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The four year period between 1968 and 1971 has seen a prollferatlon of interest in 
transition metal hydrides which has been accompanied by significant and abundant emplr- 

ical reports on the catalytic and physrcai properties of hydri&+metal species, These re- 

ports are discussed here. 
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More than 9 out of every 10 papers dealing with the chemistry of transition metal 
hydrides have dealt with the catalytic properties of these compounds. For this reason, tt 
can be said t&at the catalytrc activity of tr~sitio~ metal hydrides is their chemistry, and 
therefore this review begins with catalysis. 

The Co and Ni tnads in general have received the greatest amount of attention in the 
form of new complexes, catalytic activity and reaction mechamsms, spectroscopy, and 
theoretical studies. Out of the numerous review articles on Co, Rh and Ir hydride catalysis 
have developed rationales for tr~siti~~ metaI hydride ~h~rnist~ which promise to be one 
of the most unifying and organizing forces for morganic chemtstry since Werner proposed 
his “%oordina tion theory’“. For these reasons and because these rationales are based on 
the coordination properties of 8’ metal systems, we begin the discussion of catalysis 
with the Co triad_ 

Following these mtrodktory comments on d8 me4 systems we turn to a systematic 
apphcation of these comments across the Periodic Table from right to left. When data 
suggest necessary general modlficatlon of the rationales developed for the Co triad such 
data are Introduced and the results apphed to the triad at hand. Upon reaching the TI 
tnad simtlaritres w&h Zn are seen and the discussion is brought full cycle and partly back 
to the starting pomt_ At various points matenai on nitrogen fmation by transition metal 
hydrides is introduced because of its unique historical and substantrve relation to hydride 
catafysts. 

At the end of the discussion of catalysis we turn to general comments on ligand variety 
and hydride preparation so as to gave the reader a feeling for the great variety and versatrl- 
rty of transition metal hydride catalysts. 

The unique spectroscopic properties of trams&ion metal hydrides have alI but m@nopoI- 
ized the physical ~hernis~~ and physics of these complexes, so these data are discussed 
under a separate heading. 

Finally, It should be noted that only reports from Amerlcm, Canadian or British Jour- 
nals were reviewed unless it was clear that more data were necessary to estabhsh a physi- 
cal or chemical pattern. 

B. CATALYSTS 

Transition metal cat;tlysis is important to the study of transition metal hydndes be- 
cause hydrldo-metal species are often the active intermediates in many types of catalytic 
reactions of organic substrates I*‘. 

Correlation of, systematization of, and prediction from data on these reactions are 
achieved by noting several c~~rno~ factors (Q) the af~Ri~ of transition metals and their 
complexes to be coordmatively saturated 3 ;(b) the ease and reversibility of II2 chemi- 
sorptron by the metals and certain complexes ‘*’ ; (c) the ease and reversibility of redox 
reactions +‘, and (d) the difference between ligand field stabihzation energy and the 
energy &fference between highest occupied and lowest unoccupied metaI orbitals These 
factors are interdependent and thus reflect more fundamental physical phenomena, but 
serve to organize, rationalize, and predict catalytic activities. Therefore, they are useftrI 
in understanding transition metal hydride chemistry, and in suggestmg new metai hydrides 
and reaction paydays_ 
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The catalytic activities and reaction mechanisms of Rh and Ir carbonyl-phosphmes or 
halrdes are the models most often referred to for demonstrating the importance of metal 
hydride intermediates, and the role of coo&native unsaturation 3_ This is for several rea- 
sons: (a) they display many catalytrcally actlve valence states; (b) they catalyze a large 
number of reactiops of organic substrates; (c) many of their complexes with organic sub- 
strates, and hydride complexes, are stable and can be characterized, and (c#) they have 
been most thoroughly studled in terms of isolation and chemrstry of intermediates, and 
variation of stability, steric effects, and sektwity with change in ligands, 

Since earlier reviews of these species 3*7-g, a great deal more literature has appeared on 
Ir and Rh, Brown et al., Vaska and Tadros, and Strohmeier lo have studied the rate and 
equilibrium of alkene hydrogenation catalyzed by Vaska’s catalyst, IrX(CO)L2, at 80°C 
and 1 atm HT. The mechanism was reported as 

H 

This reaction, which is in dynamic equilibrium, is sensrtrve to R=R and H2 concentra- 
tion, temperature, solvent, and X, but not L- The mechanism was deduced from kinetrc 
and equilibrium data on intermediates such as 

IrX(CO) L + Hz T- IrX(C0) Lz H, 

and 

LrX(C0) L + R=R =+ IrX(C0) L2 (R=R) 

Strohmeier and Fleischmann r L have also studred the selectivrty of olefin hydrogenation 
by IrX(CO) b as a function of X and L. 

Blum et al. I2 reported decarbonylatlon- dehydrohafogenaton of acyl habdes with the 
same catalyst in the absence of Hz. The mecharusm was summarized as 
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The sirnik~itiies of the two mechanisms are obvious, the central ~po~~~~ce of F-r hydncks 
apparent. 

From these two mechanisms it is posstble to predict the reactron betkveen IrX(CU)L/2 
and aldehydes 

where the first two steps proceed via decarbonyfation and the third via hydrogenation. 
The reverse of this mechanism, under HZ and CO, represents hydroformylatlon of olefins. 

Brown and ~~~k~nson I3 have reported the h~drofo~yl~t~on of aIkenes and t~~ln~ 

acetyienes catalyzed by IrW(CO) Ls and IrH(CO)z~. Their observations are summarized 

and the svnilarities with the above mechanists are again apparent, 
A second area of interest has been sandwich-bndged dimers of the general form 

where A is an anion, 
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Parmetier et al_ I4 have reported the catalytic activities and reaction mechanisms of 

with alIyl alcohol to give ally1 ethers, propanal and propane. The mechanism for forma- 
tion of propanal is 

Reactions to give ethers and alkenes mvolved removal of OH- rather than H from the alco- 
hol. In the formation of propanal both hydrogenation and dehydrogenation [thus isomeri- 
zation) and the dependence of products on concentrations are seen. We see that changing 
the ligands so as to Increase the electron-donating ability of ir decreases the amount of 
OH‘ extraction in favor of H extraction, thus allowing control of products through tailor- 
ing of the catalyst 

Maitlis and colleagues is have reported tile use of 

where M = Ir or Rh, as a hydrogenating catalyst for olefins. They isolated the hydride 
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and confirmed IV, structure by IR deuteration experiments and h&field NMR studies. 
Both the chloride and hydride species were found to complex with olefins yielding mane 
merit complexes. Though no mechamsm was reported, tie work suggests 

+ RH-R’H 

Comparisons of isomerizatlon and hydrogenation reactions of IrC1L3 and MC1L3 
have been reported by van Gaal et al. Is. 

The data for Rh-catalyzed reactions are more complex, but analogous to those for IL 
Most of the mechanistic work has been done by Wilkinson and colleagues. They have re- 
ported I7 the hydrogenation of olefms by RhCl(P@& and proposed the mdurusm 

solvent 
1 

R=R 

I * 



TRANSITION METAL HYDRIDES 271 

They have studied the effects of varying the halogen and phosphine ligands, in their ear- 
liest reports they found the rate of catalysis to increase in the order I 3 Br > 43. Later 
they found the rate to be sensitive to phosphine hgand, the rate being “substantially re- 
duced” for AS& while for Sb& the complex was “essentially inactive”. These trends 
were related to the abihty of the iigands to activate molecular hydrogen via 
=wP~3M~~ - t m erme&ates_ In this respect they found the olefin complex 
FUIX(PR,),(olefin) unable to activate molecular hydrogen_ An excess of PR3 was found 
to inhibit the rate of hydrogenation and a large excess produced complete inhibItion. 
PR3 ligands are less effective than Piaryl)s ligands in catalysis, and thxs was assumed to 
be due to less effective transfer of hydrogen atoms in the dlhydrido species to the olefin. 
This explanation was supported by the observation that &hydrido--alkyl phosphine com- 
plexes lose Hz less rapidly than aryl phosphme analogues. These authors have also re- 
ported on the steric influence of the phosphme Iigands and have shown that alk- I-enes 
are seIecttvely hydrogenated because of steric mterferences of the triphenylphosphine 
hgands. For PI& complexes the selectivity increases in the order H~C=CHCH~ 
> H2C=CHR > H2C=CR2 > RHC=CR2 > RPC=CR2 _ Similar observations were made 
by Hames and Singleton I8 for lrCl{CO) b, and by Chen and Halpern I9 for the same 
compIex. Chen and Halpern pornted out that Ir(CO)(PhIep$)3X is more active toward 
Hz than Ir(CO)(PQ3)2 X, which is attributed to a small amount of species with X- asso- 
ciated with Ir(CO)(PMe2 6)3t- but outside the coordination sphere. 

Wtikinson and colleagues 738 have also reported on the catalytic properties of 
R.hH(CO)(P&),, and its chemistry with CO and H 2 , which 1s more complex than that of 
the chioride. It was used as a catalyst for hydrogen exchange, isomerization, hydrogena- 
tlon, and hydroforrnylation reactions. They reported the reactlons In H2 and CO 

- 
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-L 
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Rh 
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It was also found that RhHL, (CO)2 but not RhL,H(CO) reacts with ethylene, The 
eoordinatron of Solvent was supported by the variation in pRhH and rfi wrth sdvent and 
the lsofation of 

where S = CH, Cl2 or EtOH. Isolation of the benzene analogue resulted in d~~~~p~s~~l~~ 
of benzene as the sofut~on was concentrated. Species I and ‘iI are unstabk out of solution 
in the presence of aa, Nz or vacuum. 

Thus a senes of catalytic reactions are suggested starting from RhH(CO)fP&& 

J?-RH c - 0Icftn 

rsomtlf tratton 

(22 
co oleftn hydraformylotton c 
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I 
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i 

and + 
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Many of these pathways have been proposed by Wilkinson. Oliver and Graham *’ have re- 
ported on I&--ethylene complexes. 

