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Agostic Hydrogen Atoms in Transition Metal Complexes

A.G.Ginzburg

The methods of formation, the structures in the crystal and in solutions, the properties, and the reactions of complexes with a
bridging hydrogen atom and three-centre M...H -C bonds in which the electrons of the C-H bonds play the role of two-electron

ligands at the metal atom are examined.
The bibliography includes 221 references.
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I. INTRODUCTION

The following types of binding of hydrogen have been known
until recently in the chemistry of transition metal hydride complexes
(see the relevant reviews!™): (1) terminal hydrido-ligands in the
complexes LnMH,, (x = 1—9); (2) bridging p*-H ligands in the
dinuclear and polynuclear complexes L,M(u-H),ML, (x = 1—4);
(3) triply bridging p3-H ligands where the p>-hydrogen atom is located
above the triangular face of the polyhedron (which is characteristic
of the chemistry of clusters). In the FeH{ anion, the Fe atom is in
the centre of an octahedron made up of six H atoms.® A whole
series of clusters have been obtained where 1 —3 hydrogen atoms are
located within a skeleton made up of metal atoms [the so called
"inner cavity" or "encapsulated" ("interstitial") hydrido-ligands], for
example, in the anions HCog(CO)is, H,Ni,(CO)], etc. (see the
relevant reviews®7).

The aliphatic C—H bonds in the molecules of CH,4 and other
alkanes have been regarded traditionally as chemically inert and
incapable of interacting with the metal centre in organometallic
complexes. However, during the last 8 —10 years fairly numerous
examples of the activation of C—H bonds and of the oxidative
addition to low-valence rhodium and iridium complexes have been
found; numerous instances of the coordination of aliphatic and
aromatic C—H bonds to transition metals have been observed and
complexes with an H, molecules as the n2-ligand have been
obtained. The interest in compounds where the C—H bond is
coordinated to a metal is indissolubly linked to the problem of the
search for new effective catalysts for the activation of C—H bonds
and organic synthesis on the basis of alkanes. This problem has
attracted much attention and is being very vigorously investigated
(see the relevant reviews®™'!). Studies on these lines have been
stimulated by advances in the field of both stoichiometric organo-
metallic synthesis and in metal complex catalysis. These reviews
consider complexes where hydrogen constitutes a bridge between the
metal and carbon atoms with formation of two-electron, three-centre
(2e, 3c¢) bonds M...H—C (CHB).} In such complexes, there is a

+Complexes with hydrogen bridges. The corresponding Russian

abbreviation is KMB (Translator).
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new type of binding of hydrogen to transition metals. CHB of
virtually all Group III— VIII transition metals, except vanadium and
nickel,{ have now been obtained and characterised by structural
methods in the solid phase or by NMR methods in solutions. The
formation of CHB proved to be characteristic not only of electron-
deficient complexes of the elements at the beginning of the Periods
(Sc, Y; Ti, Zr, Hf; Nb, Ta) but also of the lanthanides (Nd, Sm,
Yb) and the elements in the middle of the Periods (Cr, Mo, W; Mn;
Fe, Ru, Os; Co, Rh, Ir). Thus the ability to stabilise the electron-
deficient centre by means of intramolecular coordination via C—H
bonds, leading to the formation of a bridged M...H-C fragment, is a
general property characteristic of the majority of transition metals.
This phenomenon is apparently more general than was supposed
previously. CHB formed with participation of aliphatic, olefinic,
alkylidene (carbene), and aromatic C—H bonds are known.

All the CHB known at the present time are electron-deficient
complexes whose metal centre formally has 12— 16 electrons. The
majority of CHB are cationic complexes or neutral molecules. The
"driving force" and cause of the coordination of C—H bonds to the
metal is the tendency to build up the electronic environment of the
metal by means of the electron pair of the C—H bond to 18 elec-
trons, or to decrease the electron deficiency by two electrons by
increasing the number of electrons from 12 to 14 or from 14 to 16.
The presence of an electron-deficient centre is an essential but not a
sufficient condition for the formation of CHB. Apart from the
electron deficiency, it is also necessary that the lowest unoccupied
molecular orbital (LUMO) of the complex, used for the coordination
with the C—H bond, should have the appropriate orientation in
space. According to the results of X-ray diffraction analysis
(XRD), in the case of the 16-electron complex (1,’-C7H7)Ti(Dmpe).
.CH,CHj;,§ Ti...H—C bonds with the hydrogen of the CH3 moiety
of the ethyl group are not formed.’?> Quantum-chemical calculation
has shown that in this case the LUMO consists mainly of the 4.
orbital of titanium and is oriented along the z azis; owing to its
unfavourable steric disposition, this orbital is incapable of effective
overlap with the «- or B-CH bonds of the ethyl group and a bridge

tAccording to the literature data for the period including
December 1987, using also individual studies in 1988.
§Dmpe = Me,PCH,CH,PMe,.
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bond is not formed despite the presence of the electron-deficient

centre. There exists a single brief review devoted to three-centre
M...H—C bonds,'® whose authors proposed a new term for such
bonds and hydrogen atoms—"agostic" C—H bonds or hydrogen
atoms. This term is frequently used in the foreign literature.

ll. EARLY STUDIES

The first information about the possibility of the coordination of
C—H bonds to transition metals appeared in 1968 —1975. In many
cases, the signals of the CH; and CHj; protons in the H NMR
spectra of the complexes were observed in the high field region (8
ranging from 0 to -12 p.p.m. and above), which is known to be
characteristic of metal hydrides (see the review of Kaesz and
Saillant). It was shown on the basis of XRD data that in many
cases there is a weak interaction in ruthenium, palladium, and pla-
tinum complexes between the metal and the hydrogen in the ortho-
position in the arylphosphine ligands. On the other hand, owing to
the insufficient accuracy of the XRD method, the positions of the
hydrogen atoms could not be as a rule located by direct procedures.
The conclusion that there is an interaction between the C—H bond
and the metal was reached on the basis of the presence of short
intramolecular M...H contacts, significantly shorter than the sums
of the van der Waals radii of M and H. Interactions of this type
have been described for the following complexes: Ru(PPhs);Cl,
(Ru...H distance 2.59 A);'*  trans-Pd(PPhMe,),l; (Pd...H 2.8 A);**
Rh(PPh3)3 CIO; (Rh...H 2.56 A);'® Pd(PPhs)»(Br)(CR=CR.
.CR=CHR), where R = COOMe (Pd...H 2.3 A);'” Ni[Et,B.
{(pyrazolyl):);'® Mo[Et,B(pyrazolyl),)(n*-CH,CHPhCH,)(CO),
[Mo...H 2.27 A, 3(Mo—H) = 2.4 p.p.m.)."’

More than 10 years ago, a series of studies were published”®* in
which n,0 structures with protonation of the metal and the simul-
taneous formation of M —C o-bonds were proposed for the pro-
tonated forms of the n-complexes solely on the basis of 'H and 3¢
NMR data (Scheme 1). Later these results were revised and it was
concluded that an M —C o-bond does not arise in such cases. The
formation of the Fe...H—C 2e, 3c-bond was first postulated for the
protonated form of the complex (n*-C¢Hg)Fe(CO);.%°
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During the last 8 — 10 years extensive experimental data have
accumulated on the synthesis and properties of CHB both in the
crystal (structural methods) and in solutions, a systematic account of
which is given below.

. METHODS OF FORMATION \

An exceptionally wide variety of structures are characteristic of
the complexes of the type considered. Their general property is that
the metal atom is an electron-deficient centre. In the presence of
electron-donating ligands or solvents (L), electron-deficient com-
plexes are usually stabilised as a result of the addition of L to an
unoccupied coordination site. However, if the system has no
electron-donating ligands, then one of the possible ways in which the
electron deficiency can be partially or completely made good and a
stable 18-electron shell created involves the intramolecular coordi-
nation of an unoccupied orbital of the metal (LUMO) to one of the
electron pairs of a C—H bond with formation of an M. H—G
2e,3c-bond. In this case the C—H bond plays the role of a kind of
two-electron "ligand". Depending on the geometry of the
M...H —C fragment, such bonds can be divided by convention into
"open" (M —H —C angle 120 —130° and above), and "closed" (with
an angle of 70—90°). There is no clear-cut boundary between these
types.

Evidently, the formation of CHB is to be expected primarily
among electron-deficient complexes of the elements at the beginning
of the Periods (Sc, Ti, V, and their analogues), for which a large
number of deviations from the 18-electron rule are known. Indeed,
among the 12— 16-electron complexes of Y, Ti, Zr, and Ta, numer-
ous examples of the formation of M...H - C bridge bonds have been
found. The formation of these bonds proved to be characteristic of
a large group of 14- and 16-electron alkylidene complexes of Ta
(and also Nb and W), typical representatives of which are the
structurally characterised complexes Ta (= CH —CMes)(n-CsMes).
.(CoH,)(PMes), [Ta(=CH —CMe;)(PMe;)Cls), and W(=CH —
CMe;)(CO)(PMes),Cl,.  Since the identification of the M..H—C
bridge bonds in the crystal is based exclusively on structural research
methods and in solutions mainly on NMR data, the properties and
characteristics of the bridge bonds in the solid phase and in solutions
will be examined in greater detail below in Sections IV and V.

Several reactions in which there is a possibility of the formation
of CHB are known for compounds of the elements in the middle of
the Period (Group VI—VIII) elements. The protonation and
decarbonylation reactions have been studied in greatest detail.

)\
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Table 1. The formation of complexes with a bridging hydrogen atom on protonation or intramolecular isomerisation.

Precursor

Moz("! CsMeg)(1-Cp)2

Mo(n®-CoHy) (1- Cles)

MO("I' CyHg)o(PMeg)

ReW(p- CHC,H.Mf) (u Dppmy) (CO), *

) (CO
Fex(n-Cp)a(CO) (- CO) (#-CHy)
Fe(n*-Dien) (P(OMe)s)3
Dien = cyclo-octa-1,3-diene

Butadiene

2-Methylbutadiene
2,3-Dimethylbutadiene
Cyclohexa-1,3-diene

Cyclohep;a -1,3-diene
Fey(n-Cp)a(n-CO) (u-CHo)(u-Dppm
s (Ogt ) (u-CHz) (u-Dppm)
[Ru(n?-CeHy) (H)(L)s]*
L=P(OMe),Ph, P(OMe)Ph,, PMe,y
PMePh,; Ly=MeC(CH:PPhy)s
Ru(®-MegC) (1*-CyoHy2)

Ru(n®-MeyCe) (n4- CeHyg)

Ru(Ly) (L") (1)-MeyCo( =CHy)
==Ph,PCH,CH,PPh,, L’'=PMe,Ph

Ruz(!"‘H)s(H'CEt)(Co)D

Os(n®-MesCH) (*-CyoHy)

Osy (- H)s(11-MeC) (CO)o

Co(m3-CsMeR) (n%-CoHy)s, R=Me, Et:
Co(n3-CsMes) (n2-C.Ha)P(CgH Me)s
Co(np-CyMeg)(n?- C»HSR)P(OMe)s, R=Me, Et
Ra(n5-CoRs)(n*-CyoHiz), R=H, Me;

Rh(n4-C;He) ("'I5 -Me;CoByH,) ™
Rb(18-CeHy) (n3-CyHy)
Ir(n8-CgMeg)(n*- clea)

