ga(IlI)] 
indicates that gallium, even in the solid state, might be stable in a metallic con- 
figuration which is still unknown, most likely because the fight conditions for its 
formation have not yet been found. 

Among all the clusters synthesized so far, 11 represents an exception, because 
it is soluble in THF and thus allows characterization using NMR spectroscopy 
for the first time for a metalloid gallium cluster. The highly symmetric environ- 
ment of the central gallium atom should lead to a relatively narrow 71Ga NMR 
sign~---in contrast to the usually broad 71Ga NMR signals common for other 
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gallium compounds. 76 In the experiments, from the four expected 71 Ga NMR 
signals of the four different types of gallium atoms, only one signal at b71Ga = 
-134  with a half height width of hi/2 = 191 Hz was observed. The low half 
height width lies in the same magnitude as the signal of the high symmetrical 
[GaBr4]- species (hu2 = 185 Hz77), whereas the half height width in low sym- 
metrical substituted gallium atoms is much higher (e.g., GaBr. Et20 hl/2 = 7000 
Hz78). Therefore it seems plausible that the observed signal belongs to the cen- 
tral gallium atom. There is no significant difference between the ~H, 13C, and 
29Si NMR shifts and the corresponding values found for tetratrisyltetragallane 
Ga4[C(SiMe3)3]4. 67 

Because there is so far no experimental sign of any 71Ga NMR resonances 
of a highly coordinated "metallic" gallium atom, the obtained NMR shift of 
871Ga = - 134 represents a value of great importance with which the shifts of sim- 
ilar species have to be compared in future research, once other soluble compounds 
of this sort are discovered. However, to gain a first insight into the electronic situ- 
ation in 11, NMR shifts for the individual gallium atoms of the model compounds 
Ga13(GaR)6- (R = H (11(I)), CH 3 (11(II)), C(SiH3)3 (11(III))), were calculated 
and compared to the experimental value. The results (71Ga NMR shifts and Ga-  
Ga distances) are summarized in Table III and show that variation of the ligand 
causes dramatic changes in the NMR shifts, although the geometry is only slightly 
affected by this variation. 

Comparing the calculated NMR shifts to the observed signal of 11 shows that 
the methyl compound 11(II) comes closest to the experimentally observed signal 
of 871Ga = -134  and therefore best matches the description of 11. 

In additional calculations, the NMR shifts of the different Ga atoms in the 
hypothetical species Gala- l l ( IV)  (871Ga = -603)  were calculated to allow a 
better comparison of the experimental results with those of hypothetical "naked" 
metal clusters, l l ( IV)  has an icosahedral geometry which is stable by 88 kJ with 
respect to the cuboctahedral conformation (Table I/I). 79 The comparison of the 
results for the Ga13 core of the Ga13(GaR)6- species with the results obtained 
for the "naked" Ga13- species shows a striking difference in the NMR shifts. 
This significant difference between the NMR signal observed for 11 (871Ga = 
-134) and the calculated signal of the "naked" Gala- cluster l l(IV) (871Ga = 
-603)  demonstrates that the bonding in the calculated "naked" clusters is different 
from those of experimentally isolated ligand shielded metalloid clusters 45 and thus 
does not provide a better understanding of the bonding properties or electronic 
characteristics of these compounds. The results rather show that the electronic 
characteristics of metalloid clusters are influenced by the ligands. We are not 
aware of any appropriate discussion of these observations in the literature to date, 
although these findings are of great general importance for the electronic tuning 
of cluster compounds. 
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TABLE III 
71Ga NMR SHIFTS CALCULATED BY DFT METHODS AND GEOMETRICAL DATA FOR 

THE MODEL COMPOUNDS a 
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GalgH6- GaI9(CH3)6- GaI9(C(SiH3)3)6- Gal3- Experiment 
Compound 11(I) ll(II) l l(I l l)  ll(IV) 11 

r(Ga(1)-Ga(2)) 283.7 284.1 284.3 270 
r(Ga(1)-Ga(3)) 295.9 295.7 298.8 270 
r(Ga(3)-Ga(4)) 254.4 255.5 254.5 - -  
571Ga(l) - 6  -109 -231 -603 
571Ga(2) 156 152 177 -842 
571Ga(3) -- 183 --242 --301 --842 
571Ga(4) 620 697 651 - -  

274.0 
295.5 
253.1 

-134 

aGa13(GaR)6- (R = H (11(I)), CH3 (11(!I)), C(SiH3)3 (11(III)); the "naked" metal atom cluster 
Ga13- ll(IV), and the experimental values for 11 (Ga-Ga distances in pm) 

H. Ga22R8 Clusters (R = Si(SiMe3)3 12; Ge(SiMe3)3 13; SitBu3 14) 62,z3,8° 

In principle, all synthetic routes to the various Gaz2 clusters Gaz2[Si(SiMe3)3]8 
12, Ga22[Ge(SiMe3)318 13, Gaz2(SitBu3)8 14 are similar, although the techniques 
differ. The gall ium core of  the clusters (Fig. 29) can be described as a central 
gall ium atom surrounded by 13 further gall ium atoms, with quite long distances 
(medium value 293.5 pm) between the center atom and its neighbors. The shell 
of  13 gallium atoms, in which the Ga atoms are seperated by a medium G a -  
Ga distance of 284.3 pm, is almost identical to the cuboctahedral order (KdZ 
12) of  metals (M3-M6-M3). In the case of  the Ga22 clusters, one of the planar 
M3 triangles is replaced by a planar Ga4 square (Fig. 30). Due to this varia- 
tion in the shell of  13 Ga atoms, eight squares are formed, each of  which is 



270 HANSGEORG SCHNOCKEL AND ANDREAS SCHNEPF 

O "Ga (central) 

O "Ga (1. sphere) 

Q - Ga (2. sphere ) 

- Si 

FIG. 29. Molecular structure of the Ga22 cluster Ga22[Si(SiMe3)318 12 (SiMe3 groups are omitted 
for clarity). 

capped by a ligand bearing gallium atom with a medium Ga-Ga-distance of 
261.9 pm. 