Recently, Shaw and colleagues 21. have examined some higher-valence Rh hydrogena- 
&on catalysts, and have tsolated 
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which is recognized as the active intermedIate in Wllkmscn’s mechanism for hydrogenation 
witi Rh(P@&Cl and H, . Shaw found this dihydndo-Rh complex to be very active it- 
seif in hydrogenating olefins. It is interesting to note that only the PBu$ species could be 
isolated, in agreement with Wllkmson’s work on the stabilization of dlhydrldo complexes 
by alkylphosphines via slowing the rate at which hydrogens are transferred to the olefins. 
Shaw also Isolated 

H 

Cl t L7 
-3 

Rh 

eP H 

which is recognrzed as the Rh II1 chloride analogue of Rh(CO)(P@,), H, intermediate in 
Wilkinson’s work WA RhH(CO)(P@ 3 ) J m a CO atmosphere_ Shaw and colleagues reported 
that thus RhlI1 hydride JS raprdly reduced to RhCl(CO)@‘@3)2 in alcohol and base, thus 
sving the analogue of the compound obtained by Wilkinson and colleagues Shaw also re- 
ported that the Rh ILi hydride catalyzes hydrogenation only in the presence of certain 
bases The results are summarized 

RhC13 * Ph.& Cexcessl 

RhC13 + Pm&R 

C f?= Mea Eth ,n-F’r) 

NaOMe 
EtOH or MeOH 

propon -2-01 

slow -‘/TL 
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H2 

prapon -2-01 

t 
hydrogenation of 
oleflns at same rate as L7 

Cl 

Rh + H2 

L L 

Thus it is obvious that Shaw has Isolated the Intermediates in WrIkinson’s reaction mech- 
anisms, and that the activity of these specres and theu relatlonshtp to RhH(CO)(P&), 
and RhCl(P@,), are explaxned by Wilkinson’s reaction mechanisms A theoretical and 
empmcal investrgation of the kmetic hydrogen isotope effect in catalytic hydrogenabon 
of olefins with RhCl(P&)s and RhH(CO)(P#s)s was reported by Siegel and Ohrt 22 and 
it was pointed out that the overall result of the effect will depend on the kinetic order of 
hydrogen. Thus its effect can be explamed for these complexes on the basis of different 
overall reaction orders for hydrogen. It IS of interest to compare this treatment with 
Wrlkinson’s reaction mechamsms. The rate-deternunmg step for TUIC~(P&)~ 1s of order 
one with respect to hydrogen while for RII(CO)H(P&)~ it is zero. 

Strohmeier and Rehder-Stimwelss 6 recently reported the reaction time and conditions 
for the isomerlzation of I-heptene to a l- 1 cis/lrmzs mixture catalyzed by 
RhHKOMP4 ) 3 3 and RhCl{CO)(PQa), . The results appear to be in agreement with W& 
kinson’s mechanism 7-9 _ 

Wtikinson and colleagues ‘*’ 3 have a.Iso investigated the hydroformylatlon of aikenes 

catalyzed by RhXfCO)(P@&. The principal catalytic species was found to be 
RhH(CO),fPQa), . When th e reactrons start from RhH(CO)(P&)3 alkenes undergo rapid 
hydrogenationat 25OC and 1 atm. 

Hart-Davis and Graham *’ have reported CO insertion rnto Rh-C bonds in the reaction 
of benzyl and ally1 halides w1 th ( C5 H5 ) Rh(CO)P& _ 

Booth et al. 24 reported the hydroformylation of olefins catalyzed by Rh carbonyl 
cluster compounds. They Isolated [RI-L(CO)~(P#~>]~ and RJI(CO)~(P&)~, whch catalyzed 
tis hydroformylatron. Then observations are summarrzed 