Protonated form with bridging hydrogen atom Acid Refs.
[Moy(n-CeMeg- u-H) (ﬂ CP)1|+ HBF,- Et,o, CFSOsH [29. 30]
[Mo(n5-CeH,) (n-C p-H)J* CF3SO;H [31]
[Mo(n*-CsH,) (1* C¢Hs' -H) (PMey),]* HBFy/MeOH [32]
[ReW (p- CHQC,H.Me) ()ﬂ Dppm) (CO),* HBF,-Et,0 [33]
Mﬂ(ﬂa CsHs-p-H) (CO)g H.0 [34]
Mn(n3-CsH R-p-H)(C H,0 [35—38]
[Fea(g-Cp)a(CO)z(u CO)(uCH, p-H)* CF3SOsH, HBF, 139]
[Fe(n®-Enyl-p-H)(P(OMe)s)s]* [40. 41]
Eayl = cyclo-octenyl HBF,/MeOH, CF;COOH/ [40. 41)

/MeOH
butenyl » [40’ ]
2-methylbuteny! » 40, 41]
2,3dimethylbutenyl » 40, 41]
cyclohex-1-en-3-yl » 40, 41]
cyclohept-1en-3-yl » 40. 41]
[Fex(n-Cp)y( CO)(pt -CH,-p-H) (u-Dppm)J* HPF, [42}
HFey(C-p- Cl [43]
[Ru(n®-CgHyqo- - H)(L)l]+ — [44]
[Ru(y?-Me,Ce) (n®-CaoHyo-p-H)I* HPF, [45]
[Ru(n®-MegCe) (13- CoHyg-1 HBF,, HBF, [46)
[Ru(Lo) (L") (n- Me4Ca(CHz)(CHn u-H)* H F: ¢ 147]
[Ru(p-H)s(p-EtC-pu-H) (CO)sI* CF3SOsH [48]
Os(18-Me;CoHy) (13-CyoH. H)J* CF3SO;H, FSOsH [45]
O e M B o CESOH f48]
[Co(np-CsMeyR) (n-CoHy) (0-CoHy-p-H) * HBF, [49]
[Co(n5-CsMeg) (0-CoHy-p- H)P(C,H4Me),]* HBF, [50. 52]
[Co(n®-CegMeg) (G-CoHaR- - H)P(OMG)3]+ HBF, (51}
[RB(15-CsR5) (*-CroHye-p-H)* HPF, [45]
Rh(n3-C;H,-p-H) (n®-Me; C,B,H) CFCOOH 53]
[R5 GE 78 CuH e ) HEF, [54]
{Ir(ne-CsMeg) (n®-CroHya-i-H)1* HPFg [45]
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‘Dppm = Ph,PCH,PPh,.

1. Protonation

It is well known that the n-complexes and low-valence carbonyl
complexes of transition metals constitute a new class of bases—
polyfunctional organometallic Lewis bases. They interact readily
with various electrophiles (E)}—including protic and aprotic acids,
the attack by E being as a rule directed to the centre with the
highest basicity. In complexes of the type L,M, there is a possi-
bility of the addition of E both to the metal atom and to the ligands
(L). The relative basicities of the different centres and the direction
of attack by E depend on the structure of the complex, the nature of
the metal, the character and type of the ligand environment, and the
nature of E (see the relevant reviews?5-2%). If the 18-electron com-
plex LM is protonated at the metal atom, then the product is the :
cation [L,M ~H]*, where the metal retains the 18-electron environ-
ment and there are no grounds to expect the formation of a CHB.
However, if the proton adds to the carbon atom of the C=C bond
in the coordinated olefin or diene ligand, then the number of elec-
trons supplied by the ligand for binding to the metal diminishes by
one. n>-Olefins or n*-dienes (donors of two or four electrons) are
then converted respectively into n'-alkyl or n>-ally! ligands (donors
of one and three electrons). Taking into account the positive
charge, the formal electronic environment of the metal in the mono-
cationic complexes (I) and (II) arising on protonation can be stabil-
ised as a result of the coordination of the unoccupied orbital of the
metal to the electrons of a suitably directed C—H bond with con-
version into cationic or neutral (if an anionic complex has been
protonated) CHB (III) and (IV). The instances of the formation of

CHB on protonation of 18-electron precursors are compiled system-
atically in Table 1.

The intramolecular isomerisation of hydride complexes, known in
relation to the cationic dieneruthenium hydride complexes,** bears a
clsoe analogy to protonation by acids (HBF4, HPFs, CF3SO,0H,
etc.). The isomerisation of the dienemetal hydride complexes to
CHB can be regarded as "intramolecular protonation":

+ +

Rua---H
L

3

(V) (vi)

The cationic n*-dieneruthenium hydride complexes (V) have been
isolated and characterised; they are stable in solution at tempera-
tures below -10 °C, while in the temperature range 0—60 °C
(depending on the size of L and the type of the donor atom), com-
pounds (V) isomerise spontaneously and irreversibly to the n*-allyl
complexes (VI) with a bridging hydrogen atom as a result of the
intramolecular proton transfer from the metal to the cyclo-octadiene
ligand.** From this it follows that in the given case the n>-allyl
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CHB of type (VI) are thermodynamically more favourable than their
n*dienemetal hydride precursors. The rate of isomerisation (V) —
(VI) depends on the size of L and decreases in the following
sequence of groups L: P(OCH,CMejs); > P(OMe)Ph, ~ PMe.
Ph, > PMe,Ph >MeC(CH,PPh;); > P(OMe),Ph > PMe; ~
AsMePh,. When L = P(OMe);, AsMes, or AsMe,Ph, there is no
isomerisation.**

An important feature is that in the reactions involving the pro-
tonation of the n-complexes by strong acids, unstable olefin- or
diene-metal hydride intermediates are formed initially as a result of
the kinetically controlled rapid attack by H™ on the metal atom.

As a consequence of the subsequent migration of hydrogen from the
metal to a carbon of the olefin or diene ligand, the intermediates are
converted into thermodynamically more favourable cationic CHB.
The dieneruthenium hydride complexes having the general formula
[(m*CsH 2)RuL;H] " proved to be sufficiently stable to be isolated
and and characterised, but in the case of other metals they can be
kinetically or thermodynamically unstable. In the reaction of the
cationic dihydride complex [Ir(H),(PPh3)2(MesCO),]* with 2,3-di-
methylbutadiene, the n>-allyl CHB [Ir(H)(PPhs),(n*-CH,CMeCMe.
.CH,-p-H)]* (VII) was isolated as the final product. Apparently
initially two acetone molecules are substituted by the diene ligand
with formation of the thermodynamically unstable dieneiridium
hydride complex [IrHa(PPhs),(n*-CH, = CMeCMe = CH,)]",
which then affords compound (VII) as a result of the rapid intra-
molecular proton transfer from iridium to the diene.*

Protonation by strong acids is most characteristic of complexes of
metals in the middle of the Periods (Mo, Mn, Fe, Co). Such
reactions are unknown for the elements at the beginning and end of
the Periods.

2. Decarbonylation

The second type of processes leading to the formation of CHB
involves photochemical or thermal decarbonylation of the carbonyl
complexes. On irradiation with UV light or on heating, the
abstraction of one or several CO groups results in the formation of
electron- and coordination-unsaturated intermediates, which can
afford CHB in the presence of diene ligands, as shown in Scheme 2
for manganese and chromium complexes.

Scheme 2
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UV irradiation of Cr(CO)sL [L = P(OMe)] in pentane at 293 K
in the presence of 2,4-dimethylpenta-1,3-diene did not yield the
expected complex Cr(CO)3(L)M*C7Hp), as in the reactions with
other dienes.*® Instead, the elimination of three CO groups and
coordination of the Cr(CO),(L) fragment to the diene led to the
isolation of a CHB having the structure Cr(CO)y(L)(n*-C7H ;-p-H),
in which the diene ligand is linked to chromium via two
C=C bonds and the bridging hydrogen atom.”” The photochemical
decarbonylation of Cr(CO)sL, where L = CO, PMe;, or P(OMe),,
in the presence of cyclohepta-1,3-diene, affording the complexes
Cr(COY(L)(1*-CoHy-p-H), proceeds analogously.® In both cases,
the CHB isolated were characterised structurally. Thermolysis of
the n>-ally! complex Mn(CO)s(n>-CH,CHCMe,) in toluene at
110 °C leads to the abstraction of CO with formation of a mixture
of isomeric complexes with a bridging hydrogen atom: Mn(CO);.
(m*-CH,CHCMe-CH,—p-H).*® The thermal decarbonylation of
the enyl complex Mn(n*-cyclohexenyl)(CO)sL, where L = phosphine
or phosphite, proceeds analogously® (Scheme 2).

3. Ligand Substitution

A number of instances of the formation of CHB as a result of
ligand substitution are known. One of them involves the displace-
ment of two acetone molecules by 2,3-dimethylbutadiene in an
iridium complex, which was already mentioned above. The inter-
action of salts of the square-planar cation [Ir(PPhs),(n*-CgH;2)] ¥ A~
(A = PFs, BF,, or SbFg) with gaseous Hj; in the presence of
8-methylquinoline (in CH,Cl; at 0 °C) yielded, as a result of the
oxidative addition of H, with simultaneous displacement of cyclo-
octadiene, cationic iridium(III) complexes having the composition
[IrH(PPh3)(u-H — CH,CoHgN)] " A~ in which 8-methylquinoline is
linked to iridium via a nitrogen atom and one bridging H atom in
the methyl group.®

The substitution of one of the ligands L = PMe; and the
abstraction of NaCl in the interaction Of Mo(CO)(CO)(n%-C,0-
C(O)CH,SiMe;)L; with sodium dimethyldithiocarbamate results in
the formation of the complex Mo(CO)(S;CNMe,)(L)2-C(O)CH,-
u-H, where the acetyl group is linked to Mo via a Mo—C o-bond
and a bridging H atom.®’ The above cationic dieneruthenium
hydride complexes [Ru(H)(L)s(n*1,5-CsH;2)]* or the products of
their intramolecular isomerisation, namely CHB with the cyclo-
octenyl fragment [Ru(n>-CgH 2-u-H)L3)* are converted into the
corresponding cationic CHB of the type [Ru(L)s(n>-Enyl-p-H)] ",
where L = PMe,Ph, PMes;, P(OMe),Ph, or P(OMe)Ph,, in reactions
with 1,3-dienes (cyclohepta-1,3-diene, cyclohexa-1,3-diene, butadiene)
as a result of the displacement of cyclo-octa-1,3-diene.> CHB
formed in the following reactions have been obtained and charac-
terised structurally: cocondensation of chromium vapour with cyclo-
octa-1,3-diene or cyclo-octa-1,5-diene in the presence of PF; leading
to the formation of the complex Cr(n’-CgH 1o-p-H)(PF3)3;® the
reaction of Mn(CO)sH with two moles of the ligand Ph;PN(CMes).
.AlMe; leading to the formation of the bicyclic complex (V T11):5465
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It has been suggested that the 17-electron radical-cations, formed in
the one-electron electrochemical oxidation of the 18-electron com-
plexes (n-Cp),W(R)(R'), where R and R’ are an alkyl or an aryl
group, can be stabilised via the formation of three-centre three-
electron W...H —C bonds with the o- or B-hydrogen atom of the
residue R.®® The formation of cationic or neutral CHB in the
protonation reactions is summarised in Table 1. The converse
reaction is also known, namely the deprotonation of a neutral cluster
with formation of an anionic CHB. It has been shown that the
neutral tetrahedral cluster Fes(CO)g(u-H)s(u>-HC), not containing
agostic H atoms, exists in solution in equilibrium with a further two
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isomeric clusters Fes(CO)g(p-H)o(*-HC-p-H) [isomer (A)] and
Fe3(CO)s(u-H)(u>-HC-p-H>) [isomer (B); the agostic hydrogen
atoms are distinguished by being italicised]. In the isomers (A) and
(B), there are respectively one and two Fe...H—C 2e, 3c-bonds.
Deprotonation of Fes(CO)g(u>-HC) by treatment with an excess of
(PPh3),N ™" CI™ leads to the formation of the anionic CHB Fe3(CO)e.
(w-H)(*-HC-p-H)~*