The eight exterior gallium atoms form a distorted square antiprism, and the eight 
ligands form a closed ligand shell around the metal core. This complete protection 
of the metal core may be responsible for the unusual coordination number of 13. 
The alternative cuboctahedral arrangement with six quadrangular planes would 
only form an incomplete cover of six ligands. Besides this description, which is 
primarily based on steric reasons, an electronic stabilization has to be considered, as 
is the case for the Gat9 cluster. DFT calculations for the naked cluster Gaz28+ show 
that 20 energetically low-lying valence MOs are grouped in such a way that they 
can be described by the Jellium model. 75 The number of valence electrons is also 
a first indication for such an electronic stabilization; if the eight exterior gallium 

- Ga central 

FIG. 30. First coordination sphere with central gallium atom of the Ga22 clusters 12, 13, and 14. 
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atoms are counted as Ga I, a total of 58 electrons (14"3 + 8*2 = 58)(i.e., a "stable" 
Jellium state) results. Especially remarkable in 12, 13, and 14 is the coordination 
number of the central gallium atom which is "forced" into a "metallic" coordination 
of 13 further gallium atoms with long distances. To date, there is no example 
for a high coordination number for gallium in its solid state. For this reason, a 
classification of 12,13, and 14 is difficult. However, the arrangement with a gallium 
atom in the center can be compared to the close packing of the gallium atoms in 
Ga(III). 

I. [Ga28{Si(SiMea)3} d 2- Cluster 158~ 

The third and largest representative of metalloid gallium clusters with a metal 
atom core shielded by eight ligands is the anion 15 in the compound [Ga26{Si 
(SiMe3)3}8] a- 2[Li(THF)4] +, which is obtained via the GaI route reported by Linti 
et al. In the case of 15 the ligand bearing gallium atoms form a quadrangular 
antiprism as observed in the Ga18- 10 and the Ga22 clusters 12, 13, and 14 with 
a medium Ga-Si distance of 243.9 pm. The metal core of the cluster can be de- 
scribed as follows: A central gallium atom is surrounded by a distorted square 
prism of eight gallium atoms. The Ga-Ga-distances vary in the range of 278.5 to 
286.6 pm. Three of the square planes of the prism are capped with a gallium atom 
with a medium Ga-Ga-distance from the atoms in the square to this gallium atom 
of 310 pm. One square is capped with a Ga2 unit by an average Ga-Ga-distance of 
345.8 pm. The gallium atoms in this Ga2 unit are separated by 260.9 pm. Therefore 
a nearly cuboctahedral environment of the central gallium atom results, formed 
by 11 gallium atoms and the center of the Gaa- unit. This arrangement leads 
again to a high coordination number for the central gallium atom in 15 with long 
Ga-Ga-distances to its neighbors. The arrangement of the gallium atoms in the 
cluster core of 15 can be regarded as a fragment of the modification Ga(III). How- 
ever, the similarities are limited since the environment of the central atom in 15 can 
be described as a coordination of 8 + 3 + 2, whereas in Ga(III) the coordination is 
4 + 8 (see Fig. 31). The existence of three metalloid gallium cluster types Ga18 
10, Ga22 12, and Ga26 15, which are of the same size and protected on the exterior 
by the same number of ligands, is most interesting with respect to the question 
of why the clusters exhibit a different inner framework. A comparison of the two 
metalloid clusters 10 and 12 shows that the most obvious difference is that the 
geometric arrangement of the Ga atoms in the Gal8 cluster 10 is close to the 
[~-modification, whereas the Ga22 cluster 12 is close to the high-pressure modifi- 
cation Ga(III). 

To further explore possible similarities between the corresponding modifica- 
tions, we have compared the changes of the atom volumes of the compounds or 
states in question. For the model compounds Ga18H8 and Ga22H8 the molecular 
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FIG. 31. Molecular structure of [Ga26{Si(SiMe3)3}8] 2- 15 (SiMe3 groups are omitted for c/arity). 

volumes were calculated and atom volumes of 29.9 A3 and 28.8 A 3 resulted. 73 This 
means that the atom volume of the gallium atoms in the Ga22 cluster decreases 
by 4.7% compared to the Ga18 cluster. A similar volume contraction of 5.1% is also 
found for the transition of B-gallium to Ga(III). This wide conformity supports the 
classification of the different clusters into the same classes as the different solid- 
state modifications of elementary gallium, which is now not only based on topology 
but also on other results as discussed above. The conformity also shows that the 
approximation to the various solid-state modifications of elementary gallium is 
an important criterion during the formation of these clusters. Another significant 
criterion in the formation is the almost closed ligand cover. As gallium--in con- 
trast to its lighter homologue aluminum---exists in a variety of different solid-state 
modifications, a prognosis of the arrangement of metal atoms in the cluster core 
for a given cluster size (close ligand shell) is difficult. This becomes clear in the 
discussion of the Ga84 cluster, the largest metalloid cluster synthesized and char- 
acterized so far, which has an unexpected inner structure but nevertheless can be 
classified among the solid-state modifications. 

J. [Ga84{N(SiMe3)2}eo] 4- Cluster 16 81 

As already mentioned, 16 is the largest metalloid gallium cluster structurally 
analyzed so far. In addition to the 84 gallium atoms, the cluster consists of 20 
N(SiMe3)2 ligands. Thus, the number of ligands is identical to that found for the 
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FIG. 32. Molecular structure of [Gas4{N(SiMe3)2}20] 4- 16 (SiMe3 groups are omitted for clarity) 
showing the order to the gallium atoms in shells. 