Rh.(COJlz - 4w3 
benzene 
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Thus each Intermediate m Wilkinson’s mechanism for the reaction of RhH(_CO)(PQI,)a 
with CO and Hz has been Isolated and shown to be active in the manner suggested by 
~~~i~son. It is interesting to note that ~~H~C~~~~~~~}~ appears to be the primary inter- 
medrate in that rt IS more reactrve and less stable than other species, 

Attndge and Maddock 25 have reported a comparative study of the lnng opening ability 
of vanaus catalysts. Several points are of interest in a dlscussron of Wxfkmson’s mecha- 
msm: (n) second-row transitton metals are the most acflve m a triad white those to the 
far right of the second row usually gve 100% yields; (b) RhH(&!& TS not active for the 
group of Rh complexes reported, but ~~~1~~~) 2 2 is the most active of tie 33h corn- ] 
pfexes. Thus it appears that WxIkinson was unable to isolate [rUl(Co)Cbenzene)(f03)2 ] a 
without decomposrtion of benzene because of the nng opening ability of carbonyl brtdge 
Rh complexes. 

Cassar et al, *’ have reported other Rh bridged complexes whrch cleave the cyclobu- 
tane moiety of the cubane molecule. 

Schrock and Osborn 27-28 have xmfated [Rh(PR3),]*PF6-, Rh(diene)(PR&’ and 
fRhcPRs)e Hz ] * [PFG- 1. Their obse~at~ons can be s~mrna~~ed as 

HP 

t atn 1 25*C 
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- alkene and alkane + RhH2(PR3)P~soIvent)~ 

co 
-[ 1 

+ 
RhL2(C013 

excess 

dtcnc C 1 
+ 

alkene + Rh(dlenelLp 

RhCIL2(solvent) is totally inhibited from activating molecular hydrogen by addrtion of 
Jkenes or dlenes, tvhlle fRhl+ (d lene)]+ is active toward &I2 (apparently two non-tvarrs 
sites are necessary for activation) The activity of either species will depend on solvent ex- 
change rates with hgands. 

An mterestmg application of the reactlon mechanisms for RhCIL3 is found ivhen con- 
sidering addltlon of AH to olefins, where A = SI, B. Ge. Al, etc. One would predict in gen- 

eral the following 
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Corriu anb Moreau 29 appear to have found this in their studies of hydrosilylation and 
hydrogermyfatron of phenylacetylene catalyzed by RhcI(P@,),. They reported a product 
yield of 

from which it cannot be determmed whether A or H adds first to the acetylene or which 
carbon of the acetylene IS bonded to Rh in the mtermedlate, The actual sequence of 
events will depend on sterrc factors of the ligands and substrates as ~41 as on electrontc 
factors, therefore space-filled models ~111 be helpful in solving some of these questEons_ 
Of course, isolation of sigma-bonded acetylene mtermedlates would solve the problem- 

Htu and Rempel 3o have reported /Rh(OCOMe) 2 2 as a hydrogenatron catalyst The 1 
dimer Itself IS a very active catalyst wrth easily displaced solvent hgands occupying termx- 
nal positions of the dimer. Some zsomenzatxon of olefins occurs but the presence of H2 
IS required, Oxygen is converted to water by H2 u-r the presence of the catalyst. Fmally, 
11 IS one of an mcreasmg number of HZ-activatmg catalysts whrch do not require phos- 
phme or CO stabiliang hgands_ 

Catalysis by cobalt complexes IS similar to that by Ir and Rh but varies somewhat be- 
cause of lower and fewer oxrdation states, Pregagha et al_ 31y32 have reported the hydra- 
formylation, hydrogenatron, and isomerlzatlon catalytic activities of various cobalt(O) 
carbonyl phosphine systems It is shown that considerable variation In products occurs 
wrth change m reaction conditrons They have isolated CoH(C0)3PR3, COH(CO)~(PR~)~, 
CoH(CO)(PR3)3, [Co(CO), PRJ 112 and (n-allyl) Co{CO), PR3 from CC&CO)~ /PR3 - 
catalyzed reactions of olefins, and have shown that each is capable of catalyzing reactrons 
between oIefins and Hz or CO with greater stereospecrficity than COAX or HCo(C0)a 
Both Prega&a et al_ and Piacenti et al 33 have suggested the greater stereospecifkrty is 
due to the bulky phosphine hgands. However, because of the stabllizmg effects of phos- 
phrne lzgands on hydrrdes and carbonyls the possibrhty that drfferences u-r ligand exchange 
rates grve rrse to the stereospecukity cannot be ruled out, especially in light of the fact 
that the hydrides have been found to undergo raprd H and CO hgand exchange and mole- 
cular isomerization. All evidence indicates slow, If any, phosphine hgand exchange. On 
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the basis of NMR and IR data for hydnde Iigand m COH(CO)~(PR& the complex 1s as- 
signed three isomers 

while CoH(CO)(PR3)3 is assigned 

H 
L 

A co 
L 

1 
L 

co 

On the basrs of variation of products with change in temperature, H, pressure, CO 
pressure, solvent and substrate, and because of the isoIation of species discussed above 
the authors postulated that the reaction mechanisms are very complex for 
COAX /PR3 catalysts However, the data suggest the following sequence of events. 
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One et al. 34 have reported the catalytic hydroformylation of acryIomtrile by 
co&X&$ in MeOH. 

Taylor and Orchin 35 have studied the is~me~zatio~ and hyd~~~ena~ng activities of 
HCoI(CO)a, In order ta do this without hydr~fo~yl~~~~~, they used cfs- 1, Z-diphenyf- 
cyclobutene, maleate and fumarate, which ha% been shown to undergo hydroformyia- 
tion only by about 5%. The rates of the reactions were investigated and &e tentative con- 
clusion drawn that ~yd~~g~nation of fumarate goes via I,4 addition while that of m&ate 
gaes via 1,2 ad&ion_ 

Otsuka and Rossi ” reported the synthesis of CO(C~H,~)(,C~H~~), which is simrfar in 
properties to that of the hydrides. The complex, however, showed no high-field NMR ac- 
trvity and no Co--H IR bands, It was concluded that-the complex is a convenrent source 
of hydrides but that the complex Itself is not a hydride, Further i~v~stigat~~~ 3’ showed 
that CO(CO)(C~H~~)CC&~) adsorbed CO at -60°C to give the thermally unstable 
CO(CO)(C~IH~~)(C~M~~), which yielded COH(CO)~PR~)~ and CO(CO)(C~H~~)(PR~)~ 
when PR3 was added to the solution. The discovery of CoHfCO)(PR3), completed a 
series of complexes ~~H~C~~~~P~3 )4--n cn = O--4)_ The authors compared the thermal 
stability and protonrc characteristics of the hydrogen figand for each member of the series_ 

Rinze and Noth 38 have studred the reactIon between cyclopentadlene and 

CoH(N, KP# ) 3 3 or COHEN to give (‘CT-C& Hs )Co(P&), and various hydrogenation 
products of cyc~opentad~ene- Their data 38 on this reaction and reaction of bu~adi~n~ 
with CoH(P#s )3 N2 indicate (in agreement wi*h those of Otsuka and Rossi) an ability for 
Co-phosphine systems to coordinate to delocahzed bond systems of substrates, to hydra- 
genate, and to convert to hydrides and/or N2 complexes in a dynamic process 

A novel catalytic reaction was reported by Levitm et al. 3Q, whereby tr~c~aro~k~~s 
were reduced by BI&- in the presence of bls(s~~cy~ideRato)e~y~~ned~am~~ cobalt at 
room temperature. The proposed mecharnsm IS unusual m that the hydride hgand does 
not transfer an electron to the substrate, but reduces the cobalt complex, The mechanrsm 
is given as 

2 Co(Saltn ) * BH4- -BH3 
2 

c 
COCSalcn3 1 H e c CotSc3ren) I - *HO 

Mono- and dichlorides do not react. 
Similar equilibria between Co’, Corl and Corfl and hydride-cob& species appear to 

be involved with the reduction o~vit~in B 12 and its related complexes. Schrauzer et ;tf? 
have reported tie equihbnum 

H”Co’ t H-Co” G+ -H-C+ 

for various B I 2 -related species_ 
Wayfand and Mohajer 41 have reported the reversrble interaction of Cl2 and CO with 

cobaltoporphyrin and vitamin B L 2 derivatives. 
Thus the importance of transition metal catalysis to hydrrde chemistry is apparenr. 

The stoichiomet~, accessibility, and reactivity of the mtermediates are governed by the 



characteristics of the metal outlined earlier, and by sterlc and eIectronic factors of the 

Zigands. 

The ava~lablhty of coordinatron sites IS determined by the number of valence elec- 
trons and by the reiative energies of unoccupied orbitals Aif transition metals except 
Zn, Cd and IY@, can make use of ns, flz - I] d and np orbitals. For Cd and Hg onty IIS 
and ~zp orbrtals are available for coordlnatlon, with the rzp orbit& Iylng approximately 

87 kcaljmoie-electron above the vaIence 5s orbitals of Cd0 and 112 kca.I/mofe-electron 

above the valence 6s arbitais of Hg” 
Even though there have been several reports during the 1950’s of the preparation of 

hydride species of Cd and Wg, with lsoiation below -100°C, there have been no definitive 
spectroscopic data (e g NMR or IR) reported for the products. In hght of the energy 
barriers to the FZP orbit&, it IS doubtful that these hydride species did In fact form. Intro- 
duction of I-I- hgands into the ~oordlnation sphere of Cd” and Hg” apparently gives rise 
to too smalf a chffcrence between the &and &Id stabilization energy and the energy bar- 
rier to the ?zp orbit& to allow stabllizatlon of‘ the otherwise reactive H- Ilgand The ener,v 
necessary for use of the ~rp orbltals in the coordmation sphere of the dlvalent metal is in- 
dicated by the fact that only one p orbltaI is energetxcally allowed in tile coordmatmn 
sphere of or~anomercu~ compounds, and that only stable anlonic or neutral hgands form 
four-coordmate complexes, It shouId, however, be noted that some evidence exists for 
the tise of more than one ~zp orbital rn organomercury compounds4’ 

With regard to oxidatlve addition of I& by I-Ig’ or Cd’, it has been found that neither 

metal underlies chemisorption of hydrogen. Further, a correlatron is observed 43*44 be- 
tween an x_r, + x2 -y2 eIectron transltion ener,T in M(#~PCHCHP$J~)~* and the activa- 
tion energy for oxidative addition of O2 and Hz to the species, where M = Co, Rh and Ir. 
This observation suggests that eIectron promotion from a filled orbital to an empty orbital 
precedes oxidatrve addltmn, and that the process takes less than 30 k~~~rno~e-e~~~tron 
for metal complexes to the left of Zn, Cd and Kg in the Periodic Table The hydride chem- 
istry of Cd and Hg 1s known 45+46 to be associated with a similar process, namely electron 
excitation to tnplet state Cd [S3P1 ] and Hg [B3P1 1. However, the only available orbltals 
for electron promotion require more than 3 times the energy than for Mf& PCHCHP@z)2t, 
m&ich may explarn the Iack of ground state Cd and Hg hydrtdes. An interesting possibility 

which has not been reported would be the reaction of Hgrl or Cd” as the PFi or 8@4- 

salt with molecular hydrogen under condltlons of photolysis. In this case the coordination 
sphere wouId be an sd hybrid into which hydrogen atoms might enter to form M(H),‘” 

. 
species with neutral hydrogen ligands 

There have bieen several reports on Cd/AfzU3, Cd/M and Hg/M catalysts (tvhere N is 
another transition metal or its complex) for hydrogenation, isomerizatlon, hydrogen 
scrambling, etc. of organic: substrates, but the role of Cd and Hg IS not understood. 

The case of zmc is somewhat different, The ease of oxidation and expected lower en- 

ergy of its 4p orbit& raises the ~ssibl~lty of conszderable ground state (in contrast to 
Cd and Hg triplet state) hydride chemistry- The reports by Shrlver et aI. 47 of 
NaZnz(CH3)2 H3, by Ashby and Beach48 of I&Z&-I, and by Chang and Kokes49 on the 
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cfiemisorption of Hz on 200 are therefore nut totaIIy surprising. It is interesting to note 
that Chang and Kokes have observed two types of chemisorption; one which 1s very rapid 
and completely reversible, and whrch reacts readily with ethylene, and the other which 
is irreversible, slow and does not react with ethylene The first mrght be expected to be 
associated with np coordination where the drfference between ligand field stabllizatlon 
energy and 4p orbital energy would be low, The second type mrght be the result of reac- 

tion wlthrn the coordination sphere between hydrogen and oxygen to form water and 
Zn* Vaska and Tadros so have observed similar reactions for Pt, lr. Rh and Ru. The 
Zn* would then be oxidized back to ZnO by air or to ZnHa by hydrogen- 

The importance of ease of metal oxidation (or reduction) is seen not only in the 
hydrrde chemistry of Zn, Cd and I-Ig, but 1s also obvious in terms of expanding the coor- 
dination sphere of the metal catalyst Work by Wllklnson on Rh-catalyzed hydrogenation, 
and by Grundy et al_ ” on Ru and OS, has demonstrated how the ease of oxidation from 
a d” to a d8 to a d6 metal system gives r?se to important varlatlons m the species capable 
of H, activation and elimination of various moleties from organic substrates_ It IS lmpor- 
tant, however, to reahze that ease of oxidation does not always govern whether the metal 
~111 easily undergo “oxidatlve addition”. In thus regard Con& Donati and 
Preaaglta 62 have pornted out that PdC12 will bring about isomerizatlon of olefins by hy- 
droien abstractlon from allylic positions, while PtCl, wlI1 not. If the activated complex 
rn the reactIons of transition metals with hydrogen 1s an electron-excited metal species, 
it cannot a priori be expected that oxidative additron rates would follow the metal oxrda- 
tion potentid rn each case. Nonetheless, the overall redox processes are facile enough to 
be governed in most cases by concentration effects of hgalids, substrates. and solvents. 
Blum and Kraus I2 have indicated such observatrons for IrX(CO)Lz, as have Hames and 
Sm&eton l8 for Rh [P( rz-Cq H, )3 ] 4”_ 

Affiniry for coordinative saturation can also be used to expfam why most stable V&XICC 

states during catalytic activity appear to be those which give rise to a d” , where n 1s even, 
configuration. Levitin et al 39, Pregagha et al. ’ * and Chalk ‘* have observed thrs for co- 
balt Lt is characteristic to note the oxldatrve addition of only one hgand to Rh--dg com- 
plexes compared with oxidatlve addrtion of two hgands to Pt--d”, and the preference 
of the metals for the hydrogen moiety 

Coordrnatlve saturation can be used to explain condensation of metal complexes to 
form cluster compounds Co, Rh and Ir exemplify these properties well. Each has been 
found to form cluster compounds by condensation, where each metal is bonded to an- 
other, thus obtammg coordmatlve saturation for d9 systems by formmg 6” metal dlmers 
or poIymers. Systems such as M4(C0)12r where M = Co, Rh and Ir, and M3(C0)12, 
where M = Fe, Ru and OS, retam their cluster arrangement when CO is replaced by phos- 