IV. THE STRUCTURE IN THE CRYSTAL ACCORDING TO DATA
OBTAINED BY STRUCTURAL METHODS

The identification of the M...H—C bridge 2e, 3c-bonds in the
crystal is based exclusively on data obtained by structural research
methods—X-ray diffraction analysis and neutron diffraction (ND).
Scheme 3 presents formulae for a series of structurally characterised
CHB and Table 2 summarises certain crystal-chemical data for the
M...H—C bridged fragments: the M...H, C—H, and M —C dis-
tances and the M —H —C angle. It was not until 1979 —1981 that it
became possible to understand the fine features of the structure of
the CHB as a whole class of complexes with a new type of coordi-
nation of the hydrogen atom in a C—H bond to the metal in con-
nection with the considerable improvement of the accuracy of the
XRD method and the publication of a series of pioneering studies in
which the structures of CHB containing tantalum,®*%° manga-
nese,>>% and iron'%'%! were established.

Scheme 3

<_ . PT M, ) /(JH\
P/Tl : <:/\T';/--—\;c/ Cp, i Rh(CgHyo) |
u/ W Nk i}(}i/
La (8) al (9) H-” T (1)
Mes Mes Me,
p],CHQ//Ti\\\HCHQPh ‘h-‘-‘H J’Me/Ta‘\““
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LNy L 105@ H----‘—U\lu; Q\j\/v\é—-h‘l\iea

the numbering of the compounds is the same as in Table 1
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It is possible to differentiate the following characteristic features
of the bridged M...H—C fragments. The M...H distances involving
the bridging hydrogen atoms in the CH, fragment (n = 2,3) are
greater on average by 10—20% compared with the usual ranges of
M —H bond lengths for terminal hydrido-ligands (according to data
in the review of Teller and Bau’). The C—H distances determined
from XRD data are known to be always too low by 0.1—0.15 A by
virtue of the characteristics of the method itself. One can therefore
compare only the C—H distances obtained by the ND method, from
which it follows that the C—H bonds coordinated to the metal are
extended (loosened). According to ND data, the C—H distances in
CHB are 1.10—1.19 A, which is approximately 5—10% greater than
the average C—H distances involving sp>-carbon atoms (1.08 to
0.19 A).

The M...H distances obtained by the ND method are compared in
Table 3 with the sum of the covalent radii of the M atoms (accord-
ing to the data of Andrianov et al.!'® and Churchill''®) and H atoms
0.37 A) and the C—H bond lengths derived from ND data are also
listed. Except for complexes of Group IV metals (Ti, Th), the
M...H distances exceed by less than 10% the sum of the covalent
radii of M and H. On this basis, one can apparently conclude that,
at least in the cases quoted, the M...H bridge bonds, although
extended, do not differ very greatly from the terminal M —H bonds
in metal hydride complexes.

L n Ne
P(OMe), 1 | (43)
P(OMe), 0 | (44)
P(OMe)Ph, | 1 | (47)

PPh,

A method has been proposed®® for the estimation of the strength
of the interaction of the C—H bond with the metal and of the
strength of the bond produced. The distance d4 between the metal
atom and the point 4, where according to the author’s hypothesis
the centre of the electron pair of the C—H bond is located and
through which coordination to the unoccupied metal orbital takes
place, is calculated from the experimental distances d(MH), d(MC),
and the dimensionless constant ¢ = 0.28 (the ratio of the covalent
radius of the hydrogen atom to the length of the "usual" C—H sp*-
bond).




Russian Chemical Reviews, 57 (12), 1988 1181

Table 2. Structural data for complexes with a bridging hydrogen atom.

Distance, A
No. Compound Method M..H-C r4 (Ref .60) Refs.
M...H M--C C—H angle, deg
11Y (CsMeg),N(SiMe;)(SiMe,CH,-1-H) XRD 2.45; 3.00 2,970 1.00; 1.06 110.4; 101.,6 — [68
2|Y (CsMey),C-p-H (SiMey) (SiMe,CH-p-H,) XRD (CZ 53) 2,468 — 84 — [68
-pu-H
2.45; 3.00 2,878 — — - 168]
(S1CH-p-H)
3 {Nd (n8, ns- C,,Me,SlMeECﬁMe‘) C-p-H (SiMey), XRD — 2,862 — — — [69]
4|Sm (CsMey), (0, 1-HCyH,N=NC,N;-0, n-H) Sm (C;Mes), | XRD 2.29 — — — — {70]
5| Yb (CsMeg)s [(u-H-).C= CHz] Pt (PPhy), XRD 2.58; 2.64 2,770; 2.793 — — — [711
6 | Yb (Dmpe) [N (SiMes)s]s XRD 2.77; 2.86 3,04 - — - [72
7| Cly (CHs) Ti (n-Cl) Ti (CH,-u -H) Cl, XRD 1.92 2.068 1.19 78 — [73]
8| Ti (CH,-p-H) (Dmpe) Cly XRD 2.03 2.149 1,00 80 0.69 [74]
ND 2.447 2.122 1,095 93.5 [7
9| Ti (CH,CH,-p-H) (Dmpe) C XRD 2.22 2.524 1.04 88 0.98 75, 76]
10| Ti (Cp), (CHp-p-H) (p- CHz) Rh (CeHy) XRD 2.024 2.294 0.98 61 - 147]
11| TiMe, ,Cl, , (Dmpe), XRD -— 2.351 — — —_ (78]
12| Ti (n-CsMe;) (CH,Ph), XRD 2.32; 2.37 2.081 — — — 79)
13| Zr (Cp)s (C1) (n-MeCH) Zr (Cl) (C;HMe), XRD 2.211 2,585 1.018 99.7 — [80]
14| Zr (Dmpe) (CH,SiMes), XRD 2.48 2,215 - — [81]
[ ————
15 | [Hf (n-CgMeg) Cl—p.-(CHCH;CMe=CMeCH, ], XRD 2.21 2.134 — — - 182]
16| Th (n-CsMey)a (CH,CMeg)y ND 2.597; 2.648 2.456 1.414; 1.122 — — {83]
17| Ta (n-CyMey) (CHCMe,) (n-C:H,) (PMey) ND 2.042 1.946 1.135 — 0.61 [84. 85]
18| [Ta (CHCMes) (PMej) Clglz ND 2.119 1.898 1,131 — v.68 {84. 85]
| |
19| Ta (n-CsRs) (CH,CMe,CH,), Cly XRD 2.30 2.176 1.102 — — 86)
20| Cr (n-CgHyo-p-H) (PFy)s XRD 1.8 2,352 — — - 63]
21 | Cr (-CHy-u-H) (CO)s P (OMe)s XRD 1.94 2.399 — 101.1 — [57]
22 [ Cr(n®-1 3<cyclo-C7Hg--H)(CO)PMe3 XRD 1.85 2.355 1.16 100.4 — 58]
23 ) Cr; (CHoSiMey)y (PMey), XRD | 2.,236; 2.262 2.266 cp 0.910; 1.018 — — (87}
24 | Mo (B (Pir); (Et) (CH.CH,-u-H)] (CO)a (n-CsH,Ph) XRD 2.27 3.055 0.97 136 142 [19]
25| Mo (PhyPCH,CH,PPhy), (CO) XRD 2.98 — — — — [
26 | [ Mo, (1-CgMeg-pi-H) (Cp),]+ XRD 1.88 2.196 0.89 99 0.61 [29. 30]
27 | [Mo (n-CyHy) (r]. 0-CyoHyg-p-H)J* XRD 1.80 2.391 1,08 110 — 131}
28| Mo (COCH,-p-H) (S:CNMe,) (CO) (PMes), XRD 2.06 2.60 1.00 11 0.84 {61
29| WRe (p-H-CHc,H.Me) (Me,PCH,PMe,)(CO), XRD 2.08 2,541 0.86 113 — [33]
30 | W [P (CeHip)al2 (CO)s XRD 2.27 2.945 0.95 127 — 89 90}
31 | W[P(iso-C3H7)3] 2(CO)3 XRD - 3,027 — — — 189]
32 | W (CHCMe;) (CO) (PMeg)sCl, XRD 1.835 1.859 1.053 75 —_— [91. 92]
33| W (CHPh) (CO) (pMe,,)QCl2 XRD — 1.860 — — — 195, 94]
34| Mn (n3-MeCgHs-1i-H) (CO)s XRD 1.86 2.301 1.07 100 0.75 135]
ND 1.84 2.34 1.19 99 [95]
35| Mn (CO); (p-0:1?-CH,CMeCHMe) (u-PPhy) (1-CO) MoCp | XRD 2.02 2.346 — — — [96]
36| Mn (CO)s (u-0:M*-CHCHCH,CHPPh,) Mo (CO) Cp XRD 2.29 2.245 - — - [96]
37| Mn (CO)s (C,gHQs) XRD | 2.296; 2.298 | 1.901; 1,880 — 98.1; 101.3 — [97]
38| Mn, (CO)g (CioHye) XRD 2 291 1.816 — 100, — [97)
39| Mn (CO)SCHOAIMegN (CMey) Al (u-H-CH,) (Me) XRD 1.91 2.45 0.80 124 —_ [64, 65]
40 | Mng (CH,Ph), (PMes)s XRD 2.20 2.391 - — — 199]
41 [ Mn, (CHgSlMea)g (PMeg), XRD 2.29 2.369 — — — [98, 991
421 Mn, (CH,SiMeg); (PMePh,), XRD 2.15 2.389 — — — 199]
43} {Fe (n3-CgHyo-p-H) (P (OMe)g)s]* XRD 1,95 2.384 1,07 100 0,79 100, 101]
ND 1,874 2,362 1.164 99.4 [101
44| Fe (1®-CsHyo-p-H) (P (OMe)s)s XRD 2.77 2.983 0.99 93 — [102
45 | Fey (u-CH) (H) (CO)g XRD 1.80 1,926 1,00 82 0.59 103§
ND 1.755; 1.747 | 1.927, 1 920 | 1 191}; 1,176 84; 84 — 104}
46 | [Fe, (1-CHy-p-H) (1-CO) (Ph2PCHzPPhg) Cp)aJ* XRD 1.64: 1.78 | 2.108; 2.118 1 06; 0.83 101; 103 0.65 [42]
47 | [Ru (0°-CgHyp-p-H) (P (OMe) Ph,)g]* XRD 2.08 2.502 1.14 — [105]
48 lRu (n -C.aHs u-H) (PMePh),]* XRD 1.84 2.38 - — — [62]
49| RuCl (CyHyg-p1-H) XRD 2,10 — 1.04 118 — [106]
50 [05 (n-MesCeHg) (M-CioHya-p-H)I* XRD 1.81 2,30 0,95 110 — [45]
51| [Co (n-CsMes) (CH;CH,-pi-H) P (CoHyMe-n)s]*+ XRD 1.46 2.128 1,31 — — [50]
52 Co( -CgHg-pi-H) (CeHyy)s PCHLCHLP (CoHyy)a XRD 1.85 2.297 - — [107)
53 | Rh (n-C,Hg-p-H) (18-1,2-Me,C,ByHy) XRD 1.9 2.36 — 108 — (53]
54 | [IrH, (PPhy)y(N, C-8- CHg——p -H- C,H.N)]* XRD 2.08 2.69 0,96 119 0.91 [60]
55 | Pd (N (NMePh)=CMe,),Cly XRD 2.36 — — — — 1108]
56 | Pd(1methylcytosine)2Cly XRD 2.66 3.128 (Pd—N) | 0.82(N—H) 118 — [109]
57 | Pd (NMe=CHPh),Cl, XRD 2.44 22 1.01 131 1.30 [110}
58 | Pd [(n®-NC,H,)Mn (CO)gPPhZC,H, -u-HJ,Cl, XRD 2.68 — 0.88 154 — [111]
59 { Pd (PPhy), (CR==CR—CR=CR--H) Br, R'= COOMe XRD 2.30 3.19[60] — 137 1.26 17)
60 | [Pd (PPhoCMeg).)a XRD 2,70 3.45 1,05 128 1,56 {112]
61 | [Pt (PPh,CMeg)a]s XRD 2.77 3.46 0.97 126 1.60 [112]
62 'rans- PACl, [MeCsHsNN= C(p H) CgHoMeg] (AsEty) XRD 2.43 — 1.02 17 — [1131
63| cis- 1|>t (o thPC,H.NC (O)(‘,,H.) (0-PhyPCsH,NHC (O) Ph) [ XRD 2.318 3,24 (N—Pt) 1.04 (N—H) - — 114]
64 | [PtClycis- PtClz(NHzMe)z]2 ND 2.262 — 1.032(N—H) 167.1 — 115
65 | Cut (C;Hp-p-H) (HNCH;CH,;NHCH,CH;NH,) XRD 2.01 2.78 — 158 — (116
66 | Au (PPhg)CeH,C (=0) GHy-p-H XRD 2,94 - 0.98 — — 11171