A177 cluster anion 4. At first glance, the geometric arrangement of the ligands 
around the cluster core is also the same as in the A177 cluster compound. However, 
considering the fact that Ga-Ga bonds are somewhat shorter than A1-A1 bonds, 82 
16 hosts 84 metal atoms instead of 77 within the same ligand cover (Fig. 32). The 
gallium core of the Gas4 cluster 16 can be described as follows: In the cluster center, 
a dumbbell of two Ga atoms is located. The Ga-Ga distance of this Ga2 dumbbell 
is 234 pm, a value corresponding to the shortest Ga-Ga bond between two gallium 
atoms in the oxidation state zero, since the Ga-Ga distance of the characteristic Ga2 
unit in a-gallium is 244.8 pm. Moreover, the Ga-Ga bond of the dumbbell in 16 
of 234 pm is almost as short as the Ga-Ga bond (232 pm) in Ga2R22- (R = (2,4,6 
/Pr3C6H2)2C6H3). 68,69 The Ga2 dumbbell is surrounded by a shell of 20 gallium 
atoms. The Ga20 shell consists of two parallel five-membered rings in antiposition, 
connected by 10 gallium atoms which can be described as a puckered 10-membered 
ring. The medium Ga-Ga distance within the Ga20 shell is 274.6 pm. Between 
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the gallium atoms of the Ga2 dumbbell and the Ga20 shell, one short distance 
of 249.0 pm and three longer ones of 271.4, 281.2, and 299.8 pm are found. 
Furthermore, there are three additional Ga-Ga contacts with distances of 310.8, 
313.2, and 316.8 pm. Thus, the environment of the two gallium atoms represents a 2 
+ 3 + 3 coordination, and comes very close to the structure in a-gallium. Therefore, 
the geometric order in the center of 16 has similarities to the thermodynamically 
stable a-phase, which has not been observed in the other metalloid clusters. 

The Ga20 shell itself is covered by an additional shell of 40 gallium atoms. This 
shell consists of two 5-membered rings and three 10-membered rings. Each of 
the 5-membered rings of the shell is capped with a gallium atom with a medium 
Ga-Ga distance of 280.6 pm, Due to this arrangement of the 40 gallium atoms 
in the second shell, its surface has 20 quadrangular planes between the three 
10-membered rings, and 10 triangular planes and 10 quadrangular planes between 
the 10-membered rings and the 5-membered rings. Ten of the 20 quadrangular 
planes between the three 10-membered rings are capped with a ligand-bearing 
gallium atom, and the medium Ga-Ga distance is 263 pm. The ligand-beafing 
gallium atoms form a puckered 10-membered ring. The remaining 10 ligand- 
bearing gallium atoms cap all triangular planes between 10- and 5-membered rings 
at a medium Ga-Ga distance of 255.2 pm. Consequently we observe a decrease 
of the bond distances by 3% for the ligand-bearing gallium atoms, caused by a 
decrease of the coordination number from 5 to 4. The same situation applies if 
we compare the Ga22 cluster 12 to the Gal9 cluster 11. In 12 the ligand-bearing 
atoms are located above the quadrangular planes at a medium Ga-Ga distance 
of 267 pm; in 11 they are located above triangular planes with a medium Ga- 
Ga distance of 250 pm, which corresponds to a shortening of the Ga-Ga bonds 
by 6%. 

This discussion, however, seems not to describe satisfactorily the bonding prop- 
erties of the cluster, because within the shell of 40 atoms Ga-Ga-distances up to 
367.5 pm have to be considered, which is unusually long for gallium. In contrast 
to this, the Ga-Ga distances between the five-membered rings of the shell of 40 
and the five-membered rings of the shell of 20 atoms is only 279.2 pm. On the 
basis of this result, the five-membered ring of the 40 atom shell has rather to be as- 
sociated with the 20 atom shell. This implies that the above described shell model 
is not appropriate to explain the bonding properties of the cluster. By considering 
only Ga-Ga distances below 300 pm we will obtain a different description of the 
cluster (see Fig. 33). 

In this description, which refers to the bond length, the Ga2 dumbbell is located 
within a Ga32 subunit whose shape has a strong resemblance to a rugby ball. 
The medium Ga-Ga distance in the Ga32 subunit is 274.3 pm. The remaining 30 
gallium atoms cover this subunit in a meandering way, with a medium Ga-Ga 
distance of 275.6 pro. The Ga32 subunit shown in Fig. 33 can be described as two 
icosahedral Gall units connected through a puckered 10-membered ring. These 
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FIG. 33. Molecular structure of [Ga84{N(SiMe3)2}20] 4- 16 (SiMe3 groups are omitted for clarity) 
with highlighted Ga32 subunit. Ga-Ga distances below 300 pm are shown. 

icosahedral Gall units with Ga-Ga distances varying from 261.6 to 281.4 pm have 
many similarities to the icosahedral substructure of ~-gallium, the similiarities 
being not limited to the geometry: there are also similar bond lengths (8-gallium: 
275-289 pm). Thus, in addition to the above mentioned resemblance to a-gallium, 
there is also a relationship to the 8-phase of elementary gallium. 

The extraordinary bonding properties in 16 can also be seen in a diagram of 
16 (Fig. 34). In 16, an almost perfect five-numbered axis is attained, distorted 
only by the central Ga2 unit. This is the first time that a symmetry close to the 
five-numbered symmetry is observed for molecular metalloid clusters. A few solid- 
state modifications with five-numbered symmetry have, however, been found for 
compounds involving Group 13 elements. Because there is no crystallographic 
space group with a five-numbered axis, these compounds are summarized under 
the collective name "quasi-crystals". 83 For a better understanding of quasi-crystals, 
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FIG. 34. Molecular structure of [Ga84{N(SiMe3)2}20] 4-  16 (SiMe3 groups are omitted for clarity). 

the relation between the existence of quasi-crystals in compounds of the third 
main group (e.g., in composition metals of the A1/Mn system) and the distorted 
C5 symmetry might be of fundamental importance. The view of the solid-state 
structure along the distorted five-membered axis shows that in this direction the 
individual clusters exhibit a tube-like arrangement (Fig. 35). So far, it is unknown 
whether this cluster arrangement with toluene molecules has an effect on physical 
properties such as the conductivity of the solid material. 