phine, and break up only when forced to m the presence of excess phosphine and CO, 
yielding ’ ’ 7 24 for example [RW#&WM~, which IS unstable in solutlcn. Wllkmson’s 7 
observations on the reaction 

are interesting in 13~s respect. The fact that the reaction also occurs when the hydrrde 
species is vacuum-pumped or swept with N2 indicates that condensation occurs because 
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hydrogen IS being removed and a Rh-c? system IS being produced. Similar reversible x-e- 
actions between hydrido-Ir and Ir casbonyI pfrosphines were reported by Malatesta et 
al c 53 and Whyman 54. Booth et al. 34 and Wilkinson found the & dmer to be highly re- 
active in the solid state and stable only under CO rn so~u~iun. No ~~~~tic data have been 
reported for the dimer, such information would allow elucidation of the degree of elec- 
tron pairing between Rh atoms (I e metal--metal bondmg) Even though these dg systems 
are too reactive for Matron, analogous d7 systems are stable enough to be Isolated as the 
s&d in air, White et al. ” have isolated fRh(C5 Hs)G12]2, which is unstable in solution 

but unreactrve in the solid state. Undoubtedly the d7 systems can be isoIated because 
they do not undergo oxldatlve addition. No magnetic data are avaIlable on these com- 
pounds either. In the presence of mrfd reducing agents [Rh(CS H,)CLH] z was isolated. It 
appears that the dimer is prevented from breaking up to form IS-8 complexes because 
of the lack of ligands to coordinativeIy saturate the dS system, An ~~~~res~in~ R.h-d7 sys- 
tem was prepared by Masters et aI. 2’ . A stabIe RhCI,(PR,), species was prepared in 
which the pa~~~a~~t~sm is less than spin~o~~y It arrears that the: M-4’ is obta~~g 
spin parrrng by sume meaRs No molecular wei&t or structural data are avaIlable, arid the 
complex was assigned this structure on the basis of compa~so~ of its fR spectrum with 
that of an “analogous” Pd-4’ system. Interestingly, Rose and Wlkinson s5 reported an 
Rurr anion cluster Rus Cl1 22-, 
paired electron pe; cluster- 

which shows magnetic behavior consistent with one un- 

Co~r~~a~~~ of chemical ac~vitiEs of other tr~sitj~~ metal groups with those of Go, 
Rh and Er is possible within the framework of coordinative saturation, It is of Interest to 
examine first some energy considerationsi of the ability of a metal to chemlsorb I-l,. Bond 4 
has reviewed the reactions 

and showed that except for Cd and Hg they are all cxothermic with the heat of adsorptIon 
decreasing from Ieft to right across the transition series. Bond points out that heats of ad- 
sorptitln are true measures of the metaI”s contributmn to hydrogen activation chemistry. 
while rate and equilibrium data for reactions other than simple hydrogen addiaon to 
metals cannot give a clear, unambiguous picture of metal-hydrogen reactivity. These other 
reactrons are rote-c~ntro~ed by processes which occur after initial adsorption (for corn- 

plexes the rate-determining step may be before ur after), and equilibrium-controlled by 
sferic factors These obse~a~~o~s are in agreement with a number of papers an homo~en- 
eous catalysis by transition metals. In this regard it is important to note that several 
authors have proposed that the most significant srabilizi~g effect of ligands such as PRJ 
is that they prevent substrates from occupying courdinatron sites or prevent coordination 
sites from extracting hydrogen or CO from substrates by occupy~g the site ttself, 

The question of which ligands are involved in a necessary dissociation step to activate 
substrates 56 is far from total efucrdation. There is evidence that for specres such as 
MX2 b in some cases L is drsplaced and in others X‘ may be displaced s7--6s. There is 

also evidence that organic substrates need not enter the Goordi~atio~ sphere to undergo 
catafytic reaction 66--68 _ 



TRANSITION METAL WY DRIDES 283 

I * R=R 

b~~enut~~ 
of ofeftns Qlastcfc 

ccmrdrnatlcm 5phcrc 

H 
L 

- 4 M R 
L 

I f/ 

‘R R= 

L 

*RH-RH - R-R 

4 

I-- HA 

.;ir7 
L f 

M c rscmterrrotron of orcrtns 

I 

A 

l e 

Frg i, Uxtdatwe addtttcm to d’ o metal systems 



284 3 P. McCUE 

Catalysis by Ni, Pd and Pt differs from that by CO, Rh and Ir in that the Ni hydrides 
are more stable titan those of the Co triad. This was atso ~bse~~d by Bond ‘, who found 
the heat of adsorption of Ii2 to be approximately IO kcallmole greater for the Ni triad 
than for the Co triad. Thrs increased metal-hydrogen bond energy appears to be respons- 
ibfe (or vice versa) for the abrhq of NI *, Pde and Pt’ to undergo two-electron oxidative 
addition as ~~31 as the one-electron uxrdative addition found for CO’, Rho and I? Ii: is 
interesting to note the affinity for either W’ or N-, indlcatlng that it is the hydrogen nu- 
cleus for which the metals have therr affinity. This of course is what would be expeckd 
from a simple electrostatic model, or from a quantum-mechanical electron repulsmn 
model 

Two examples of possrble drO reaction m~ch~n~~ms suffice to display how these rnet~~ 
systems can gtve rise to drfferences ur catalytrc activity and still be organrzecl under the 

concept of coordinative unsaturatron (Fle; X)- 
The first mechanism z~ppears m part to have been o~s~~ed by ~eP~sq~~~ ” for 

Ni(P+3)2. The reversible addition of Ha to No has been reported by Cnsser et al. 12, 
while: Green et al 1 ‘O have isolated stabfe Ni hydrides,, as has Tolman ‘. Green et aI, have 
pointed out rhat the thermal stabihty order for the N1 tnad hydrides IS Pt > Fd > NI, 
which folI~~vs the order of energy separatron between the lowest empty mcJlecular orbrtzl 
and highest nccupted orbital, and that stable Nr hydrtdes were the result of buIky hgands 
which prevent georn~~~c defecation, ~~ve-e~~rd~na~~ Ni hyd~d~s were isolated by 
Schunn ?l from addition of I-i” to Nr* La, m contrast to Pt and Pd which form four-caor- 
dinate species. The existence of n-bonded olefins is supported by IR and quantum- 
mech3inicaI studies uo tie chernjs~rptj~~ of ofefins at Nr* surfaces by Shopov et aI ‘@, 
while the existence of aIkyl--Ni ~orn~~~x~s IS supported by ~a~sum~~~ et al. ” in therr 
studies of hydrogenofysis of hexanes by Ma and Pte . 

Certacb et af. ” have reported that Hz readrly adds to PtL3 to form five-coordinate 
species which are thereby ~~st~b1~ even at 40°C in hydrocarbon solvents. The NMR 
spectrum is consistent with the structure 

H 

The same P~LJ reacts with l&U and RCW to sve l?lPtL,” in a reversrble (for L= PEts) re- 
action. CIark and ~ddep~a~t 78 have reported isolatton and reactrons of Pt TV- and S- 
banded hydrocarbons. 

The second methodism appears to be that observed by b&Her et aI. 73 for 
NI(PR~)~(C~H~). In this respect it should be noted that van der Linde and de Jon&” 
observed that Pd~(C~~) e&y loses e~~y~en~ to give PdL,, while Leites et ~1 ” have 
observed that for PdClz(n-R=R) systems the W-Cl rather than the Pt-R=R bond breaks 
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when treated with DMSO or P&_ Further, Conti et al 62 have reported ‘bat DMSO 
stabilizes sr-ally1 Fdir systems_ Nelson et al 76 have shown that PtL, (RCSR’) is,squm 
planar, with loss of acetylemc triple bond character, stabilized by bonding of Pt to two 
carbons on the acetylene_ Clark and Kurosawa 63 indicated that for Pt HXLz hydrogeoa- 
bon of R=R the olefin replaces X wets to H fullowed by hydrogen migrallon+ These ob- 
servatlons and those of Tolman * indicate that the stability of ligands with respect to sub- 
stitution increases in the order H > P > alkene > A- for the NI triad, following the rratrs- 
effect order. Tripathy et al. 79 have pointed out that PtO L_(RzR) converts to P&A, in 
the presence of HA during hydrogenation of the acetylene, 

It is important to point out that hydrogen adds cis to the acetylene go m PtL,(R=R), 
and not rra~rs as reported earlier_ 

The oxldative addltlon of HX to Pd” complexes has been discussed by Kudo et al. ” . 
Lahlonica et al. ” noted that the reactivity of actual d’* ft’ systems with small gas- 

eous molecules and that of formal d’* systems such as M(NO)L3, where M = Rh or Ir, and 
MtNOj2 L3, where M = Ru or OS, was srmdar, particularly with respect to H2 and HCl, 

The similarities between the second mechanism and hydrosiiation of olefms are known 74. 
Bennett and Orenski 75 have reported hydrosllation by N1° and Nili co lplexes with the 
observation that square planar species are more active than tetrahedral ones. Hara et al * 3* 
have reported that Pd” and PdLi phosphines are active hydrosdylation catalysts Yamamoto 
et al 82 have drscussed hydrosliatlon with Pt” compiexes. 

An interesting variation was reported by Dent et aI. 132 for reaction between HSiR3 

and RCOCl In the presence of Pt ill The results can be summarized as 

H 

I 9-7- 
CISIR3 

Pt L2C f2 

./LY 

I 
SIRj 

- CIStR3 

/ 
0 

R-c\H + PtL2c’2 
Carnett and Kenyon 84 have examined the stem effects on hydrogen exchange catal- 

yzed by Ptil, and found selectrvity to be determmed by sterrc factors, They have proposed 
species such as 
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Cl 

for hydrogen exchange on substituted benzene% Lukas and Blom ” have observed that 
ally1 chlorides of more than three linear carbons disproportronate, giving hydrogenation 
products, and did not i ,olate the n-ally1 Pt complexes which were found with shorter car- 
bon chains- 

An Interesting apphcativn of Pt” affinity toward activation of H2 was reported by 
P&Bar and Buchman 86 who used platmum black for general labelmg of organic com- 
pounds by catalytic exchange with gaseous tritium. 

FmaIIy, Pd-hydndes are often the end products of reactions catalyzed by Pd com- 
plexes. Gradam et al. ” have observed this for carbonylation of ethanol by PdC12, while 
Heck *’ made the same observation for arylafion and carbomethoxylation of alefins by 
Pd(OAc)2. 

For transition metal groups to the left of the Co triad it becomes difficult to apply the 
concept of coordinative unsaturation. This arises because of the increasing number of 

vacant d and p metal orbitals. FeO, Ru* and OS’, being the last ds systems, appear to fol- 

low the hydrido and catalytic chemistry of the me tais to their right. 
Greco et al. ” have reported the co-oligomenzation of mono- and di-olefins by 

bis(cycIooctatetraene) Fe ‘. for which the reaction mechanism 

FeL2 + R=CH-_CH=R - R -CH=CH2 

=et2 + R =CH-CH=R-CH2-C~2-~4 



was suggested, in which the similarities to previously discussed ds mechanisms are ob 
vious. Alper et al. ‘* have shown that Fe(CO)5 converts non-conjugated drenes to conju- 
gated dienes via an alkyi hydrido-iron complex as exgzected for d8 systems, md Goodsel 
md Bly~o~der 9i have found Hz, CO and R=R to be adsorbed on rnetaHic iron surfaces 
in a manner expected for oxidative addition of I& _ An interesting application of variation 
m metal d electron configuration to catalytic inversion af configuration of organic sub- 
strates was reported by JoI~nson md Pearson ” _ They reported the reactions 

D-(+)-BuBr f Fe(CC$(CsHS)- - t-(-)-BuFe(C0)2(C~ H,) f Br- 

2 L-(-)-BuCOFe(CU)(P@j)(C, H5) 

CL&O 
- L-(--}-BuCo~ H 

Brz 
- L-(--)-BuBr 4 Br’ 

iIl contrast to IrCl(Co)(Pij!&, w)rere both EZ- and X+ add to the metal in a concerted ad- 
dition with retention of ~o~~~~~~~on at the carbon atom, 

Withm the framework of coordinative unsaturatron, rt is not a priori obvious what re- 
action would take place (rf any) between H2 and d6 metal systems such as Fei*, Rufl 
and Osrl_ For example, electron-unoccupied d and p metal orbit& could act independent- 
ly of the valence electrons by showing an affinity for oniy two electron-donating Iigands 
fe.g Rufl + 2 H- + RufH),), or the valence electrons could act in conjunctron with the 
vacant orbita2s for one-electron oxldatwe addition (e-g_ Rurr -t Hz -+ Ru(H)z2’). 

Wilkinson and colleagues g3 settled thrs question in 1968 with the discovery that 
RuCtZL3 does not actrvate Hz in benzene solution, instead finding that a hydride species 
was formed in the presence of alcohol and Hz. They summarized the reaction as 

RuCIZ L3 + H2 + base + RuClHL, + base. HCI 

rfhe RuiI activates Ha m the presence of base by abstracting an H- @and. James and 
~ar~arn g4 have reported similar results and indicated that the hydride species is a po- 
tent&l hydroforr-nylatron and hydrogenation catalyst because it coordinates CO and R=R 
to form octahedraI complexes_ &lades et al. gs have isolated Ruf-l, L3 and found it to be 
even more reactive toward coordination of CO and N2 than the hydrido-chloride com- 
plex- Thus the electrons of these d6 metal systems and the empty orbit&s appear to be 
independent of one another for reactions with Hz _ This trend is followed in other reac- 
tions; Sneedcn and Zeiss Q6, for example, repo rted that Aky4 iron (and chromium) com- 
pounds react in the absence ofHz with olefins, dienes or acetylenes to give hydrogenation 
products where there 1s a transfer of hydrogen from tic alkyd group bonded to the metal 
tu the complexed olefirt, dlene or acetylene. They summa~zed the obsc~a~l~~s as 

(R-CD~--CH& Fe(S), - DFe{RCD, -CH2)2 + RCD=CH2 

okfins 
B- 13Fe(RCD2CH2)2(oIefin) + 

WR’332 -I212 C~Wf - Fe(RCD2C&) t- deuterated olefin and RCD=CX, 



from which rt appears that only @and electrons are involved, and D- is transferred Su 
and Wojcicki ” reported sir&far observations Nwhtguchi and Fukuzumi g7 reported an 
interesting study where drhydroxy-benqrres were found to be better hydrogen donors 
in ~orno~en~~us hydrogenations eat~~yz~d by F&X* L2 than were afcahoIs_ The order of 
mcreasmg activrty for the catalysts was FelI > CcJr > Nrfl and Cl- > Br- > I- for X. The 
nnplicatron of these observations is not clear wrth respect to what has been discussed 
above. An observation whrch rs cfeady in disagreement WI& the apparent (relative) un- 
reactEve nature ofvaIence eIec’trons rn these MI1 systems (as compared to the NI triad) IS 
the protonatron of (C, H5)2 FeIi to give (C, H5)2 FeEit”. However, rt appears that protona- 
tion of the me&I does not occur, but that [(C5 H5 )(C, H6) Fe]’ 1s formed. Besides the 
fact that the hi~-~~~d NMR shows a peak only at 2.09 p p m. whole other protonic hy- 
drides peak at much h&her fields for trarrsrtron metal complexes, Hawthorne et al ” 
have found that no hi~-~e~d NhqR is obs~~~d for analogous systems which cannot under- 
go protonatron of the hgands 