*Pir = pyrazolyl.

In order to be able to compare the complexes of different metals, the  can differentiate arbitrarily three groups of compounds. Within the

difference r4 = d4 — rps, Where rys is the covalent radius of the framework of the given approach, the bridge bonds are the strongest
metal, was adopted as a criterion of the estimate. It has been for Fe4(u-CH)(H)(CO)12, [Mo(1-CsMes-p-H)(Cp)] ', [Ta(CH.
suggested that r4 be treated as a kind of "covalent radius" of the .CMe3)(L)Cl3)5, and Ti(CH,-u-H)Cl3(Me,PCH,CH,PMe;) (the
bonding electron pair. The greater the value of r,, the weaker the values of r4 are in the range 0.59—0.69). The bridging interaction

M...H—C interaction. The values of r, are listed in Table 2. One in Mn(n>-MeCgH7-p-H)(CO)s, [Fe(n?-CgH 5-p-H) {P(OMe)s}s] ™
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Mo(COCH-u-H)(S;CNMe,)(CO)(PMes),, [Ir(PPhj),(H)(N,C-8-
methylquinoline)]*, and Ti(CH,CH,-p-H)Cl3(Me,PCH,CH,PMe,)
are less strong (the values of r4 are in the range 0.75—1.0). The
bridge bonds in the complexes Mo[BEt,(pyrazolyl),J(CO)x(n>-Cs.
.H,Ph), Pd(PhCH =NMe),Cl,, and [M(PPh,CMe3),]. (M = Pd or
Pt), where r4 = 1.0—1.6, are weakest.

Table 3. M...H and C...H distances in complexes with a bridging
hydrogen atom according to neutron diffraction data.

M..H v, & | 'Mtra. |C-H distance,
Compound distance, A M R A Refs.
Ti(CH,-u-H) (Dmpe)Cl, 2.447(3) | 1.58 1.93 1.095 (3) [75&
Ta(n-CsMes)(CHCMeg)(CoHy)PMeg | 2,042 (5) | 1.66 2.03 1.135 (5) [84. 85]
Th(n-CsMe;5)2(CH,CMe;), 2.597(9); | 1.73 2.10 1.114(9); [83]
2.648 (9) 1.122 (8)

[Ta(CHCMe,)(PMes)Cla]z 2,119(4) | 1.66 2.03 1.131 (3) [84. 85]
Mn(n?-MeCgH,-p-H)(CO 1.84 (1) 1.38 1.75 1.419(1) [95}

{Fe(n?-CgHyg-i- H)(P(OMC)3)3]+ 1.874(3) | 1.34 1.7 1.164 (3) [100. 101]
Fe‘(p CH)(H)(CO);2 1.753 (4) | 1.34 1.7 1.191 (4) [104]

Note. The average estimate of the covalent radius rqy is based on
Th—C bond lengths of 2.543(4) and 2.456(4) A and the radius rc =
0.77 A.

PMe,
S
\| A
™~

AY
\
\
==
S~
RS PRI R E N

PMe,

The structure of the complex (PM<=3)2Ti(BH4)3.14

In 1975—1982, Schrock and co-workers obtained a large number
of electron-deficient niobium, tantalum, and tungsten complexes with
alkylidene (carbene) ligands, namely :CH — CMes, :CH —Ph, etc.;
the structurally characterised 14-electron and 16-electron complexes
of this type are presented in Table 4, which includes also for com-
parison data for a series of 18-electron complexes. The following
features of the coordination of the alkylidene ligands to the electron-
deficient centre have been discovered. The character of the coor-
dination (distances, angles) depends very strongly on whether the
complex is of the 16-electron or 18-electron type. Alkylidene
ligands contain an sp 2_carbon atom for which a trigonal-planar
configuration with valence angles close to 120’ is ideal. Deviations
from the ideal geometry involving an increase in the M —C,—Cg
angles occur in both 16-electron and 18-electron complexes. How-
ever, the angles for the 18-electron complexes do not exceed 135 to
150°, whereas in the 16-electron complexes the distortion is signifi-
cantly greater and the M —C,~Cp angles are 160—170°. The
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M —C, distances in the 18-electron complexes are 2.03—2.07 A,
while in the 16-electron complexes they are significantly smaller,
amounting to 1.86—1.96 A. In those cases where the locations of
the hydrogen atoms have been determined and the M...H —C bridge
fragments (carbene fragments) have been detected, the M —C, —
angles are sharply diminished —from 90—110° to acute angles in the
range 70 —80°.

Table 4. Certain structural parameters of the carbene ligands
:C(H)—CMe; and :C(H)—Ph in the 14-, 16-, and 18-electron
tantalum and tungsten complexes.

Angles, deg
— | M-Cy
distance,

Compound

J(t3c-m)
Hz ’ Refs.

M—Cy~Cp) M—C—H

Formally 14-and 16-electron complexes

Ta(n-CgMes)(CHCMes)(CoH,)PMe; 170.0 | 78.4 | 1.946 74 185}
Ta(CHCMey)o(n-CeMeHy) (PMey), 168.9 ¥ 1.932 o1 20]
154.0 1.955 104
Ta(y- CBMeﬁ)(CHPh)(CH.Ph), 166.0 * 1.883 82 121
[Ta(CHCMes)(PMe)Cl 161.2 | 848 | 1.898 101 [85
[Ta(CHCMe;)(CH.C Meg) (PMey)als (Np) 1?&‘? * igg; 91(123] | [122]
W(CHCMe,)(CO) (PMe),Cly 168.7 | 722 | 1.859 73 |[9t. 92k
W(CCMes)(CHCMes) (CH;CMe,) (Dmpe) | 150.4 . 1.942 | 90[125] [ué]
W(CHPR){CO)(PMeg),Cl, 164.6 | 74.6 | 1.860 82 3

18-electron complexes

Ta(n-CsHs)o(CHCMe;)Cl 150.4 | 411 2.030 121 [128]
Ta(n)-CsHy)o(CHPh)(CH,Ph) 135.2 * 2.070 127 127]
Ta(n-CyHy)a(CH,) (CHy) — * 2.026 132 128]
W(CHPh)(PhC=CPh)(PMe,),Cl, 138 92.1 | 2.05 126 | [93. 94]

*The locations of the hydrogen atoms have not been determined.

All the distortions in the geometry of the electron-deficient
alkylidene complexes mentioned above have the same cause and are
induced by the interaction of the «-hydrogen atom and the electrons
of the C—H bond with the metal. Yet another parameter, which in
the case of the carbene ligands :C(H)R depends greatly on whether
the C—H hydrogen bond is of the bridge type, is the spin—spin
coupling constant 'J(**C~H) for the '*C NMR spectra. The
constants for the C~H sp*-bond are usually 120—125 Hz, while
anomalously low values of the constant J, amounting to 50—110
Hz, are characteristic of the electron-deficient CHB (see below).

This indicates a weakening (loosening) of the C—H bond when it is
coordinated to the metal. The set of properties enumerated above
constitutes characteristic features of the presence of M...H—C bridge
2e,3c-bonds.

An XRD study has been performed on the electron-deficient
complexes Mn(CeH11)4(Me,PCH,CH,PMe,), ' (n-CsMes)s.
ScCH,CH3,'® (n®-CsMes), YCH;.C,Hs0,"! and also (n°-CsMes),.

.ThC[IHz-(nI:nS-Cssz;)I\I/I (n*-CsR,H3)Me, where M = Zr or Hf,'32
but, owing to the structural disorder in the crystal, it was not pos-
sible to reach clear-cut conclusions as to the presence or absence of
an agostic hydrogen atom. For the same reason, it has not been
possible to establish unambiguously whether the Co...H—C or the
Co...H—B bond is formed in the complex Co(n-CsHs)(n-Et4C,B,.
.CHMe).!®

The possibility of the simultaneous coordination to the same
metal atom of two bridging hydrogen atoms of the M —CH frag-
ment has been demonstrated in the complexes Ti(n-CsMes)(CH,.
Ph); ”® and Th(n-CsMes),(CH,CMe;),.%* In these cases, there exist
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in the molecule both bridging and non-bridging CH, fragments
whose parameters differ sharply. The M —C and C—H distances
are significantly shorter precisely for the CHj group participating in
the bridging interaction compared with the non-bridging CH,
(Table 5).

Table 5. Structural data for complexes with two bridging hydrogen
atoms.

Parameter IMethod Bridging CH3 group Non-bridging CH) groups
Ti (n-CsMe;) (CH:Ph)s [79]
Ti-C,, distance, A XRD 2.081 (10) 2 . (10); 2.140 (10)
Ti-H distance, A » 2.32and 2.37 2.57—2 66
Ti-Cy-Cp angle, deg » 139.0(7) 114.0; 113.9
Th (n-CsMe)s (CH.CMes), [83]

Th-C, distance, A ND 2.456 (4) 2.543 (4)
Th-H distances, A » 2 597 (9); 2.648 (9) 2.996 (v); 2.956 (9)
Cg-H distances, A » 1.114 (9); 1.122(8) 1.079 (11); 1.095 (8)
Th-Cy ~Cg angle, deg » 158.2 (3) 132.1 (3)
Th-C, -H angle, deg » 84.1(5); 87.1(5) 104.2 (6); 101.1 (5)

Note. The numerals in square brackets denote references (Trans-
lator).