The idea of electronic conductivity in the crystals of this cluster is stimulated by 
the metallic reflectance of the crystals. A potential conductivity is expected to be 
anisotropic because of the anisotropic order of the clusters inside the crystal. As 
a consequence, the electric resistance is expected to be smaller in the direction of 
the tubes than in the vertical direction where there is no "graphite-like" bridging 
between the clusters. 
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toluene 

FIG. 35. Arrangement of the [Ga84{N(SiMe3)2} 2014- clusters 16 (only the Ga32 subunits are shown) 
within the crystal, 

K. Conclusion 

This survey of the inner structures of the metalloid gallium clusters synthesized 
so far shows that, as expected, there is a great variety of possible arrangements of 
gallium atoms in the cluster core. The formation of these clusters in metathesis re- 
actions during the disproportionation reaction of a metastable GaX species is made 
possible by the full protection of the cluster core, and this protection from the exte- 
rior by the ligand shell applies to all these clusters, with exception of the Ga84 cluster 
16. The fewer gallium atoms the cluster has, the smaller its size becomes. With 
the same number of ligands, the steric interaction between the ligands becomes 
an important factor, showing once more the subtle influence the ligand sphere has 
on the cluster geometry. Furthermore, electronic aspects could also have a certain 
influence. This becomes especially evident in the Ga22 clusters which, according 
to the Jellium model, have the advantage of a stable electronic configuration. 

V 

CONCLUSIONS AND OUTLOOK 

Following the classification of the characterized structures reported here, it is 
necessary to draw a borderline between these and the metalloid precious metal 
clusters. Experimental results obtained with microscopic techniques as well as 
theoretical considerations concerning this metalloid cluster group show that, as 
a rule, the geometry of the metal atoms represents a fragment of the crystalline 
material. 4 On the other hand, the shell-like structure of the A177 cluster 4 indi- 
cates that the coordination number 12 which is expected for the close packing, is 
found only for the central A1 atom. The ideal anti-cuboctahedral arrangement is not 
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realized here either. Toward the surface of the A177 cluster, the coordination num- 
bers decrease together with the A1-A1 bond lengths, that is, the bonding relations 
become more "molecular." This observation for metalloid ligand-protected clus- 
ters is also supported by the structure of the Ga84 cluster 16. In the cluster center, 
coordination numbers and formation units are found which are typical for e~- 
and 8-gallium (dumbbell, icosahedron), whereas the exterior Ga--Ga bonds are 
more "molecular," that is, the distances are equal to those in R2GaGaR2 or Ga4R4 
species. 84 

Moreover, the formation of crystalline compounds in the metalloid A1 and Ga 
clusters is in contrast to the missing tendency of the precious metal cluster com- 
pounds to crystallize. The stabilizing influence of the ligand sphere, which is firmly 
attached to some of the metal atoms by 2e-2c bonds (A1N and GaN) is responsible 
for this difference. The metal clusters formed from transition metal elements pos- 
sess a more flexible ligand cover due to it-donor and xr-acceptor bonds to the cluster 
core (e.g., for CO, PR3, and SR2 ligands) with, to some extent, bridging properties. 
As a consequence, this will lead to stationary balances with a few energetically 
nearly identical species. This is the reason that a sufficiently high concentration of 
a uniform species, which is prerequisite for the synthesis of crystalline samples, 
is formed only occasionally. 

There is also a difference in the mechanism of the A1 and Ga cluster formation. 
A crucial point for reactive species like MX (M = A1, Ga; X = halogenide 
or organic substituent) is the disproportionation process which proceeds slowly 
enough to trap intermediate steps before finally the thermodynamically stable bulk 
metal and the M In species are formed. A stepwise insertion of the surplus MX units 
and splitting off of MX3 species leads to cluster growth (Scheme 5), which can 
be influenced by varying either the temperature, the donor, the halogenide, or the 
organic substituent. Thus simply, varying the temperature in the same chemical 
environment leads to the formation of different clusters like A17 1, Al12 2, Alt4 
3, or A177 4. The same applies to gallium where, by simple variation of the steric 
demand of the substituted ligand, either a Ga8 8, Gala 9, Ga18 10, Gaw 11, Ga22 
12, 13, 14, or a Gas4 cluster 16 is obtained. 

The last step, the formation of metal, takes place if in the reducing atmosphere 
(MX excess) a critical cluster size is reached (e.g., by heating the solution to more 
than 100°C), thus forming a giant cluster whose metal core is nearly identical to 
the bulk material and which can disproportionate to metal and M m species without 
any further significant change of its bondings. 

+OaX +GaX +GaX +GaX 
G a X 3  J-Ga2X4 >Ga3X5 ~Ga4X6 ~ GasX7 ~ Ga,.X~ J- Ga 

GazI4 26 Ga31s 26 GasCI7 30 Alj2(AIBr2)lo 33 

SCHEME 5. Hypothetical reaction scheme for the insertion reaction of MX into MX bonds leading 

to a cluster compound. 
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INTRODUCTION 

The history of  the organometallic chemistry of  the Group 13 (III) elements, 
aluminum, gallium, indium, and thallium, is long and storied. Furthermore, this 
group constitutes a remarkably diverse collection of  elements. Compounds of  these 
elements have found utility in a number of  applications from catalytic processes 
to advanced electronic devices. It is interesting, therefore, that the first compounds 
containing the M - M  bonds (M = A1, Ga, In, or T1) are a relatively recent devel- 
opment in inorganic chemistry. Few advances in this field have generated more 
excitement than the concept of  multiple bonding relative to these elements. Thus 
far, however, this promising area has been limited to compounds of aluminum 
and gallium compounds containing multiple bonds. Just as alkenes and alkynes 
are intimately associated with their saturated alkane analogs, any discussion of 
multiple bonding associated with these main group metals should begin with an 
examination of  their single bonded analogs. 