~~~ckn~ore et aI *** have recently dIscussed catafyt~c poIym~rization of olefins, and 
have mdlcated that fur RuHL;!(C, H5) and acetyIenes the reaction may be 

(C, H5 )RuHL2 2 CC&) RuHL(n-R=R) 
= 

* (C, Hs) Ru+HL(a-R=R)- = (C, H&)Ru+HL@R=R-R=R)- =+ etc 

+L -L 
jY 

(Csi&)Rt& (o-R==R) 

rather than by the rne~~~an~srn for oIefins 

L,,M(R) + R’=R” + L,,MR(n-R’=R”) - L,,M(R’-RI’-R) 

One questrorl which has not been answered with regard to these d” systems 1s how 
~u~I*~~~~)~ rsomerizes ofefins of a ~o~rd~na~~v~~y saturated RuCf2 L,(R=R) IS formed 
ft is rnterestrng to note that Lyons “I has found that the usual 2% rsomerization of ole- 
fins wds increased to approxrmately 3 1% rsomerrzation for 4-vmylcyclohexene when O2 
was bubbIed through the pure of&in before addition of RuC&La Further, the rsomerrza- 
tron yield Increased to 63--75% when a hydroperoxrde was added to the reaction, and to 
9976 when an olefin solutron contaminated with accumulated hydroperoxides from arr 
was used. It appears that the isomerizatron proceeds vra olefin, 0, or peroxide coordma- 
tron to RG. foIIowed by H- abstraction fro-m the olefin to the oxygen hgand, In thrs re- 
gard several observations are of snterest 

Khan et al. lo2 have reported the a~t~v~t~ol~ of 0, by Ru~I~(A~~~)~ at room tempera- 
ture and 1 arm to give RuC~~(AS~~)~(O~), the oxygen complex bemg paramagnetic with 
two unpaired efectrons, This is m contrast to the d8 and d lo systems, whrch form dra- 
magnetic complexes with Oz. On passing H, through the oxygen complex the O2 hgand 
rs d~spIa~~d to give a hydrides the reactmn being reversible, whlfe CO dispfaces 02 zrrevers- 
ably. CoIlman et d. ’ O3 have pointed out that O2 adds via oxidative addition to Pt, Co and 
fr complexes to pve diamagnetic spee~es with metal--O, structures such as 
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0 

M’I 
‘0 

Thus it appears that for RuC12 L,,(U2) this trran@e structure IS lost, that the M specrcs has 
not been fully oxidized, and that tkre O2 &and activates hydrogen abstraction from the 
okfin. Davies et alI, lo4 have reported an anafogous reaction 

,..,*~“H~W.“, 

\ / o-o I 

3+ 

The use of Rt.8 and C&r catalysts for hydrogenation is known ‘OS, and their activrty IS 
more hke that of Rh[ than RuiE. 

A questron which remains is why the O2 hgand does not become an active oxrdrzmg 
spee~es Thus has been shown by Coflman et ai lo3 for dS and dl” systems, and by James 
and Ng ‘06 for RhK catalytic oxrdation of CO Itgands to COz, by Graham et al- lo7 for 

O2 oxidatron of P#3 to P(O@)s in Ru(~~)X(NO)(P+~)~, and by Kl~r and Furukawa lo8 
f’or catalytic oxidatron of CO by O2 in the presence of RhCl(CO) L _ Calhgaris et al ’ 09, 
however, have indicated that for Co complexes brrdged by Oz the metal centers change 
gradually from oxygenated to oxrdized forms, depending on the ligands fended to cobaIt 

As well as having an affinrty far 0 *, coordinativeiy uns~~urat~~ metal systems have 
been found to coordrnate N, . These molecular nitrogen camplexes are of interest to 
hydrrde chemistry for several reasons: (a) the simrlarity of NsN, CO and olefins, (b) Nz- 
coordrnated complexes are belreved to be reaction intermediates in metal hydrrde forma- 
tion in the presence of h>rdrazine or NH 3, and (c) ir has been postulated that ccxwersron 
of Nz to NH, must proceed throu& a hydrrdo-molecular nitrogen metal complex 

The slmrlaritres between Nz and CO and their possible rclatron to the chemistry of 
coordmatively unsaturated metal specres has been recently treated by Darensbourg 1 lo _ 
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One of the most informative studies of the bonding in N, has been reported by Leigh et 
al ” ’ . . They studied the electron density drstribution in the N, hgand by electron emis- 
son spectra from the IS nitrogen orbitaf. Thezr resufts indrcate that for ReI-N, com- 
plexes there is a 0.4 atomic charge unit difference between the meta&bonded nitrogen 
and termina! nitrogen, with the termrnal nitrogen being negative. in the case of Rerl--N~ 
complexes the charg,e &fference has decreased to 0 2 atomic charge urnts and both nitrw 
gens are more posrtive than in the Rer case Also shown was a correlation between vNGN 
(r.e, molecular nitrogen stabbing} and charge difference of the two nrtro~ens The 
ReI-N2 complex was 80 cm -t lower in energy than the ReII-N, complex, indicatmg 
that for non-bridged M--N2 species the lower the VN+I, the more negative (i.e. basrc) the 
terminal nitrogen, Maples et al. ’ I2 have reported that the ease of Nz displacement from 
OsJI-N, complexes by S, I reactions mcreases as the YN=N increases and that both in- 
crease as the baslcity of other ligands decreases, They also point out that ligands cis to N2 
have approximately ten-fold more effect on r+N than those tram. These observations 
are in agreement with those of Darensbourg, who found the group dipole moment deriva- 
tives for N+ in Osfl complexes to decrease wrth decreasing basicity of the other ligands. 
Also in agreement with Lergh et al_ If I, it has been found rL3 that OS--&’ molecular mtro- 
gen complexes are more stable toward N2 elimination than OS-& systems, and 
Ru-8’ is more stable than Ru-8’. It has also begn observed ’ I4 that for Re-@ systems 
vNSN is approximately 80 cm-’ greater than values for Rd--@ systems, as welt as for OS, 
but more interesting was the ~bse~atlon that vNSK decreased from ap~roxlmately 
1930 cm-’ to as low as 1630 cm -r by forming a N2 bridged complex between the Rel 
species and an acceptor molecuIe which has vacant d-orbrtals aviulabIe to accept bonding 
n-electrons of the di-nitrogen molecule. Thus two methods of weakening the N=N bond 
have been reported_ (a) mcreasrng the negative charge on the metal and thus increasing 
the abrhty of the metal to back-donate electrons (via n-bonding) to the N2 antibonding 
orbit& and (tr) formation of N,-bridged complexes which allow vacant metal orbitals 
to overlap wulth NzN n-electron density- The first method is of interest in hydrrde chern- 
istry because it may lead to a su~~~i~~tIy negative termmal nitrogen for transfer of hydro- 
gen from the metaI to nitrogen via srmuftaneous molecuIar nitrogen bond rupture, Even_ 
though a number of hydrrdo-metal complexes of N2 has been isolated I”, facile reduc- 
trorr of N2 to NH3 has been limited to reactions involvmg Ti compler where both 
mechanisms (a) and (b) may be involved. Chatt et ail. ‘I6 have shown, contrary to previ- 
ous reports, that neither mane nor dr-nudear Ru fI-N, complexes catalyze faclfe reduc- 
tlon of& to NH, by common reducing agents in aqueous soiution. 

The M-NrN structure has been proposed and demonstrated by a number of reports, 
among them the recent X-ray study by Davis and Ibers lf7_ Hydride-metdl--Nz systems 
have also been known for some time, with that of ~~~oto et al. r ’ 8 being among the 
more recent reports Finally, speculation as to the relatronship of “Iab bench” fixation 
of N2 and in vivo ftiation of N2 has gone on for some trme. Rudler et al. I1 9 have dis- 
cussed thrs concept recently, and perhaps then most important comment was that in viva 
N, fixation occurs under ~ondi~ons ~ompatibIe with hydr~ge~~~i~n. With regard to Fe, 
which is present for in vivo systems of N2 fsation, Bancroft et al, I” found the order of 
Nx bond weakening by coordinatron to the metal to be greatest for Fe and least for Ru, 
in the Fe triad.. A similar order of Ist > 3rd > 2nd for other metal triads was also observed 



(vi) WI and Cr triuds 

Perhaps the most compkx group of metals from a catalytrc and hydtido chemistry 
pomt of view is the Mn triad. Here rt is not cfear from the concept of coordinative unsatu- 
ratlon which of three possibllrtres, viz (a) as for Fe if the vacant d-orbitals act indepen- , 
dently of the valence electron system and the electrons are relatrvely inert with respect to 
Hz ;(b) as for other odd electron systems te _g,. Rho), the MnO and Mnff sysrems activate 
Hz by comporting their coordmation sphere through electron pairrng wrth H-; (c) a com- 
bmat~on of (LZ) and (b), is responsible for the hydride chemistry of Mn’ and MnlI. 

Tamura and Kochi 12’ have examined the catalytic decomposrbon of R2 Mn species 
and found evidence fhat alternative (c) is most applicable The fact that MnHR, Mn& 
and MnE& species exist indicates tlnat elecbm pairing to chain coordinatwe saturation 

IS not the overwhelming energetic requirement. The unpaired electron of Md’ and MntC 
may act as a catalyst fo: activation of Hz but the equrlibrium wilt be profoundly affected 
by temperature and the energy required to produce H-. They have found all WMnR and 
RMnR’ (as well as Mnff, ) to decampose to Nn ’ _ Of partrcular interest kvere their obser- 
vatians that hydrogen eltminaticln from R depended on the basicity as wet1 as steric char- 
acter of the substrate, and the fact that transrtron metals such as Fe, Pd, Co and Nr 
shortened the rnduction perzod for actrvatron of H2 and elrmination of H* from R by Mn. 
These factors mdxate a need for revaluation of heats of adsorptron of Hz on metal sur- 

faces in order to have a metal by metal comparison of each transrtion metal’s affinity for 
hydrogen_ Booth and Hargreaves f22 observed that HMn(CO), adds H-Mn across the 
triple bond of MeCO-CS@, and Lever and colleagues 123 observed that the hydride re- 
acts with 

F F 

F F 

to give 
H 

F 

b F 
G33l&4n 

F 
F 

F2 

Debbie I** found the main reaction between PX(CF a ) 2 and HMn(CO), gives haIogen 
substrtution of hydrogen. DeJong et al. “’ found the favored product of neutron-irra- 
diated C5 HS Mn(~~~~ was HMn(C~~~ _ 

One question which 1s unresokd is the stereospecifkrty of Mn ttlad catalyttc reactions. 
There are several indrcatlons that in hydrogenation, for example, the metal plays a signlfi- 
cant role while flgands play a secondary role, Ejennett and Watt i33 have found that 
~~-hyd~do-o~e~~ complexes undergo intr~ole~~~ar ~y~r~~enat~o~ of the oiefin via 
Markownikoff addition whole Re complexes go via anti-Markownikoff addition. 