The formation of M...H—E 2e¢,3c-bonds by transition metals is
not restricted to bonds with carbon alone. Whole series of cyclo-
pentadienyl derivatives of manganese of the type Mn(n-CsH;)(CO).
.(SiR3)H, in which there is a bridging hydrogen atom and the
fragment

have been obtained and characterised structurally (Table 6). On
passing from SiCl; to Si(Me) (naphthyl)Ph and SiPh;, the Mn—Si
and Mn —H distances increase somewhat, while the Si—H distances
hardly change. The complexes Ti(BH4)3(PR;),, where R = Me or
Et, have been obtained recently. According to XRD data, the
complex with PMe; contains two Ti...H...BH; 2e,3c-bonds.'*!  The
molecule of this complex has the structure of a trigonal bipyramid
with two PMe; ligands at the apical positions (see Figure). Of the
three BH, groups in the equatorial plane, one is coordinated in the
usual way, via two bridging H atoms [with the distances Ti—H =
1.90(7) A, B(1)—H = 1.03(7) A, and the non-bonding distance
Ti..B(1) = 2.40(1) A). The other two BH; groups are linked to Ti
by two three-centre Ti...H—B(2, 3) bonds involving one H atom
from each BH, group: the distances Ti—B(2, 3) = 2.27(1) A and
Ti..H = 1.73(7) A-are shorter by 0.17 A than in bonding of the type
Ti(u-H),B. The distances from Ti to the other two H atoms in BH;
are 2.25(7) and 2.68(7) A, which exceeds by approximately 0.5 and
0.9 A the distance to the bridging H atom. The M...H—B (where
M = Mo, W, Fe, Ru, or Rh) bridge bonds are present in many
transition metal complexes with carbaboranyl ligands of various
types, which have been characterised by structural methods, '42-146
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V. THE STRUCTURE IN SOLUTIONS

The 'H, °C, and *'P NMR methods and in certain cases IR
spectroscopy in the v(C —H) frequency range are of principal
importance for the identification and study of CHB in solutions.
The hydrogen atoms of the CH,, CH,, and CH fragments involved
in the bridge interaction with the metal give rise to 'H NMR signals
in strong fields (8 from 0 to -15 p.p.m.), i.e. in the region where
there are signals due to terminal hydrido-ligands. It is therefore
impossible to distinguish the two types of hydrogen atoms on the
basis of 'H NMR spectra. For the titanium, tantalum, and nio-
bium complexes, where the metal atom has a small number of d
electrons, the upfield shift of the signals due to the protons and '*C
nuclei in the M...H—CH,, fragments is usually weaker or is not
observed at all. Anomalously low 'J (3D —H) constants for the
13C NMR spectra, amounting to 50 — 110 Hz, are characteristic of
the M...H—CH groups, which probably indicates a smaller strength
of the C—H bridge bond compared with the usual bonds.

Table 6. Structural data for silylmetal hydride complexes with
three-centre M...H —Si bonds.

Distances, A Mn-H-Si
Compound Method; angle, Refs.
Mn—H ' Mn—si | Si-H |deg

Mn(n-MeCyH,)(CO)o(SiCls) (1-H) XRD [1.47 (3) |2.254 (1) [1,79 (4) —  |[134
N O Pmt)  | XRD [1.49(8) |2.310(|1.796) | — |{t36
Mn(n-CoH;Me) (CO)o(SiFPhy) (n-H) | ND | 1,569 (4) | 2.352 (4) |1 802(5)| 88 igg%
Mn(n-CsHaMe) (CO) (L)(SiHPh,) (w-H) | XRD | 1,49 (4) |2.327 (1) [1 78(4) | 91 | {436]
L = PMe,
Mn(n-CsMes)(CO)x(SiHPh((u-H) | XRD {1.52(3) |2.395(1)[1.77(3) | 93 |[136]
Mnm CiHy) (CON(SiPhg) (11-1) XRD |1.55(4) |2.424(2) 176 (%) | — |[137
Mn(n-CsHyMe)Mn(CO)o(SiRs)(n-H) | XRD — 2,461 (7) - — |38
[SiR3 = Si(Me)(Ph){a-naphthyl)]
Mn (n-MeC;H,)(CO) X XRD [1.53 (4) [2,547(2)|1.75 4) 97  1[{139)

X (PhPCH,CH.SiMe,-u-H)
Cr(1-CoMeg) (CO)a(SiPhsH) (-H) XRD |1.61 (4) |2.456 (1) | 1,61 (4) — |40

It follows from the XRD data (Table 2) that the C—H bonds
coordinated to the metal in the CHB are extended and the hydrogen
atom is close to the metal. The extension of the C—H bond
weakens it and reduces the force constant of the C—H stretching
vibration. The v(C—H) frequencies for the bridging hydrogen in
the CHB are 22002700 cm™', which is lower by 100—600 cm™
than the usual value (2800 —3000 cm™). The low constant
J(**C—H) and the sharp decrease in the v(C—H) frequencies
indicate fairly reliably a decrease in the C—H bond orders on coor-
dination to the metal. Both these effects are distinct in the NMR
and IR spectra of the 14-electron and 16-electron alkylidene com-
plexes of niobium, tantalum, and tungsten with the :CH —CMe; and
:CH—Ph ligands and also the related angular sandwich complexes of
titanium and thorium (Table 7). Several alkylidene complexes of
tantalum and tungsten have been characterised structurally (Table 4)
and bridging hydrogen atoms have been found in them. On the
basis of the similar J(*C—H) constants and v(C—H) frequencies,
presumably the other complexes listed in Table 7 also have a dis-
torted geometry with the a-hydrogen atom inclined relative to the
metal and involving the formation of M...H~C bridge bonds.
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Table 7. The constants J(*3C~H) and the frequencies v(C—H) of
complexes with M...H—C bridge bonds.

Compound /(1;c -H), | ue-m,em? | Refs.
Z
Y (1)-CsMe;)oN(SiMe,) (SiMe,CHarpt-H) 116 — [68]*
Y(n-CsMe;),C-p-H(SiMeg) (SiMe;CHy-pi-H) 84 — [68]*
Y(n-CsMes):CHo-pt-H- C,HgO 108 2770 131}*
Se(n-CsMes)R
R=Me 111 — [130]*
R=Et 122 2593. 2503, 2440|  [130]*
R=Pr 147 —_ [130]
Nd(n-CgMe;)C-t-H(SiMes), 90 — [147)*
TiMe, 4Cl, ,(Dmpe), — 2750 [78]*
TiCpa(CHy-p-H) (u-CHo)Rh(CsHy,) 88 2460 771
T ———
[HI(n-CsMeg)Cl—p-(CHCH,CMe=CMeCHy) | % - [82]*
Hi(n-CsMe;) (CgHyo)R
R=Me 112 — [148]
R=Et 121 2600. 2500. 2440|  [148]
R=CH,CMe; 104 — [148]
Th(n-CsMez)2(CH:SiMeg)Cl 104 — [83)
Th(n-CsMes),(CH:SiMes)y 99 - [83]
Th(n-CsMes)s(CH,CMey) 97 bt [83]*
P —— |
Th(n-Ci,Meﬁ)2CHg—(nl:n&C,Hs)M(n-CsH )
¢ 89 - (132]
M H 84 — [132]*
Ta(n-CsMe;) (=CHCMeg) (C;H,) PMe, 74 2605 [84. 85]*
[Ta(=CHCMe,) (PMe;)Clg]s 101 2520 [84. 85]*
Ta(=CHCMes) (CH.CMes)s 90 — 149
Nb(=CHCMej) (CH,CMez)s 101 - [149
Ta(=CHCMeg),(CH.CMes) (PMe;), 98 and 96 - [150
Ta(n-CsH;) (=CHCMe,),(PMej) 97 and 90 — [150
Ta(n-CsHg) (= CHCMe,)(X)(Y) 76—84 2420—2525 [151
X, Y =Cl, Br, Me, CH.CMe;
M(=CHR)L3X3.M = Nb, Ta, R = aikyl, 70—100 2400—2700 152}
Ph; L = phosphine, X = Cl, Br
Ta(=CHCMes) (PMey)3(Cl)(H) 72 2440 [153
Ta(n-CsMey) (= CHCMeg)(PMea) (ChH 72 2525 [153
Ta(=CHCMes) (PMey),Cl 69 2200 [153
Ta(n CsH;)(=CHPh)(X)(Y) 82—91 - [121
X,Y =Clor CH2Ph
Ta(=CHCMe;) (Dmpe),Cl 57 2200 154
Ta(=CHCMey) (C.H;) (PMey) Cls 80 — [155
W(=CCMe,) (=CHCMe,) (CH,CMe;) (Dmpe) 90 — [125)*
W(=CHCMes) (PMes),Cls(H) 84 2395 [91
W(=CHCMe;) (CO)(PMej);Cl, 73 — [91. 92)*
W(=CHCMe,){C.H,) (PMes):Cl, 70 — 91]
W(=CHPh)(CO) (PMe;)Cl, 83 -— [93. 94]*
W(CO)3[P(CgHyy)s]z — 2552 [80]*
W(1-CsMeg) Mez(=Cl 110 - [156])
Mny(CH,R), Lo — 2700—2772 [99)*
R = SiMe;, CMe;, Ph;
L = PMe;, PMePh,
Fea(u-H)a CO)g-u3-(CH-p-H) 89 - [67]
Feg(u-H)(CO)y-p*(CH-pi-Hy) 98 - 167]
[Fes(p-H)(CO),l_r -(CH-p-H)]~ 60 - 167)
[{Mn(n-CH,-p- (MegPCHQ),CMeV 118 2300—2360 [168]

*The structure has been established by structural methods.

On protonation (with CF 3SO;H or CF;COOH), the 18-electron
carbyne complex Ly(C)W= =CCMe? is converted into the cationic
16-electron carbene complex [L4(C)W=CH — CMe;]" IX) L =
PMe; throughout), in which the a-hydrogen atom of the carbene
ligand interacts with one of the C—P—P faces of the octahedron
and the W atom:'’
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The spectroscopic data for compound (IX) and the isoelectronic
neutral complex Ly(Cl)Ta=CH —CMe; (X)'** are similar:

Compound 8(CH) JH-31p), Hz  J(A3C-H),Hz Refs.
at 295 K, p.p.m.

[L4(COW = CH-CMe3]*  —8.4 (quintet) 9 45 (157}

L4(ChTa = CH-CMe3 ~7.4 (quintet) 6 69 {153]

The complexes (IX) and (X) are stereochemically non-rigid com-
pounds but at 295 K the rapid, in terms of the NMR time scale,
migration of H between the four C—P—P faces leads to the
apparent equivalence of the four P atoms.