II 

ORGANOALUMINUM COMPOUNDS CONTAINING MULTIPLE BONDS 

While efforts purporting the isolation of  organoaluminum compounds contain- 
ing an A1-AI bond may be traced back to the 1960s, 1-4 these reports presented 
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neither compelling structural nor spectroscopic data supporting such a metal-metal 
interaction. Uhl is credited with unambiguously reporting the first compound con- 
taining an A1-A1 bond in 1988 with tetrakis[bis(trimethylsilyl)methyl]dialane, 
[(Me3Si)2HC]2A1--AI[CH(SiMe3)2]2, isolated from the potassium metal reduc- 
tion of bis(trimethylsilyl)methylaluminum chloride (Eq. 1). 5 

(Me3Si)2H% (M%Si)2HC~ /CH(SiM%)2 

AI--  CI + 2K m AI AI 
/ / \ 

(Me3Si)2HC (Me3Si)2HC CH(SiMe3) 2 

The A1-A1 bond distance of 2.660(1)/~ in this compound served as a benchmark 
in inorganic chemistry. The fact that the aluminum atoms in [(Me3Si)2HC]2A1--A1 
[CH(SiMe3)2]2 reside in tfigonal planar environments about a nearly planar C2AI- 
A1C2 core was surprising. An "electronic system delocalized over the A1-A1 bond" 5 
was suggested as a factor for the planar C2A1-A1C2 core. This view will prove 
important as the concept of,rr-bonding in A1-A1 bonds is embraced (vide infra). The 
significance of the bis(trimethylsilyl)methyl ligand system in the stabilization of 
this compound was noted as offering desirable steric shielding (thereby preventing 
disproportionation) and effective electron donating abilities. 

(1) 

A. The AI-AI One-Electron 7r-Bond 

In an attempt to approach a measure of w-bonding in the AI-A1 bond Uhl et aL 
examined the alkali metal reduction of tetrakis[bis(trimethylsilyl)methyl]dialane. 
Sodium or potassium reduction of [(Me3Si)2HC]2A1--AI[CH(SiMe3)2]2 in di- 
methoxyethane (DME) produced dark blue radical monoanions of [(Me3Si)2 
HC]~A1--AI[CH(SiMe3)2]2'- (Eq. 2). 6 

(Me3Si)2HC~ 

A I - -  
/ 

(Me3Si)2HC 

/ CH(SiM%)2 

AI + 2K \ 
CH(SiMe3) 2 

I (MesSi)21"lC~ 
[K(DME) 3] / AI 

(M%Si)2HC 

CH(SiM%)~ 1 "- 
A I  ' (2) 

CH(SiMes)2J 
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This "tr-radical, characterized spectroscopically (ESR, UV-Vis, and IR), displayed 
remarkable stability. In an interesting side note, similar compounds were iso- 
lated by these workers by reaction of tetrakis[bis(trimethylsilyl)methyl]dialane 
with neopentyllithium or trimethylsilylmethyllithium in the presence of tetra- 
methylethylenediamine (TMEDA). Structural data were not reported for this in- 
teresting compound. 

Coincidentally, another research group was working on the same problem. This 
team, lead by PSrschke, used lithium in combination with TMEDA to reduce 
the AI-A1 bond in [(Me3Si)2HC]2AI--AI[CH(SiMe3)2]2 and afforded an "A1-A1 
one-electron ~r-bond" in the radical anion [(Me3Si)2HC]2A1--AI[CH(SiMe3)2]~- 
(Eq. 3). 7 

(MesSi)=HC~ / CH(SiMe3)= 
AI AI + Li ~v. 

TMI~A (MesSi)~HC CH($iM%)2 

I (i%Si)=HC 
[Li(TMEOA)=]~ /AI 

~ (M%Si)~HC 

/ CH(SiM%)2] "" 

"",, / 
OH(SiM%)2J 

(3) 

In the presence of TMEDA at 0°C this reaction yields "fine black-violet crystals of 
the ionic compound." The ESR spectrum confirms the radical anionic character of 
the species (and appears quite similar to that reported earlier by Uhl). 6 Importantly, 
X-ray quality crystals of the compound were obtained, thus allowing unambigu- 
ous structural determination. Gross structural features of the radical anion and 
the neutral dialane are quite similar (i.e., both reside about planar C2A1-A1C2 
trigonal planar cores). However, significant differences between the two are also 
revealed. For example, the C-A1-C bond angle of 111.9(2) ° is smaller than that 
observed in the neutral dialane (116.7(1)°). The A1-C bond distances in the radi- 
cal anion (2.0420(5) A) were lengthened compared to those of the neutral dialane 
(1.982(5) 2k). Perhaps most importantly, the A1-A1 bond distance in the radical 
anion of 2.53(1) A is substantially shorter than that observed for the neutral dialane 
(2.660(1)/~). The shortening of 0.13/~ in the AI-AI bond distance in going from 
the neutral dialane to the radical anion, the authors state, "is in accord with and 
A1-A1 ~r-bond of partial multiple bond character." 6 