For the Cr tread, the valence electrons appear to be even more independent of the 
empty d orbitals with regard to hydnde formation than for Fefl. Hydrogenation by 
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(C, HS)P Crrr has been achieved only by thermal processes, and more recently by photo- 

Induction 1 ’ 6 with Cr(CQ)S. In contrast, hydrido species of MO have been achieved m 
the presence of base 127+ The reaction 

(C, H&WMe2 + 3 E-ICI -+ (CsE&WC12 + 2. CH4 

has been reported, which is contrasted with the protonation of W and MO chhydndes, It 
has also been pointed out that W reacts vra four-coordinate species, mdrcating mcreae 
m energy between valence electron orbitais and vacant orbit& relative to metals further 
to the right of the Perrodrc Table The fact that these metals form unstable molecular 

oxygen complexes ’ ’ 9 may, however, open new possibilities for hydrogenatzon by a 

mechanism similar to that for Ru. 

(vu) Ti triad 

In coming to the V and Ti triads, we return to metal systems which are very active 
toward H2. This 1s usually explained by the greater ease of oxidation of these metals. A 
comparison of H2 adsorption by metals with that of then zero-valent complexes makes it 
apparent that both ease of oxidation and relative energy differences between valence 
eIectron orbitals and vacant. coordmating orbit& contnbute to the reactivity of these 

metals toward HZ. Further, rt appears that the ease of oxidatron is more important for 
metals to the left of the Perrodrc Table whrIe lower energy differences between vacant 

orbrtals and valence electron orbrtals IS more Important for metals to the r&t of the 
Perlodlc Table. 

The early transltron metals have received less attention than the later metals This IS 

due to the strong oxygen affinity which the metals of the SC, Ti and V triads display 
Thus affinity has limited the aqueous chemrstry to various oxxdes or fluorides, has made 
physrcal and chemical data on the metals questionable. and has complicated the role of 

solvents in SC, Tl and V organometalhc chemistry. The restnctlons on the Ti trrad chermstry 
are reflected by the heats of for-matron grven m Table 1. 

TABLE I 

Heats of formation of Tl tnad compounds (kcal/mole) 

l-1 Zr Hf 

wo, 1 -218 -258 -271 
(Ml-,) -370 -445 
(MC’l,) -179 -230 

Ionization potential +i58 t158 + 160 

However, in the absence of oxygen and fluoride species these metals have complex 
physics and chemistry Thus arises from the ease of oxrdation and the abundance of vacant 
valence orbit& which the metals display. For example, both 36 and 4p Ti orbrtals, as 
well as 43, are energetically accessible by &and and metal electrons. Thrs is demon- 
strated by the existence of some octahedral titamurn complexes in which symmetry 
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requires *e use of 4s, 3d xz _ y2, 3dZ, ,4p,. 4pp, 43 metal orbit& in bonding to hgands 
Thus complexes such as LiztCS I&)* Ti(o-C, H5)4. as well as &TIF,, have both p and d 
metal orbitals energetically accessible at room temperature. In examining the tetrahedral 
symmetry requirements (most TL complexes are tetrahedral), it 1s seen th$ both 4s, 4p,. 

4~54~~ and 4s, 3dxy. 3&, 3d,,= are symmetry-allowed metal orb1 tal configurations, 
and it is usually assumed that both configurations contnbute ta the actudl bonding sltua- 
t10ll. 

it 1s obvious, therefore, that coordinative saturation is not as easrly determined for the 
early transitlon metals as for d8 systems. Whether a tetrahedral &and arrangement or an 
octahedral one represents “coordinative saturation” for Ti met& will be deterrnrned 1t-1 

first order by electrostatic energy conslderatlons (i e. electron-electron repulsion, 
electron-nuclear shielding, and electron -nuclear penetration) which m turn ~~11 be af- 
fected by metal oxidation state and ligands. It is important to pomt out that oxldatran 
effects are not the same for the early metals as for the later metals With the later metals, 
addition and elrmination of metal electrons affects coordinative saturation via a “matter 
effect” by makmg available empty orbltals, while for the early metals the addltlon and 
elimination of metal electrons affect coordmative saturation via an “energy effect” by re- 
moval of orbital degeneracy. 

The best known consequences of the many energetically accessible vacant megal orbit& 
are the magnetic propertIes of these metals and their complexes. The magnetic suscepti- 
bllrty of tltamum metal, for example, 1s + 153-O X 10m6 cgs units at 293°K and 
+ I50 0 X 10-’ cgs units at 90”K, which is greater than that of rhodium metal at 
-tlll.ctX lo+ cgs units (298OK). Thrs expected paramagnetz character of Tr* may be as 
important to the activation 
reactlon mechamsm 1s 

of H2 on tx tanium metal as the ease of oxldatlon, If the actual 

Unfortunately, the existence of mterfermg and tenacrous oxrde, carblde and nitride sur- 
face coatings on tltamum metal makes comparison of kinetic data (particularly activation 
energy) with other transition metals difficult- In most cases activation of Hz by TI metal 
has been studled at or above 30O”C, and rt appears that this temperature 1s necessary be- 
cause of surface coatings The chemisorption of Hz on Tr metal has been reviewed through 
I968 by Mueller et al ’ 35 - They indicated that one study was carried out between 24 and 

360% and that HF(T&) = -29.5 kcal/mole at 298*K These data, however, appear not 
to relate to chemlsorption of Hz. Hall and Hope ’ 34 have studled the adsorption of I-i2 
on Ti film and sponge at 74- 154*K and found the thermodynamic data to suggest a 

“physical adsorption”. They postulate that chemrsorption is prevented by surface coatings 
on the metal Further, Bond4 has indicated that the heat of adsorption of H2 on Tx metal 
is in excess of -5O_Cl kcaljmole, which indicates that the -29.5 kcal value IS too low for 
chemisorption by the metal. However, since both H, and N2 are “physlcally adsorbed” 
by film and sponge at 76-154”K, rt becomes difficult to defme “physical adsorption” in 
terms other than chemical bondmg. In this regard it 1s interesting to note that T102 
has a magnetic susceptlbslity of i-5.9 X lo-” cgs units at room temperature and TIC 
+8-0X lo-” cgs units, Further, ‘*pure” T1 metal proceeds to adsorb H2 and form TIHz 
via a number of non-stoichiometric metal/hydrogen ratios. Thus studies of H, adsorption 
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on Ti suffer from pooriy deFIned chemrcd systems and the possibrhty of Hz chermsorp- 
tion by TIO, or TiC. Adsorption by TQ is strongly reminiscent of Hz chemrsorption on 
ZnO. 

~o~etb~less, the ~~~tarnlnat~~~ of freshly prepared Ti metal by hydrogen as web as 
oxygen and nrttogen is indrcative of the affinity for Hz which the metal displays. 

Like the metal, Till has two unparred electrons in 3d orbit&s and displays paramag- 
netic susceptibilities as indzated in Table 3 

TABLE 2 

Since magnetrc susceptiblhty data for TI metal are subJect to the same chemical prob- 
lcms as therm~dyn~lc studies of Hz ~hernls~rp~~~ on Ti metaf, tt 1s interesting to com- 
pare the magnetic susceptibrhties of various oxygen--Ti systems (Table 33 with that for 
the metal f f 53 X 1 0w6 cgs umts). 

TABLE 3 

M agnetlc suscep tlbdi ty of TI -wiygen systems ” 5 

Susceptrbrlr ty Temperature 
(cgs Lm1ts x lo+) (oK) 

T& 0, +152_0 382 
Ti, 0, +125 0 m? 

TJOd (perixJdc) +I32 4 248 
no, + 59 298 
Metd +153-o 298 

Hydride-Tl chemistry has been mainly an “afterthought” of work on mtrogen fura- 
tiotl (to be discussed later) by low-valent organometahic Ti complexes Clark ’ 36 has re- 
viewed the orgauo~~t~l~c chemistry of TX up to 1968. There appears to be no report of 

Tie organometalhc chemutry, while most work has been connected with {C, H&Till. 
This compound has been reported as the product of a number of reactIons. Clark revrews 
the foIlowing four 
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toluene 
(CgHs)2TK12 + 2NaHg - so”c (CsH5)2Ti + 2NaCI + Hg 

THF 
(CsFI&T~Clz -I- 2NaC,,HS - (C,H,).T1+ 7-CloHs f 2 NaCI 

(3) 

(4) 

while Snntzinger 13’ discusses the following two, as well as the above four. 

WsW2TiH2 

spontaneous 
l H-TifC5 H5)* 

at room temp 
-_I(H--T~(WW&_-~ 

ether solvent 
B(GH&Ti + 6 Hz 

toluene 
H--Ti(C5H,),-[H-Ti(C,H,),],-H - KC, WJi12 + f H2 

W 

The product from reactlon (4) can be sublimed at 1 W2 mm Hg between 100 and 140°C, 
and is a dark-green pyrophonc, dlamagnetrc material, 1~1th a decomposition point at 
200°C. It 1s reported to be a dimer in benzene and a catalyst for polymerization of ole- 
fins. It also releases H, from water and forms 1: I etherates of hvo forms, a green para- 
magnetic form and a brown dramagnetic one. 