In the 16-electron cations [L4(X)W =CH,]*, where X = CI'*” or
L,'*8 formed on protonation of the carbyne complexes Ly(X)W=CH,
at 298 K both hydrogen atoms of the methylene ligand give rise to a
single averaged signal owing to rapid exchange (8 = -0.16 and -0.80
p.p-m.), which is split into a quintet. On cooling to 165 or 153 K,
the two H atoms become non-equivalent and give rise to two
different signals: the shifts 8 are -7.67 and -9.00 p.p.m. for the H
atoms interacting with the C—P—P face and the W atom; for the
compound with X = CJ, the H atom not interacting with W pro-
duces a signal at § = 7.05 p.p.m., while in the case where X = | the
signal of this H atom is masked by the signal of the solvent. The
complex with X =1 has been studied by XRD, but the locations of
the H atoms have not been determined.'®

The majority of the CHB contain the CH; or CH, groups and are
stereochemically non-rigid complexes (see below), whose NMR
spectra exhibit reversible temperature variations (TV). Under the
conditions of rapid exchange, the two or three protons of the CHj
or CH, groups are equivalent and give rise to an average signal in
the range & = 0—-3 p.p.m., while the carbon nucleus in the *C
NMR spectra is manifested by a binomial 1:2:1 triplet or a 1:3:3:1
quartet with an average constant J = 120—130 Hz. In slow
exchange, the two protons of the CH°H? group are non-equivalent,
form the AB (or AX) system, and give rise to two doublets with a
geminal constant J(H,H)=15—30 Hz. The three non-equivalent
protons in CH®H’H® form the ABC three-spin system and give rise
to three multiplets, the signal of the bridging proton (H) usually
having § = ~10—-15 p.p.m. The resonance signal of the carbon
nucleus is split under the conditions of slow exchange respectively
into a doublet of doublets (for CHH?) or into a doublet of triplets
(CHH*) with different constants: J(**C—H?)=50—110 Hz for the
bridging H atom and J = 130—150 Hz for the non-bridging H?
and H¢ atoms. The 'H and '3C NMR data for CHB under the
conditions of both rapid and slow exchange are compiled in Table 8.

When H is replaced by D in the M...H—CH, (» = 1,2) groups,
additional effects appear in the 'H and also 2H NMR. Deuteriation
leads to an unusual upfield shift of the resonance signals of the
CH,D, CHD,, and CHD groups relative to CH3 and CH; (A8 =
0.3—1.2 p.p.m.), although for the usual compounds geminal substi-
tution of H by D in CH; or CH; is accompanied by only a very
slight shift of the signals (A3 = 0.01—0.3 p.p.m.). An appreciable
influence of the H/D substitution on the constants J(**C—H) has
been noted. The marked dependence of 8 and A3 on isotope sub-
stitution was first observed for the cluster complex HOs3(CO)1o.
(CHj-pt-H) and has been called the "isotope perturbation effect" or
the chemical shift effect.'®! Three rotational isomers are possible
for this cluster, in which the bridge position is occupied by either H
[rotational isomers (XI) and (XII)] or by D [compound (XIID)]:
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s(co), 0s(C0), s(co), between the properties of H and D (isotope effect). Since the C—H
and C—D bridge bonds are extended compared with the non-bridge
bonds and also bearing in mind the difference between the zero-

/ point energies of the C—H and C—D bonds, one may conclude that
(co), Os os(co) (co) Os Os(co) (co) o: 05(co>a the bridge position is preferred for the light H atom compared with
/c::'_ ~_H/ c=:’_: ,' :::: J the heavier D atom. Each of the H-bridged forms will therefore
by ] ~H w” / =P contribute more than the D-bridged form.
H D H Since the H atom linked to two M atoms should generate a signal
(X1 (x1) (x111) in a stronger field than the non-bridging atom, for unequal amounts
of the individual rotational isomers the signal due to the protons in
CH,D is located in a stronger field than the signal from CH;. The
The equilibrium (XI) = (XII) & (XIII), whose position depends observed strong temperature dependence of § and AS is associated
on temperature, exists in solution; the contributions of the indi- with the shift of the equilibrium between the rotational isomers.
vidual rotational isomers are not the same and the distribution Data for the dependence of the chemical shifts on isotope substi-
differs from the statistical distribution owing to the difference tution in CHB are presented in Table 9.
Table 8. 'H and '*C NMR data for complexes with bridging hydrogen atoms.
1y NMR spectra 13C NMR spectra
Compound Group rapid exchange slow exchange s(130), _‘.’ﬁ:wl_ s,
rec | 8D, | rec | s, | swPaname, | T°C | GG @9 |(HPand HE
p.pm. p.p.m. p.p.m. plicity *)
Ti(CHa--H) (Me;PCH,CH,PMe,)Cly CHy | —90 220 | — — — —90 | 87.5 @) 129.5 [75]
Ti(Cp)a(CHy-t-H) (u-CHo)Rh(CgHyo) CH; 25 | =343 | —90 | —12.15 1.28 —90 | 51.4 @) 88 127 [771
Ta(5-CoRa(CHCMesCHy))Cly cHy| - - —70 0.33 4.03 - _ _ _ (6]
Cr(ns-CeHyo-p-H) (PFy)s CH,| — - —50 | —12.58 | —0.09 —80 1.9 (dd) 88 144 [63]
Cr(nt-CyHyy-p-H) (CO)P(OMe)s CHy | —33 | —3.75 | —148 | —10,03 | 0.12and-158| — — - — [57]
Cr(n*-1,3cyclo-C7Hg 1-H)(CO)3 CH; | —83 | —4.27 | —143 | —10.10 1.88 —33 | 26.43@d) | 110 134 [58]
Cr(n*1,3<yclo C7Hg--H)(CO)PMe3 CH, | —33 —5.67 —148 | —10.66 1.70 —33 25.51 (dd) 107 133 58}
Cr(n*-1 3cyclo-CHg -H)(CO)2P(OMe)3** CHy | —33 | —5.04 | —148 | —11.06 1.84 —33 | 25.63(dd) 104 132 (58]
—33 | —3.48 —10.86 1.64 —33 | 27.68 108 132 [58]
[Mo(n®-CH;CHCHCH,-i-H)(CyHg) (PMeg)a]* CH, 23 | —3.05 | —90 | —9.16| 08and-08 —90 | —3.9 ) 84 144 [32]
Mo(n®-CsHy)s(CHMeCH,-p-H) CHy | —50 | —2.90 | —120 | —8.43 | 0Sand-09 —60 7.3 @ 122 [160]
—115 7.3 (d1) 88 138
WRe(t-CHR-i-H) (Me;PCH,PMe) (CO)s CHy| — - —20 | —3.69 3.25 —20 | 18,2 (dd) 81 131 [33]
Mn(1?-CgHy-1-H)(CO)s CH;| —9 | —5.7| —99 |—12.8 1.6 —100 | 14.0 @d) 85 146 [35]
Mn(n®-CHyCHCMeCH,-pi-H) (CO)g*** CH,3 25 —44 —100 | —12.0 0.4 and —1 4 —90 | —4.7 (dt) 89 139 [59]
CH, 25 —4.2 | —100 | —11.3 —and-13 —90 0.5 — — [59]
Mn(n-CysHa) (CO)g CH, 25 | —4.27 | —80 | —11.82| 019and-1.37| — - - — [97]
Mny(p, 1-CioHie) (CO)s CH, 25 | —4.42 —80 | —12.42| -09and-22 —_ —_ — - [97]
[Mn(n5-CgH,-t-H) (Me,PCH,);CMe] + CHy| —30 | —6.23 | —130 | —15.31 | -03and—-30 | —30 | 35.9 @ 118 [166]
[Fe(n?-CH,CHCHCH,-u-H) (CO)q]* CHy | —19 —4.7 | —80 | —14.6 | 1.0and-10 —80 | —3.0 @) 74 146 [[21. 25)
[Fe(n?-CqHg-p-H) (CO)s ]+ CH,| —15 —8,5 —86 | —15.0 2.0 25 | 246 (dd) | 78—88 ’130—140 [25)
[Fe(n-CH,CHCHCH--H) (P(OMe))s]* CH, 22 —5.92 —95 | —15.2 —20and-24 —133 :ga Es)d) 100 1129 o [41]
[Fe(n3-yclo-C7H1 gu-H)(P(OMe)3)3] CH, 22 | =744 | —80 | —15.77 1.2 35 5.0 (1) 130 141
—80 7.9 (dd) 80 140
[Fe(n-CiHy-p-H) (CO)s]* CH, | — - —85 | —11.16 3.45 —90 | 99 @d 81 191 [24]
[Fex(u-CHy-p-H) (u-CO)(CO)5(Cp)al* CH, 0 | —1.88 - - - 0 | 23.4 120 [39]
[Feg(jt-H)s(p-CH-p-H}CO)o ]~ CH,| =— - —60 | —10.1 6.8 —80 | 118.5 (dd) 67 155 [67]
[Ru(n?-CgHyg-pi-H) (P(OMe)Phy)s]+ CH, 34 —1.89 —80 —5.15 0.15 30 27.4 - — [44)
[Ru(n®-CrHyp-1-H) (P(OMe)Phy),]* CHy| — - —90 | —8.2 1.5 —20 | 18. — — [62]
{Ru(n-CeMeg) (n-CroHyg-p-H)I* CHy | — - —8 | —1043| —0.09 —80 | 2,52 (dd) 78 159 [45]
[Os(n-CeHaMes) (n-CroHig-p-H) I* CH;| -— - --80 | —10.08 0.10 —80 | —3.30(dd) 66 160 [45]
[Co(n-CsMeEt) (n-CHy=CH,) (CH,CH,H)|* CHy| — - —80 | —12,1 | 148and046 --90 | 26.6 87 155 [49]
[Co(n-CsMeg) (CH.CHy- p-H)P(CoH, Me)s]* CHy| —20 | —4.94 | —80 | —12.67 |-05and-138 80 | —5.92 86 146 [50]
[Co(n-CsMes) (CH.CHR-p-H)P(OMe)s]* CH, — — —~70 | —121 | -0.1and-02 —90 | —5.8 61 152 [51]
[Co(n-CsMeg) (CH;CHa-p-H)PPhMe,]* CHyz 25 —4.32 -85 —12.4 | -0.13and -0.55 — — — — [52]
[Rh(n-CsHy) (n-CioHia-p-H)I* CHy| — - —80 | —7.63 0.65 —80 | 2.20 (da) 81 159 [45]
[Rh(n-CsMeg) (N-CaoHyg-p-H)I* CHy| — - —80 | —6.83 0.4 —80 | 6.10 (dd) 83 152 [45)
[Ir(n-CsMes) (n-CroHyg--H) ¥ CHy| — - —80 | —9.53 0,22 —80 | 9.02 @d) 50 165 [45]
{Ir(PPh3)2(H)2(N, C-8-methylquinoline)] * CHy | —43 1.4 - - - — —8.15 - - [60]

*Here q = quartet, dd = doublet of doublets, and dt = doublet of triplets.
**The complex is chiral and exists as a mixture of two diastereoisomers.
***Two isomers with different positions of the bridging H atom.
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It has been suggested that there is a possibility of the coordi-
nation of the metal centre to the CH4 molecule, which is isoelec-
tronic with the BH3 anion, and also to other alkanes.!*! In a study
of the photochemical reactions of the complexes (n-CsRs)M(CO),
(where R = H or Me; M = Co, Rh, or Ir) in matrices at 12 K by
IR and UV spectroscopic methods, the formation of products of the
oxidative addition of CH,, and, furthermore, the formation of
compounds of yet another type, for which the structure of complexes
with an agostic hydrogen atom was proposed, i.e. (n-CsRs)(CO).
M...H—CH,, was noted.'®? In a number of investigations, the
formation in solutions of CHB of different structure, containing
Ta,'®® W,!%* Fe,165 Mn,!% Ru,'57!%® and Co,'® has been observed
or postulated on the basis of NMR, IR, and UV spectroscopic data
as well as kinetic data.