During this same period another compound was reported claiming an AI-AI 
7r-bond wherein a different ligand system was used: 2,4,6-tfiisopropylphenyl, 
Pr3if6H2 . In  this work  [Pr3iC6H2]2A1-Al[C6H2Pr3i]2 was  prepared by the potassium 
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[L i~ ]  

m 

L = TMEDA or 12-crown*4 

reduction of [PraiC6H2]2AIBr in hexane. 8 The structure of [PraiC6H2]2A1-A1 
[c6n2Pr3i]2 revealed an A1-A1 bond distance of 2.647(3) A. Moreover, the two 
C2A1- trigonal planes of the C2A1-AIC2 core, unlike in the case of [(Me3Si)2HC]2- 
AI-AI[CH(SiMe3)2]a, was shown to be decidedly nonplanar with a torsion angle of 
44.8 °. Lithium metal reduction of [Pr3iC6H2]2A1-A! [C6H2Pr3i]2 in the presence of a 
complexing ligand produced the radical anion [Pra~C6H2]2A1-AI[C6H2Pr3']2 '- (1). 
Remarkable changes took place upon reduction. The torsion angle between 
the aluminum planes decreased to an average of 1.4 °. Also, the A1-AI bond 
distance decreased from 2.647(3) ,~ in the neutral dialane to 2.470(2) ,~ for 
the radical anion. The EPR spectrum clearly supported the presence of an un- 
paired electron as it displayed an 1 l-line pattern consistent with all of the pre- 
viously reported radical anions of aluminum. Importantly, considering all of the 
aluminum-based radical anions reported, the shortest A1-AI bond is observed for 
[Pr3iC6H2] 2A1-A1 [C6H2Pr3 i] 2"-. 

While evidence supporting a one-electron w-bond between two aluminum atoms 
appears compelling, it is noteworthy that the corresponding two-electron ~r-bond, 
AI=A1 double bond, has yet to be reported. 

III 

ORGANOGALLIUM COMPOUNDS CONTAINING MULTIPLE BONDS 

Pivotal in the preparation of the first organometallic gallane is the bis(dioxane) 
adduct of gallium(II) bromide, Ga2Br4(dioxane)2 which resides about a Ga-Ga 
bond at a distance of 2.396(6) A. 9 The first organometaUic Ga--Ga bonded gallane 
was reported by Uhl et aL, a little more than a decade ago, in the reaction of 
GazBr4(dioxane)2 with LiCH(SiMe3)2 (Eq. 4). 1° 
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Ga2Br4(di°xane):~ + 4LiCH(SiMo3)2 - 4 UBr ~- 

- 2(dioxane) 
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(Me3Si)2HC~ /CH(SiMe3)2 

(Me3Si)2HC CH(SiMe3) 2 

(4) 

Tetrakis [bis(trimethylsilyl)methyl] digallane,[(Me3Si)2HC] 2Ga-Ga[CH(SiMe3)z] 2, 
is obtained as yellow crystals. Expectedly, the Ga-Ga bond distance in [(Me3Si)2 
HC]2Ga--Ga[CH(SiMe3)2]2 of 2.541(1)/~ is a bit longer (0.146 ]k) than that ob- 
tained for GazBr4(dioxane)2 (2.395(6) ,~). The C2Ga-GaC2 core, similar to the 
aluminum analog, is nearly planar. 

A. One-Electron Ga-Ga ~r-Bonds: Initial Evidence of Galfium Multiple Bonds 

In a similar fashion, gallium(II) chloride bis(dioxane), Ga2C14(dioxane)2 (Ga- 
Ga: (2.406(1) ~),lJ was utilized in the preparation of the first tetraary, ldigaUane. 
Reaction of Ga2C14(dioxane)2 with (Pr3iCrH2)MgBr yields the [Pr3'C6H2]2Ga- 
Ga[C6H2Pr3i]2 gallane (Ga-Ga: 2.541(1)/~).12 Again, it is noteworthy that the 
Ga--Ga bond was elongated in going from the gallium(II) chloride to the gallane. 
In the same work, the [pr3iC6H2]2Ga--Ga[C6H2Pr3i]2 gallane was treated with an 
excess of lithium powder to give a dark solution. Upon the addition of 12-crown-4, 
dark brown-red crystals of [Li(12-crown-4)] [Pr3iC6H2] 2Ga---Ga[C6H2PI'3i]2 "- were 
obtained (Eq. 5). 

Y 
(1) Li powder 
(2) 12-crown-4 

[ L i ( 1 2 - c r o w n - 4 ]  

m 

. . . .  (5) 
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This transformation resulted in a number of striking structural changes. Foremost 
was a shortening of the Ga--Ga bond distance to 2.343(2) ,~ and a decrease to 15,5 ° 
(from 43.8 ° in the neutral gallane) in the torsion angle between the GaC2 planes. 
It was noted that there was a slight lengthening of the Ga--C bonds to 2.038(3)/~. 
The authors took these two points as being "consistent with the formation of a 
one-electron ~r-bond between the two gallium atoms. ''12 The unpaired electron in 
this radical anion was manifest in "broad, paramagnetically shifted resonances in 
the 1H NMR spectrum. ''12 This position was also supported by a strong EPR signal. 

The electron transfer reaction of [(Me3Si)2HC]2Ga-Ga[CH(SiMe3)2]2 with ethyl 
lithium was reported by Uhl et al. to yield thin layers of dark red crystals of 
the radical anion [(Me3Si)2HC]2Ga-Ga[CH(SiMe3)2]2- with [Li(TMEDA)2] +, 
[Li(DME)3] +, or [Li(trimethyltriazinane)2] + as counter ions (Eq. 6). 13 ESR spec- 
troscopy displayed temperature-dependent 69Ga, 71Ga, and 29Si hyperfine splitting 
with significant line broadening. The Ga-Ga bond distance was shown to be 
2.401(1) ,~---0.14 A shorter than in the neutral gallane. 1° These data are consistent 
with a one-electron ~r-bond. 