Brintzinger and Bercaw ’ 66 more recently have shown that the product from reaction 
(3) should be formulated as [(C, H,)(C, H,)TlH] 1 rather than [CC, HS)ZTi] I _ The hy- 
dride structure was confirmed by its chemistry in the gas and liquid phases, whiie solid 
state IR showed a v(T~<$>TE) band at 1230 cm -’ _ No NMR data were given_ The hydride 
hydrogen is shown to arise from an a-hydrogen extraction of (C5H5) ring hydrogen, 
which merely puts this TI complex on the long hst of transition metal complexes which 
undergo intramolecular rearrangement to hydrides However, this may not be the reason 
for the rearrangement* Tebbe and Parshall 163 have prepared the Nb and Ta analogues 
and Guggenberger and Tebbe ‘M have determmed the crystal structures. The structure of 
the Nb and Ta complexes 1s 

and by analo,v, that for Ti would be 

The dihydnde bridge for the Ti complex and terminal hydride structure for the Nb and 



Ta compiexes is supported by their “h1_H. which for “cl IS 1230 cm-’ and for Nb 1s 
1680 cm-’ 

Brintzxnger f 38 has reported a slmtlar Ti *fr hydrrde, [TI(& H,), H ] 2, produced X- 
cording to the reaction 

etkter 

However, ~~n~iug~~ ’ 37 ~~~s~~g~~~ -the structure as (C, H~)~TI& ‘on the basis of EPR 
spectra. Thus the hydride is contrasted with the chloride [(C, H5)2T~Cl]2 ) which IS m 
thermal equilibriums with 1% m~n~rner. ~~n~~~n~~r porn& out that the hydnde IS expected 
to display structural surnlarity with (C, I-is)* MoH and (CgH5)2WHZ 

N=worMo 

where the metals are rtssumed to have formal tetrahedral symmetry The tivo species dif- 
fer, however, m that the two electron systems of 1V and MO have been reported to react 
with H* to gave (C, H& NHS, while the one-electron system of TzIII releases H2 fn 
these reactions to form Tr Irr hydride, Brmtzinger pomts out that the solvent plays ark 
important colordinatlon and hydrogen donation roIe For example, etherates or alkoxy com- 
pfexes of Tirr are formed in ether solvents, and catalytic cleavage of ether solvents 1s the 
source of hydrogen for hydrrdes in the absence of RM@. Unfortunately, no NMR data are 
~va~ab~~ for these ~y~~~~s because of paramag~eti~ ~~gradat~~n and side reaction prod- 
ucts. Spectral characterization therefore has been hmrted to EPR and IR work, 

Kenworthy et al, ’ 39, m resolving the EPR spectrum of the Trm hydrrde, confirmed 
the structure as [(CSH5)2TiHz‘j- and located the unpaired electron m a S$ atomic 
metaf orbital Iymg atong the syrnm~t~ axis between the (C,Hs) hgands and bisecting 
the TM2 angle. They also detected the counter-ions, Mff+, and found that an going 
across the series from Na to AI the TrHz angle steadily decreases. This was explalned m 
part by postu~atlng that the preferred cation site for LI+ and Na” IS well off the z axis 
and close to one or the other hydride l&and, with rapId exchange between hydride sites- 
On tile otfter Xtand, Mg2” atld A13’ are clasc to the z axts. 

Brintzmger and Bercaw I40 more recently reported that [(C, H,),TtH] 2 could be pre- 
pared from TI(C~H~)~(CH~)~ and H, in solid state reactions, whtie m the presence of 
solvent the dark-green [(C,H,)(C,l&)Titif 2 is formed instead of the violet T,IEf dihy- 
dride. The violet product is OF ntargmal st&iiiry and oxidizes expIosiveIy irm ax. !V~th con- 
tact of hexme of toluene soivent it decomposes to a brown& solubon at taom tempera- 



ture, As a solid, the violet product IS stable under Ar or below room temperature_ The 
solid wrll slowly convert to a green product, which may be accelerated by contammates 
When heated m vacua at 150°C it loses II, per 2 TI and 1s converted to the dark-green 
f(& Hs) (C, I-I,) TiH] 2 species. 

Marvlch and Bnntzinger 14’ reported that reactions (5) and [6) lead to [(CGIi5)~Tr]~. 
the product m ether solvents being a nondescript dark color wrth no rndrcatlon of the 
rritense green color of [(Cs H&C, &)TlH ] 2 - The IR spectra obtained rn toluene show 
no v(TicH, ‘%Tl) band and Instead gwe a smple spectnm wth two strong bands at 790 
and 1010 cm-’ When the toluene soiutron IS heated to fOO°C f(C, H,)fC, H,)TIH]. fs 
obtained The product in ether solution reacts wrth CO irreversibly to give 
G I.E& TrCCO)z and reversibly with I-I2 at 1 atm. The amount of l-I2 adsorbed 1s not 
stoichiometric. When ezther the toluene or ether solution is Ieft 1~ contact with c)z for 
several hours at room temperature, a complete scrambling of deuterium and ring hydro- 
gens occurs. The product of reactrons (5) and (6) 1s unusual u-r that rt does not rearrange 
to EGWGH4)T*Wz, and thr;t it does not react with ether solvents As well as 

Brintzinger’s discussron of the reactivity of Ti complexes toward etheral solvents, van 
Tamelen et al. r4+ have shown that TIE1+ TlIIl and TrrV species react with carboxy corn- 
pounds such as alcohols initIaIly to form alkoxy--Tr compounds and finally to form TrC& 
-ad organic free radicals+ Ichlro et rrl. L43 have reported the reaction between TrC14 and 
&Cl4 and cyclic ethers to give Tr and Zr alkoxides 

famish and 3r3n~l~ger’s fo~~Iation of the product from reactions (5) and (6) was, 
no doubt, based in part an Bercaw and Brmtzmger’s 144 observatioins for f(C&&j&‘If~] 2. 
In attemptin, * to further conf%rn that [(C5HS)2T~] 2 rearranges to [CC, H,)I(C, H~)TIH] 2 
via cY-hydrogen extraction, the authors produced the penta-methyI derivative by the reac- 
tion 

The red-bruwn cryst&rne product cannot be kept at room temperature under Ar without 
decomposition, and is light sensitive. Toluene solutions of the product rzadrly and irre- 
verslbly absorb 2 moles of CO to give [C5(C133)5 ]2Ti(C0)2_ The IR spectrum shows the 
Ti center to be a better electron-donating species than in (C, H5),TicCO)z _ The red-brown 
product absorbs Hz reversrbly *W giving a product with rH = 9-72 p.p_m_ The hydride 
loses Hz at room temperature under vacua but not at -80°C. The stoichlometry of these 
species IS supported by mass spectral results 

Analogous, if not identical, hydride species appear to be involved in the catalyric con- 
version of Nz to NH3 by Ti complexes. Vol’pin et al 145 have shown that (CsH&TiC12 
catalyzes this reduction in the presence of Mg and MgIa! . A ktnetlc study r4’ indicates 
that XIV, when mixed with Mg and MgI;!, is reduced to (C5H5)zT~X and then to 
(C5Hs)zTi in a benzene-ether solution_ (CsHs),Ti then reacts with excess Mg to grve 
CCC&l&W-~ which rearranges to a hydride The [(G513s)ETlf- species is proposed as 
the active catalyst for N2 fiiation. A later study 146 showed that a hydrtde forms from 
(C5Hs)2TiC12 when Mg and Mgiz is added in the absence of Nz 7 and that the hydride 
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ligand is extracted from the (C5Hs) ring and not from the solvent. The evidence mdrcated 
that a species of tile type (CSH5)(CsH4)T~H- is formed. lit 1s afsoi mterestmg to note 
that Vol’pin and Shur L47 reported that both TIC& and fCSW5)2TiC12 we cap&k of 
reducing N2 after reaction with RMgX 

Van TameIen et al. ‘48 havrl reported the following 

TiCI4 i- 2 KOCH(CH,)(Cr-r, CH,) * TX& Cl* + KCI 

N, 
d TiR&l + NH3 
ether sofvent 

Vdous potassium alkoxy systems were used with no change in the reactlan. However, 
when the reaction was carried out in xyiene rather than ethereal solvents the NH3 pro- 
duction dropped by an order of magnitude Thus if was ccrncluded that the ethereal sof- 
vent is the source of hydrogen in production of NH3 Further, the aiko,uy species was 
just as essential to NH3 production as Ti, N 2 or K. Without it no NH3 was produced. 

Van Tameten et al_ 149 have afsa reported the f&fowing. 

hffost rmportant is the fact that reduction of N2 occurs even in the presence of Oz. Using 
atr as the source ofN2, the yield of NH, was reduced to h-alf, but was still appreciable at 
2144% conversion_ Thus it appears that either A resists attack by 0, or that a new, less 
(but SW) active, oxy-Ti species is produced. 

The [&&)(CSH4)T~H’jz system has been examined by van Tamelen et al_ *$@, and 
found to absorb N, reversibly to form a molecular nitrogen-bridged 3’1 dlmer. Srrnilar 
behavzor was observed for Ti(OQ, but when R t;uas unsaturated the reaction did not 
take place This was attnbuted to internal coordination of Tr with the n-electron systems 
of R, Treatment of the Ti-N* dnner with excess &a naphth~ide and subsequent hydrol- 
ysis gave IQ& _ The IR spectrum of the Tz-Np system gave z-&-N = 1960 cm-’ _ FmaIly, 
the source: af hydrogen for NJ& when usmg Ti(OR& has been confirmed as the ethereal 
SdVHlt_ 

Zucchim, Albizzatl and Ciannini ’ 51 have dIscussed Ti(CHz C6 Hs)~ and 
Zc&& C6 I-I&. These compounds shaw unusual thermal stabiiity, with the Zr system 
more stabfe tian Ti. The thermal stah~i~ of ha~~gen-su~s~~tu~ed b~nzy~-T3 deri~at~ves 
decreases on going from Br to F, while the stability increases with substitution by alkoxy 
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ligands. In fact the stabrhty IS dramatic, with a ?O-fold increase in decomposition rate 
for the tetra-benzyl compound on heating from 25 to 60°C whiIe there is no tncrease in 
decomposition for the dl-alkoxy denvatlvc. Both Ti and Zr tetra-benzyl complexes acti- 
vate Hz at or above 5O*C to release toiuene, but the Zr complex is far more reactive in 
this respect. Both catalyze hydrogenation of olefins at 0°C and 1 atm Hz, which are con- 
ditions under whrch no noticeable reactron with hydrogen of the complexes alone occurs 
Most surprising IS the absorption of two moles of CO2 at room temperature to give phe- 
nylacetic acid and tribenzylcarbinol after hydrolysis It was proposed that reactlon occurs 
by addition of Ti-C or Zr-C across the C=O bond in a manner similar to RMgX addition 
to carboxy’iic acids. However, a sm-coordinate metal species M(R),(C02)2 cannot be 
ruled out at this time. This reactlon is faster with Zr A slmllar reaction between Pd and 
CO2 was reported by Atkins et al_ IS2 These tetra-henzyl complexes and their derivatives 
are known to catalyze polymerization of olefins, and both Ti and Zr specres are active to- 
ward isomerization of oiefins For isomerization, however, the Zr species requrres photo 
induction. The actual catalyst is shown to be a tnbenzyl Zr hydride which requires photcF 
induction It 1s assumed that a more easily formed and more reactive hydride is involved 
in catalysis by Ti. Exposure of tetra-benzyl Zr to light gave a diamagnetic tnbenzyl Zr 
hydride even at -70°C in toluene, The structure of the hydride was determined by ana- 
IyticaI data with no detectable Zr-H bond m the IR or NMR spectra- Irradiation of the Ti 
species at -78°C gave a Ti*Ix species without detection of a hydnde Intermediate. 