Table 9. Dependence of the chemical shifts & in the 'H NMR
spectra on isotope substitution.

5,ppm
Compound Group Refs.
CH, CH.D CHD,
TiClg(Dmpe)(CHg-p-H) CH; 2.29 1.89 — [75)
[Mo(CsHs) (n-CgH,yCHg- p-H) (PMeg), ]+ CHz | —3.05 | —3.66 — [32]
[Fey(CO)y(1-CO)(p-CHy-p-H) (n-Cp).J* CHy | —1.88 | —2.62 - [39]
[Fey(p-CO) (1-PhyPCHPPh,)(CH,-p-H)Cp,]* CH; | —2.90 | —3.47 — {42]
[Ir(n-CH,CMeCMeCH,-p-H) (PPh),(H) ]* CHg | —2 23 | —2.54 | —2.91 | [55]
{I1(N, Cu-H-8-methylquinoline)(PPh3)a Ny | + CHg 1,10 0.96 0.82 {60]
Os(H)(CO),o(CHg-p-H) CHz | —3.67 | —4.02 | —4.41 |[161]
Feg(CO)p(p-H)(u®-HC-p-Hy) CH; | —8.49 | —8.78 | —9.05 | [67]
CH, CHD
[W(CI) (PMeg)(=CH—H)]* CH, | —0 16 —1.40 [157}
Mn(1-CsHg-p-H)(CO)s CH; | —5.8 —7.0 35}
[Fe(n-CgHyp-pu-H)(P(OMe)g)s]+ CH; | —6.5 --7.6 [41]

VI. PROPERTIES AND REACTIVITY

1. Stereochemical Non-rigidity

The majority of CHB are stereochemically non-rigid complexes
characterised by different intramolecular rearrangements (IAR)
associated with the migration of a hydrogen atom and/or ML, frag-
ments relative to the carbon atom of the skeleton of the n-ligand.
These rearrangements can be degenerate (DIAR) or non-degenerate.
Several (up to three) different IAR can occur simultaneously,
whereupon the 'H, *C, and 3'P NMR spectra exhibit reversible
temperature variations. The following types of rearrangements with
participation of the CHj, CH,, CH groups and ML, fragments are
typical for CHB.

1. The interchange of the positions of the bridging H? and non-
bridging H? and H® atoms in the CHj group (rotation about the
C—CH,—p-H bond) via a 16-electron intermediate—a type "A"
rearrangement:
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The positions of the C atoms do not then change.

2. Two types of rearrangements, illustrated in relation to
manganese compounds®>> (Scheme 4), are possible for n>-allyl
CHB.
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After the dissociation of the bridge bond, the p-H atom can move
either to a carbon atom with formation of the 16-electron inter-
mediates (XV) and (XVIII) or to the metal atom with formation of
18-electron dienemetal hydride intermediates (XVI) and (XIX). For
the non-cyclic CHB (XIV), the rearrangement via the 16-electron
intermediate (XV) belongs to type "A" and leads to the exchange of
the three protons H%, H®, and H°. The rearrangement via the 18-
electron intermediate (XVI) is non-degenerate owing to the presence
of the methyl group at C(2) and leads to the exchange of the
bridging hydrogen atom between the C(1) and C(4) atoms in the
same ligand (a type "B" rearrangement).

For the cyclic CHB (XVII), rotation about the C—C bond is
impossible and, after the formation of the 16-electron compound
(XVIII), the bridging H atom is exchanged between C(1) and C(5)
without change in the carbon skeleton (IAR) of type "B". The
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rearrangement of compound (XVII) via the 18-electron intermediate
(XIX) also leads to the migration of the bridge, but, in contrast to
the rearrangement via the 16-electron intermediate, is accompanied
by the 1,2-migration of Mn(CO); relative to the carbon skeleton of
the n-ligand. In a more general sense, all the IAE associated with
the migration of ML; relative to the carbon skeleton of the ligand
(rearrangements of type "C") can be assigned to this type.

In compounds (XVI) and (XIX) and analogous intermediates, the
proton involved in the M —H bond is "acid" and readily enters into
an exchange with the acid derived from the solvent. If the CHB are
generated by treatment with deuterio-acids (Table 1), then deuterium
is inserted under these conditions in the 1,4-positions for the non-
cyclic system and in the 1,5-positions for the cyclic system.*!

3. The cobalt complexes with the nZ-ethylene ligands (n-Cp)Co.
.(L)(n-CH,=CHR), where L = phosphine, phosphite, or CH, =
CH,, produce on protonation the CHB [(1-Cp)Co(L)(CH,CHR —
u-H)]* (XX), where R = H or alkyl.**->2 In this case, a type "A"
rearrangement takes place (exchange of the three protons in
CH,—p-H) and also an IAR with the exchange of the five protons
in CH,CH, —p-H via the intermediate (XXI) (Scheme 4) and
rotation about the cobalt —ethylene bond (rearrangement of type
"D").

4. Rearrangements associated with the interchange of the
positions of the groups L in the ML3 "tripod" (IAR of type "E") take
place in CHB with the groups ML; = Mn(CO)3, Fe(CO)3, Fe(P)s,
Ru(P)s, etc., where (P) = phosphite or phosphine.

5. In CHj having two or more identical structural elements (M
atoms, C,H4 or C4Hg ligands, etc.) rearrangements take place with
migration of the bridge between such elements (IAR of type "F").
The migration of pu-CH between two out of the four Fe atoms in
HFe,(CO);2(CH)**'%* as well as the alternate involvement of each of
the four carbon atoms of the CH,= groups of the protonated form
[Mo(PMe3)>(CH,=CHCH = CH,),H] ™" in the formation of the
Mo...H —C bond via an 18-electron metal hydride intermediate®? are
examples of such rearrangements. The migration of an «-hydrogen
atom of the alkylidene ligand between the four C—P —P faces in the
octahedral cationic complexes [W(PMes)4(X)(=CH —R)]™, where
R = CMe; or H, can be assigned to IAR of type "F".1*" Apart
from the rearrangement indicated, in the complex with R=H there
is also a rearrangement involving the interchange of the positions of
the two hydrogen atoms of the CH, ligand (type "B").

The rearrangements known for the CHB and the barriers AG*
obtained from the NMR data are listed in Table 10.

The chemical properties of the CHB have been little investigated.
Their characteristic reaction involves the ready dissociation of the
bridge bond. The M...H—C interaction is comparatively weak: on
treatment with nucleophiles—the 2-electron ligands PR3, P(OR)s,
CO, CNR, etc.—these bonds are readily cleaved with substitution of
H by L, as shown below for tris-n>-allylmolybdenum complexes:'®

JH
270N

’/ \\ PR3
(CgHy) ,Mo—===~CH,

CH,

—— (CyH,)gMo

PR,

187
Table 10. Intramolecular rearrangements in complexes with three-
centre M...H—C bonds.
Type |
f re-
Compound orrange.| AT K AG* kI moll | Refs.
ment
Ti(Cp)2(CH,) (CHe-p-H)R(1-CgHyo) A 233 (T,) 40.9 771
Cr(n4-C;Hyy-pu-H) (CO)P(OMe), A 124—240 | 8.6 (200 K) [57]
c 240—390 | 68.1 (300 K) [57]
Cr(n<yclo-C7H)g=-H)(CO) (L)
L' =CO B 125240 | 27.9 (165 K) [58)
C 240—380 | 67.2 (350 K) [58]
L = PMe; B 125240 | 28.6 (165 K) (58]
C 240—380 | 64.1(350 K) (58]
L = P(OMe); B 125—240 | 28.4 (165 K) [58]
c 240—380 | 61.4(350 K) [58]
Cr(n-CHyo-i-H) (PFy)s B 193—293 — [63]
[Mo(n-CqHe) (1-CaH(CH,-t-H) (PMeg) ]+ A 183—298 37.2 [32]
F 183298 | 77.2and 810 [32]
Mo(n®-CyHs)sCH(Me)CH,-p-H A 153—243 — [160]
[W(PMej)(Cl) =CHCMe,]* F 153—295 41.8 [157]
[W(PMe;)(C)=CH,]* F 165—298 - [157]
Mn(n3<yclo-CeHg 4 H)(CO)3  (XVID) B 174—264 34.6 [35]
E 233—313 54.9 [35]
F 281—392 65.0 [35]
Mn(1-CH;CHCMeCH,-p-H) (CO)s  (XIV) A 173—273 37.2 [59]
R i ! B | 323_384 722 {591
Mn(n-Cy5Hus) (CO)s A 195—298 43.5 97}
Mny(n-CyoH1g) (CO)g A 195298 4.7 [97]
[Mn(ns-CgHy-p-H) (Me;PCH,)sCMe] A 143—243 39.6 [166]
B 243303 69.0 [166]
. E 203—293 41.5 {166]
[Fe(n-enyD(P(OMe)3)3]
Enyl = cyclohexenyl B 183—308 41.8 [41]
E 183—308 66.5 [41]
Enyl = cycloheptenyl B 183—308 44.0 [41]
E 183—308 70.0 [41]
Enyl = cyclo-octenyl B 123273 21 [41]
E 183—308 59.9 [41]
[Ru(n®-Enyl)(P)s]*
Enyl = butenyl A 183—298 — [62]
Enyl = cyclohexenyl, cycloheptenyl g, C 183—298 — (62]
[Co(ns-CsHyR) (n?-CyHy) (CHLCH,-p-H) | A 183—298 43.0 [49]
D 183—298 51.1 [49]
[Co(np-CyMeg) (P(CaHyMe)a) (CH.CHR-uH)I* | A | 193208 38.4 51. 52]
D 193—298 56.0 [51. 52
[Ir(PPhg)s(1®-CH,CMeCMeCH,-p-H)HJ* A.B | 153—298 — [55]

Depending on the type of complex and the nature of M, the ease of
the dissociation of the bridge bond can be various. Thus [Fe(n-Cs.
.Hy5-u-H){P(OMe);}3]* reacts with CO and CNCMe; but not with
P(OMe);, the Fe...H—C bond being dissociated and the Fe—CgH,,
bond being retained.*' On the other hand, the complexes [Ru(Cs.
Hj>-pu-H)L3)™, where L is a tertiary phosphine or arsine, readily
react with L, a process involving the dissociation of the Ru..H—C
and Ru—CgH;, bonds and the formation of the RuHL cations.*
The complexes (XIV) and (XVII) (Scheme 4) readily enter into a
reaction with CO in which the Mn...H—C bond is dissociated, and

CH,CH,

PR,

TCH, (C4Hy),Mo——PR, .