{Me3Si)2H% /CH(SiMe~)2 
Gn ~ \  zrMEDA 

(eeasi)2HC CH(SiMea) 2 

I (MesSi)sHC~ 
[U(TMEDA)2 ] /Ga 

(MesSi),HC 
G• 

GH(SiMes)21 
CH(SiMe3)zJ 

+. {CH~C'H,} (6) 

B. Gallium Rings: Cyclogallenes and Metalloaromaticity 

The tfiphenylcyclopropenium cation (2), first prepared by Breslow, 14 is an un- 
usually intriguing species: a 2'rr-electron aromatic species constituted by a three- 
membered carbon ring. In every respect the triphenylcyclopropenium cation dis- 
plays traditional aromatic behavior, the same as benzene. 

Prior to 1995 no such inorganic compound, save perhaps for borazine, could 
boast of aromaticity. The utilization of m-terphenyl sterically demanding ligands 
in organogallium chemistry would change this forever. 

The sodium metal reduction of [(MesC6H2)C6H3]GaCI215 (Eq. 7) afforded a dark 
red, almost black, solution from which was obtained similarly colored crystals. 
This substance was unlike any other that had been prepared in that it existed as 
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a -Ga-Ga--Ga- three-membered ring with sodium atoms centered above and below 
the ring. This novel compound, Na2[(Me3C6H2)C6H3Ga]3,16 the initial example of 
a cyclogallene, was the first reported of a metallic ring system demonstrating tra- 
ditional aromatic behavior--metalloaromaticity. 17-19 Indeed, the metalloaromatic 
nature of these substances z8 is also supported by the nucleus independent chemical 
shifts (NICS) concept. 2° 

3 ~GaCI 2 + 8 Na .-6NaCI N~ (7) 

The independent Ga-Ga bond distance in Na2[(MeaC6H2)C6H3Ga]316 was de- 
termined to be 2.441(1)/~ while the Ga--Ga bond distances in the correspond- 
ing potassium-based cyclogallene, K2[(Me3C6I-I2)C6H3Ga]3,17 was shown to be 
slightly shorter at distances of 2.4206(5), 2.4317(5), and 2.4187(5)/~. Cyclogal- 
lenes present a credible challenge to borazine as the most important inorganic 
molecules displaying aromatic behavior. It is important to note that cyclogallenes 
were the first examples of three-membered ring compounds possessing main group 
metals. 
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C. Synthesis and Molecular Structure of a Gallyne: 
A Case for Gallium-Gallium Triple Bonds 

Similar to the situation with aluminum, support for one-electron w-bonds be- 
tween two gallium atoms is compelling even though a "regular" Ga-Ga two- 
electron w-bond, a doulble bond or gallene, has not been reported. Thus, a 
report claiming a Ga-Ga triple bond may initially appear counterintuitive. How- 
ever, there has been a well-publicized example wherein a Ga--=Ga triple bond 
has been reported. The utilization of the sterically demanding ligand has been 
shown to be quite important in stabilizing unusual organogallium compounds. 
The m-terphenyl ligand system 2,6-dimesitylphenyl has proven particularly ben- 
eficial in stabilizing the aforementioned cyclogallenes. In an effort to push the 
boundaries even further this laboratory sought to examine an even more sterically 
demanding system with the isopropyl derivative, [(pr3iC6H2)2C6H3]. Reaction of 
[(Pr3iC6Hz)zC6H3]Li with GaC13 affords [(Pri3C6Hz)2C6H3]GaC12, which is dimeric 
in the solid state. 21 Sodium metal reduction of [(pri3C6Hz)zC6H3]GaC12 yields 
Na2[{(pri3C6Hz)2C6H3}Ga--~Ga{C6H3(C6H2Pd3)}] as deeply red, almost black, 
crystals (Eq. 8).16 

+ 6Na ,-4NaCI (8) 

The Na2[{(pri3C6H2)2C6H3}Ga~-~Ga{C6H3 (C6H2pri3)}] compound proved particu- 
larly significant as it was reported to contain the first example of a gallium-gallium 
triple bond, the first gallyne. Indeed, a Ga----Ga triple bond was suggested even 
though the angles about the two central gallium atoms in the compound were 
found to be decidedly nonlinear (with values of 128.5(4) ° and 133.5(4) ° ) coupled 
with a relatively short Ga-Ga bond (2.319(3) A). In sum, a triple bond was claimed 
for a most "unacetylenic" digallium substance. Our interpretation of the bonding 
in the gallyne has remained unambiguous: The gallium-gallium interaction in this 
molecule is best described as two donor-acceptor (dative) bonds augmented by 
one ~r bond (populated by the two electrons from the two sodium atoms). The 
two donor-acceptor bond model is consistent with theoretical studies on neutral 
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R--Ga=Ga-R gaUene models. 22 This provocative position of a Ga---=--Ga triple bond 
in Na2[{(pri3C6H2)2C6H3}Ga=---Ga{C6H3(C6H2Pri3)}] fueled a vigorous debate in 
the literature. 23,24 Opposition to the gallyne concept was swift and vigorous, most 
noticeably from Cotton, Cowley, and Feng (CCF). 25 Using density functional the- 
ory (DFT), these workers examined a number of main group moieties known to 
contain multiple bonds and compared those results with the closely related (2,6- 
diphenyl)phenyl gallyne model, Naz[(PhzC6H3)GaGa(C6H3Ph2)]. CCF suggested 
that the short Ga-Ga bond distance in the gallyne was a consequence of a strong 
~r interaction between the sodium atoms and the substituted phenyl rings of the 
ligand. The main conclusion of the CCF study regarding the gallyne was that "there 
can only be a Ga=Ga double bond [one o- bond and one ~r bond which may be de- 
scribed by two canonical molecular orbitals], namely, Naz[R-Ga=Ga-R], rather 
than Na2[R-GaGa-R].. ." It is interesting that the CCF effort did not address the 
concept of bond orders relative to the Ga~Ga triple bond proposal (vide infra). 