PR,



1188

are converted into the complexes (n>-allyh)Mn(C0),.3>* Com-
pounds (XIV) and (XVII) are readily deprotonated on treatment
with KH with evolution of H, and the formation of the anions
(XXII) and (XXIII). When these are alkylated with Mel, the
methyl group adds to the diene ligands and not to the Mn atom:>>*

7 | '\

Mp Mn
(COY, (co),
(xx11) (Xx111)

The problems of the theoretical analysis of the structure and
reactivity of CHB have attracted much attention. Several quantum-
mechanical calculations have been made for the CHB both by the
extended Hiickel method (EHM) and by non-empirical methods.
The characteristic features of the structure and of the unusual
geometry of the alkylidene ligands in tantalum complexes and the
characteristics of the activation of the C—H bond and of the
hydrogen a-elimination reactions have been analysed.!” In other
studies by Hoffmann, the quantum-mechanical description of the
activation of the C—H and H—H bonds by complexes having the &*
(n > 0)and & configurations and also on the surface of the metal
has been examined.!”"'7? Calculations by the EHM have been
performed for the model complexes MeTiH; and Me,TiH2™ and the
influence of various factors and of the character of the ligands on
the stabilisation of the 2e,3c-interaction in the methyl complexes has
been discussed.!”® The electronic structures of the complexes
[Fe(n*-CsH2-p-H)(CO)s] ™, [Fe(n-CsHo-p-H)(PH3)3] ™, [Fe(Cs.
Hg-p-H) (CO)3] ™, Mn(n-CsHg-p-H) (CO)3, and Cr(n-CsHo-p-H)
(PF3); have been calculated!” on the basis of the geometry obtained
from XRD data.3>*%3 The energy profile of the conversion of
[CpCo(PH;)C,H]™ into [CpCo(PH3)(C;H)H]™ has been calculated
and it has been concluded that the intermediate with the Co..H—C
2e,3c-bond is more stable than the ethylenemetal hydride complex.!”
Ab initio calculations have led to the optimisation of the geometry
of the model complexes Pd(Et)(H)(PH3) and Pd(H),(C,H4)(PH3)
and of the transition state between them, involving Pd..H—-C
2e,3c-bonding, as well as the complexes PA(CH3;CHF,)(H)(BH3) and
Ni(Et)(H)(PH3), and the role of the three-centre interactions in
a-elimination reactions has been considered.!” Optimisation of the
geometry of the complex Ti(Et)(PH3)x(Cl)(H)(ab initio calculation)
yielded a Ti—H distance of 2.23 A and a Ti—C,—Cg angle of
89°,177 which agrees well with XRD data for Ti(Et)(Dmpe)Cls
(2.29 A and 86° 7). The most convenient structure of the
complexes Ti(Me)(PH3)2(X)2(Y), which yielded a Ti—H distance of
2.51 A and a Ti—C—H angle of 100° for X = Y = CL,'"® which
agrees well with experiment for Ti(Me)(Dmpe)Cls (2.45 A and
99° %), was calculated analogously. Calculations by the EHM have
been performed for complexes containing molyb-denum? and
cobalt.®?

The survey of the structures and properties of CHB shows that a
large number of complexes (B) (X = H) with M...H—C 2¢,3c-bonds
have already been obtained and characterised both in the crystal
(more than 60 structures) and in solutions. The complexes are
thermodynamically more stable than the corresponding alkene-,
diene-, or polyenyl-metal hydride complexes (A) (X = H). The
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equilibrium (A) = (B) = (C), leading to the migration of hydrogen
between the metal atom and the ligand, exists in solutions:

©

It has been suggested that there is an analogy between the complexes
(B, X = H) and (B, X = alkyl) as regards structure, properties, and
the dynamics of the migration of the group X and that in the
complexes (B,X = alkyl) there is a possibility of the ready migration
of the alkyl (Me, Et) group from the metal to the ligand.! A
mechanism has been adopted for the polymerisation of olefins in the
presence of Ziegler-Natta catalysts in which the key stage involves
the migration of the alkyl group (R) from the metal atom to the
olefin ligand and chain propagation via the insertion of R in the
C—H bonds.!” If such migration is possible in the complexes (B,
X = alkyl), then they may be expected to manifest catalytic prop-
erties. It has been shown that the complexes [(n-CsMe<)Co(L).
(CH,CHR--H)]* do indeed catalyse the polymerisation of ethylene
under mild conditions.’!

In connection with the vigorous investigation of the activation of
C—H and C—C bonds in alkanes,'®!! new data have been obtained
recently on the mechanisms of the reactions involving the oxidative
addition (OA) of C—H bonds in the alkanes RH to low-valence
rhodium, iridium, and rhenium complexes with formation of
R—(ML,)—H.!%2-18% 1n the reactions of RH with rhodium
compounds, intermediates of the type of CHB with the n%-coor-
dination of a C—H bond are apparently formed initially and then
rapidly undergo intramolecular isomerisation to hydridoalkyl
complexes.’®* A three-centre transition state with participation of
M, C, and H atoms, preceding the dissociation of the C—H bond,
has been proposed for the OA reactions.'®® The trajectories of the
interaction of the M, C, and H nuclei in the course of the reactions
have also been analysed:®°

M+C—H—->C—(M)—H.

The data considered in the present review permit the conclusion that
stable CHB with three-centre M...H — C bonds are apparently good
models of the transition states in the OA reactions of alkanes.

It is important to emphasise that CHB can serve as intermediates
in the various reactions of organometallic complexes with partici-
pation of acids. The H/D exchange reactions involving aromatic
1-ligands in ferrocene, i.e. (N-CsH5)M(CO);..(P), [M = Mn or Re;
(P) = phosphine; n = 0—2] and (n-CsHg)Cr(CO)(L) (L = CO or
phosphines), were studied in detail in 1962~ 1973 (see the relevant
reviews!8!81) A mechanism with protonation of the metal and the
migration of an H atom to the n-ligand has been proposed for these
reactions.!®! It is known that the complex (11-C4H,)Fe(CO)3 (XXIV)
is readily protonated®* and rapidly exchanges H or D with CF;.
.COOD.'® It has been concluded® that the Fe atom is protonated,
but it is clear on the basis of the set of ‘H and '3C NMR data,
presented above in Section V, that the form of these spectra for the
protonated form (XXIV) [the chemical shifts  and the constants
J(*C —H)) agrees only with the formation of a three-centre
Fe..H—C bond and an agostic H atom. The insertion of deu-
terium in m-ligands on protonation of the complexes (n-Dien)Fe(P);
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by deuterioacids has already been mentioned above;*! for -Dien =
n*CsH 2, the CHB formed, with an Fe...H—C bond, was isolated
and its structure was demonstrated by a structural method.!0%1%!
On the basis of the foregoing, it is logical to assume that the H/D
exchange between the cyclic ferrocene ligands and the n-complexes
of manganese, rhenium, and chromium, on the one hand, and acids,
on the other, may also proceed via intermediates with bridging
hydrogen.

During the preparation of the manuscript for the press, the
following communications, describing the synthesis of complexes
with agostic hydrogen atoms or postulating their formation as
intermediates, were published. A review'®’ deals with the activation
of C—H bonds in alkanes by complex hydrides and organometallic
compounds and the reactions and transformations of alkanes in the
coordination sphere of the metal. The structure of TiMeCl; in the
gas phase has been established by electron diffraction.'® The
following complexes with M...H—C bonds have been characterised
by the XRD method; Ru(SCH,-2,4,6-is0Pr3)s '* and the cyclo-

palladised complexes C,;I-hCHMc—NMe(Pr-iso)—l"d(L, L’), where
L, L' = (PPhs)CI'*® or the acetylacetonato-group.'®! The agostic

Fe...H—B bond in the complex (PMCg)z(CO)IéCCH(SR)S—ﬁH3 has
been detected by XRD.!°? Several polypyrazolylborate complexes
with M...H —B bonds, including [(Pir ¥);BH-p-H]Zr(Cp)Cl,,'%*
[(3,5-Me,Pir)BH-p-H]Ru(n*-CgH;)H,'®* and the complex [(Pir),BH-
u-HJ3Y containing three agostic Y...H—B bonds simultaneously
have been characterised structurally.

In the studies quoted below, the conclusion that agostic hydrogen
atoms are present was reached from 'H and *C NMR spectra.

The formation of the Li..H—C and Y...H—C bonds has been
postulated for the complexes Me;CSCgH4Li(THF), 196 and
(CsMes), YCH,CeHsMe,.!”” The protonation of anionic (n = -1)
or neutral (n = 0) n"-diene complexes with acyclic and cyclic dienes
of the type [(n*-Dien)ML,]" leads to the formation of neutral or
cationic m>-allyl complexes with agostic hydrogen: [(n>-allyl-p-H)-
ML,]"*!. The anionic complexes of manganese!*® and the neutral
complexes of iron,'®*2%® cobalt, rhodium, and iridium?®! (preliminary
communication—see Buchmann and Salzer®*) are protonated in this
way. The Ru...H—C agostic bonds have been discovered in the
complexes [Ru(n-CsMes)(n>-CsH;;-pH)]* 2°? and Ru(m’-C,H;;-
p-H)(PPh3),C1.2%%  The synthesis and reactions of cationic dinuclear
derivatives of biscyclopentadienylruthenium, where one of the
hydrogen atoms of the bridging CHj group is coordinated to
ruthenium, have been described.?%#2%  The substitution of the
agostic hydrogen atom in the dinuclear complex containing molyb-
denum and manganese by the isolobal fragment Au(PMe,Ph) has
been carried out.2%® It was suggested that the reaction involving the
dehydrogenation of alkanes to alkenes in the presence of IrH,(O,.
.CCF3)[P(C¢HF)3], results in the formation of the catalytically
active intermediate withan Ir...H—C bond.?®” The pathways
leading to the redistribution of hydrogen in the protonated form of
the complex Mo(C,H,),(cis-Ph,PCH = CHPPh;), have been dis-
cussed?®® and it has been suggested that this process does not
necessarily proceed via a 16-electron c-ethyl intermediate.

The formation of agostic bonds in clusters has been observed in a
number of studies. In the aryne complex H,0s3(CO)s(u?:p*-CeHay),
there is rapid proton exchange between the ring and the metal,
apparently via an intermediate with agostic hydrogen;®®® analogous
intermediates have been proposed for the hydrogen substitution and

€Pir = pyrazolyl (Translator).
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elimination reactions in Fes(CO)g(u-H)3(u-CCH;).2!* It has been
shown by 'H and 3C NMR that the protonation of the hetero-
metallic anionic carbido-clusters MFe3(C0);3C*” (M = Cr or W),
MnFe;3(CO),3C™, and RhFe3(CO);,C with the "butterfly" skeleton
leads to the formation of agostic Fe...H—C bonds between the
hydrogen of the methylidyne fragment and the iron atom.?!!

The interaction of CH4 and CD, with organometallic complexes
has been investigated by IR spectroscopy in matrices at 12—16 K.
The formation of the relatively unstable compounds of the type
L,M..H—CHj has been postulated for Cp,Ni, (CsMes),Ni,
(CsMes);Mn, and (arene)M(CO)3.>'2 The quantum-chemical
aspects of the electronic structure, the problem of the relative sta-
bilities of the intermediate systems with M —H and M —C bonds, the
coordination of methane, and the interaction of C—H bonds with
the metal complex centre have been examined in a monograph?!?
and in the literature quoted therein. The results of theoretical cal-
culations of the electronic structure, stability, and reactivity of
complexes with M..H—C,*4-2!8 Fe. H~E (E = B or C),2!° and
Ti—8i—C?° bonds have been described in a number of communi-
cations. Quantum-chemical calculations for compounds with
Mn—H —Si bonds have been carried out.’?! Evidently both the
experimental and the theoretical chemistry of complexes with agostic
hydrogen atoms continues to develop very vigorously.
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