In an effort to provide a theoretical perspective to the bonding in Naz[{(pri3C6H2)2 
C6H3}Ga~---Ga{C6H3(C6H2P~3)}], we 25a published a study entitled "The Nature of  
the Gallium-Gallium Bond" wherein we utilized DFT on Na2[H-GaGa-H] and 
Na2[Me-GaGa-Me] gallyne model molecules. In this study we observed the same 
trans-bent geometry in both gallyne models. Moreover, we concluded the bonding 
in Naz[H-GaGa-H] and Naz[Me-GaGa-Me] "to have essentially -Ga=--=-Ga - triple 
bonds, composed of two dative and a "rr bond." 

The concept of bond orders should be discussed in such a debate. It is well 
known that different methods of calculating bond orders will often result in dif- 
ferent bond order values. However, if the same methods are applied to a series of 
similar molecules, informative trends should emerge. Two methods, Natural Lo- 
calized Molecular Orbital Natural Population Analysis (NLMO/NPA) and Wiberg 
Bor, d Index (WBI), were used in this study. For the [H-Ga~Ga-H] 2- (C2h) model 
gallyne, we obtained bond order values of 3.02 and 2.36 for NLMO/NPA and WBI, 
respectively (similar bond order values were obtained for the methyl derivative). 
However, this study was criticized for using gallyne models which possessed li- 
gands which were too simplistic (i.e., H and Me). 24 While we felt confident in the 
nature of the Ga-Ga interaction with the hydride and methyl model ligands, we 
were similarly compelled to address this specific criticism in a work entitled "The 
Gallium-Gallium Triple Bond in a Realistic Model. A Density Functional Study 
of Na2[(CrHs)2GaGaC6H3(CrHs)2. ''z6 In this study we utilized a ligand system 
which lacked only the isopropyl groups (compared to the experimental gallyne), 
namely 2,6-diphenylphenyl (3). The Na2[(C6Hs)2GaGaG6H3(CrHs)2] structure was 
fully optimized with the B3LYP method utilizing a substantial basis of 836 con- 
tracted Gaussian functions. As evidenced by a NLMO/NPA bond order of 2.794 for 
Na2[(C6Hs)2GaGaC6H3(C6Hs)2], the data obtained were in support of a gallium- 
gallium triple bond---albeit a weak Ga-Ga triple bond. It should be pointed out 
that the WBI method yields a bond order of only 2.019. However, it is noteworthy 
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Na 

Na.z[(CeHs)2CsH3GaGaC6 H3(CsHs) 2 ] 

Model Gallyne 

3 

that the WBI values are frequently smaller that the corresponding formal bond 
orders. For example, obviously each of the bonds in HF, H3B-NH3, and 1-120 should 
have a formal bond order of 1.0. However, at the DZP SCF level of theory the WBI 
bond order value for the H-F bond in HF is 0.67, the B-N bond in H3B-NH3 is 
0.55, and the O-H bond in H20 is 0.76. Thus, all things considered, a WBI bond 
order value of 2.019 for the Ga-Ga bond in Na2[(C6Hs)2GaGaC6H3(C6Hs)2] is 
quite reasonable (even as a Ga--Ga triple bond is claimed). 

Reports concerning the Na2[{(PlJaC6H2)2C6Ha}Ga=Ga{C6H3(C6H2Pri3) ] gal- 
lyne and the concept of a Ga-Ga triple bond are ever forthcoming. One of the 
most recent studies concerns topographical analyses of the gallyne using the elec- 
tron localization function (ELF). 27 The ELF method divides triple bonds into two 
categories: (1) classical or unslipped triple bonds (i.e., acetylene), and (2) non- 
classical or slipped triple bonds (i.e., the gallyne). Concerning the gallyne, these 
workers conclude, "Clearly, this compound has a triple bond!" In an attempt to 
confirm their analysis of the triple bond in the gallyne and to rule out a description 
with two lone pairs at the Ga centers (resulting in a Ga-Ga single bond), the work- 
ers examined the bonding in the diphosphene H2P-PH2 using ELF. The conclusion 
was unambiguous: "a P-P  single (or) bond and a lone pair of electrons on each 
phosphorus atom." 

Support for a weak Ga-Ga triple bond in the gallyne (aside from studies from our 
laboratory) may also be garnered from a recent study examining force constants de- 
rived from DFT frequency calculations. It is shown that the gallium-gallium bond 
in [H-Ga=Ga-H] 2- is only slightly strengthened with respect to the Ga-Ga single 
bond in [H3Ga-GaH3]2-. 28 Moreover, the weakness of the Ga--Ga bond in the gal- 
lyne has been addressed in a study entitiled "How Strong Is the Gallium-Gallium 
Triple Bond. ''29 These workers concluded that the gallium-gallium bond strength 
(0.87 aJ/A 2) in the Na2[H2Ga--~GaH2] gallyne model was calculated to be weaker 
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than the gallium-gallium double bond (1.20 aJ//k 2) in the Na2[H2Ga~-~GaH2] 
model gallene. Other workers have also noted the gallyne as having a weak Ga-Ga 
bond. 3° Detailed and critical accounts of the gallyne and the gallium-gallium triple 
bond debate have recently been published. 31' 32 

IV 

CONCLUSION 

The concept of aluminum or gallium engaging in multiple bonding is intellectu- 
ally intriguing and experimentally challenging. Furthermore, this area is of quite 
recent vintage only coming to the fore in the last decade. With the advent of the 
one-electron at-bond and the experimental realization of the first gallium-gallium 
triple bond, this area promises remarkable discoveries in the years to come. 
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