James et al ’ 5 3 have mvestlgated hydrido and bromuhydrido derivatives of 
(C, F-Is),MIv, where M = Ti, Zr or Hf. The TilV complex reacts with LiB& to gve violet 
(C, Hs)2TrBH4. The physrcal data suggest that it should be formulated as 
[(C5H5)2TiH2]- @HIa] *, while Zrrv and Hfrv are not reduced but yield non-lomc 
hydrogen-bndged (C, H5j2 M(BH4)2. The Zr-borohydride reacts immediately with tri- 
alkylammes to give (C5H5)zZr(H)BH4 +(CI-13)3N-BEiJ3 and [(CsHs)2ZrH2],, 
f 2(CH,)3N-BH3, while the T1 z.;zcies fails to react in thrs manner. (C5H,)2Zr(H)BHG 
IS volatde, air-sensitive and slightly soluble IR nonpolar solvents [CC, H5)2ZrH2 ] ,t acts 
hke a polymer, being nonvolatile, decomposing above 12O”C, not air-sensitive, and in- 
solubIe in nonpolar solvents. These hydrido species are diamagnetic but no high-field 
NMR of hydrogen was observed except for the boron-hydride at 0.20 p p.m above TMS, 
The only unassigned NMR peak was at 4.53 p.p m below TMS and was assumed to be- 
long to the hydrido iigand. This low-field shift is expIained by the absence ofd electron 
diamagnetic shielding However, do Nb and Ta hydrido systems have been observed at 
TH > 10 p_p_m_, - thus this troublesome point of the Iack of high-field NMR for TI, Zr and 
Hf hydrides has not been settled No NMR data were obtained for [(C,H,),ZrH,], be- 
cause af msolublhty. (C, H&Zr(H)(BH,) h s ows a shaw, intense band at 1945 cm-’ for 
vZr_-fi and [CC, HS)2ZrH?,] ,z shows a strong, broad band at 1540 cm-’ for pZr_HZr. The 
authors point out that within the Ballhausen--Dali1 Is4 molecuiar orbital scheme for tetra- 
hedraI Ti, [(C, H,)2ZrHz] n forms because as a monomer a vacant symmetry-available or- 
bital remains on the metal while polymerization allows this orbital to share H- from an- 
other metal Plato and Hedberg ls5 have reported an electron diffraction investigation of 
Zr(BH4)4 vapor and found, III agreement with X-ray and NMR data, that the meta 1s 
formally tetrahedral wrth three bridging hydrogens between it and each boron. 

Wdes and Weigold fs6 have reported the reactions 
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TABLE 4 

M-H M-D 

netse hydrides are heat- and ~~~t-se~s~~~~e, but decorn~~s~~i~~ occurs without loss of 
Zr-H moiety and appears to evolve tie (C,H,) blends. They react with collated SOI- 
vents, ~x~~~~ally in tie case of CC13H and slowly in the case of CCL, Hz, repiacmg H 
by Cf. Thus ~u~t~ta~~ve measurement by IWR of CH2Clz or CH$Zl products has been 
useful for analiysis of the hydrides. 

Wailes and Weigold ’ 57 have discussed the reaction of (CsH~I~ZrH~ with carb~xy~~~ 
acids toi form acylates or alkoxides, Witi excess acid the acylate, HI, is formed and W&I 
excess hydride r~d~~ti~n of acids cccurs ta give br~d~ng atkoxides IV 

C2% 

I 
=2ei 

I 



Wailes et al. Is8 have reported the reacflon of(Cs iA& Zr(H) Cl with acetylenes by ad- 
dition of Zr-H across the triple bond. The products are generalIy of the form 

lvhile for (C, Hs)2ZrH2 the products are usually di-alkenes. However, when the dihydride 
reacts Wth diaryfacetylenes hydrogen xs evoived and the process postulated as 

where a dtlubk bond is p~~~l~~~d as existing between the metal centers in order to satis- 
fy the metal coordination number. 

Thus it appears that in gomg down the triad from Ti to Hf the activation energy for 
M-H formation increases, the M-H bond becomes more covalent and the M-W bond 
shows increasing thermal and chemical stabifity. 
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Less has been reported for the range of V tread catalytic actrvities than for Tr, Zr and 
Hf. However, the natures of hydride mtermediates for V-, Ta- and Nb-catdyzed reactions 
are better defined because these hydrido complexes exhtbit hi~-~~id NMR and both IR 
and NMR studies have been less troubled by stability problems than have the analogous 
Ti, Zr and Hf complexes. 

As with the Ti triad metals, Ta and Nb bls-Gy~lop~ntadienyl complexes have recenxd 
ConsiderabIe attention. In 196 1 Green et al. I59 first reported (G, H5j2TaH3 in detail and 
malogous Re, Mo and W hydrides This do Ta system was found to have hydride NMR 
peaks at 1 I.63 and 13.02 p-pm. above TMS, and a rough correlation between increasing 
rE_I and increasing number ofd electrons was established. The observation that the Ta 8 

hydride &ubits rH > 10 p-p-m. is of both practical and theoretical importance, 
~ar~~~ld et al_ I@0 have reported that (CsH&TaH3 as well as L I& catalyze ex- 

change between D, and benzene, by oxrdative addition of the C-H bond to a coordma- 
tively unsaturated metal intermediate. For Ta the reaction mechanism is assumed to be 

(CgHs)2TaHs ~~C,IIS),Ta~=;(Cstls),Ta~~’ 

* (C, fif&TaD + Ad-i 

Of partrcular interest rs the observation that heating(C5N5)2TaH3 in benzene with ex- 
cess PEt, yields fCs ~~~~Ta~~~~PEt~), with 7H = 19.48-T. t appears that five-coordinate 
~~nG~udin~ netal lone pairs) Ta is a coordina~~ve~y saturated metal species, However, it 
must be noted that work on TasX12n* clusters by McCarley and colleagues 1 61 and the 
crystal structure of Ii2 [Tas Cl r8] -6Hz 0 by Thaxton and Jacobsan L62 indicate that Ta 
is capable of ~~~rd~n~ti~~ numbers greater than five. 

Tebbe and Parshall r63 have reported (C, Hs)zNbHs, WI& rH = I2 73 and 13.72 p-p m 
andYNb_H= 171Ocm -I. In accordance with the work on (C, II,), TaH3,Mz is evolved 
when the Nb trihydride is heated in benzene and W-D exchange with benzene-I& oc- 
curs. The (C, I-I,)2 Nb(H)(PEt,) derivative was prepared, with ~~ = 17.69 p-p m, and 
vNb+ = I650 cm -’ As with the TI triad, the d” metal hydndes of the V triad become 
rrmre reactive in going up the group from Ta to V [(Gs Hs)(Gs H4 )NbH j 2 WI& qI = 12,07 
and vNb_H = 1680 cm-’ was prepared by the thermal decomposition of the trlhydrrde rn 
benzene at 80°C decomposition of (Cs Hs)aTaIia gives (Cs I-Is)(Cs &)TaII with simlIar 
spectral properties. Both dimers are diamagnetic. Treatment of I[(& H5 )(C, Ha ) NbH] 1 
wrth Hz at 80°C and 800 atm m benzene converts it quantitatively to the tnhydride. The 
following reactions are suggested 

(CSH&NbH3 -% A GHs)zNbH * E(G&)fG HeWbHlz (114) 
*H, 

(CsHs)zNbfi-tL-t(GSHS)aNbHL L =PRJ, CO, GZI& (15) 

~G~~~)~~b~(G~~~) ~~G*~~)*~b(G~H~) c,fIi (G,fi5)2Nb(GzH4)CG2Hs) 06) 
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The species (C5H5)zNb(H)(C2 H4) has been isolated and found to have TH = 12.95 p-p m. 
and vN,,+ = 1735. Reaction of allene and butachene with (C5Hs)2NbH3 occurs with re- 
ductlon of the olefins and formation of (C, H5)2 Nb(;ir-C3Hg); tits complex has also been 
reported by SIegert and De Liefde Meyer ’ 64 _ 

Guggenberger and Tebbe I” have determmed the molecular and crystal structure of 
[(C~ITT~)(C~H,)N~H]~ and found it to be 

R 
N 

/ 
H- 

A /” 
bb/Nb@ 

with the metal rn the +4 state. 

C LIGAND VARIETY 

Several methods for transItion metal hydride synthesis were mc;lrectly discussed in the 
previous sectron .Just about every conceivable typo and source of hydrogen has been 
activated by some transition metal complex rn the process of producing a hydrldo-metal 
species Complexes of metals to the right of the transition series aid H’ via oxldatlve ad- 
dltion, whlfe those to the left add one to nine I-I- hgands All the metals and their coordi- 
natively unsaturated complexes (except Cd and Hg) have been found to coordmate mo- 
lecular hydrogen under one condition or another However, there is overlap m reactrvity 
toward hydrogen species among the transition metal complexes, part of whrch IS caused 
by vanatlon in ligand effect on the metals Even when considermg identical llgands and 
equivalent degrees of coordmative saturation, there is overlap in the propertres of the 
metals. This 1s due to two complementary propertles which have then greatest effect at 
opposite ends of the transitlon metal series They are the greater ease of metal oxldatlon 
at the left and top of the series, and the smaller energy separation between highest OC- 

cupied and lowest empty metal d or molecular s-d-p hybrid orbitals at the right and 
top of the transition series 

A review of every varlatlon and report of hydnde synthesis IS not the intent of this 
paper. However, the interested reader will find Levlson and Robmson’s i67 discussion of 
platinum metal hydrides a convement start for such a review. These authors also describe 
a clean, one-step homogeneous preparation of Rh, Ru, Ir and OS tnphenylphosphme and 
carbonyl-phosphine hydrides Ibekwe and Taylor I’* also discuss general methods of 
preparation of hydrides and report the novel reactron 

trans- [ Ir(CO)(Me2 PCI-Il CH2 I%&) 21 Cl + 2 P93 
cold, dry EtOH 

* 
NaW, 

Finns-[IrH (CO2 Et) (Me2 PCH2 CH2PMe& ] ES& + NaCl 
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Phosphine and carbonyl hydrides have received the greatest amount of attention. This 
is in part due to the stability of such meta hydride systems, presumably caused by the 
ability of such ‘figands to reduce the electron density at the metal in such a way as to in- 
crease the covakncy of the metal-hydrogen bond However, Interest in other &and sys- 
tems has developed 

Recentty, Graham and coworkers have extensively mvestlgated hydrides with transrtron 
metal--Group IV bonds Jetz and Graham *69 have discussed the photochemical prepara- 
tion of silyi(transltlon-metaI)hydrides from carbonyl transitron metal complexes. The reac- 
tion mechanism was reported as 

(CbH6)CrH(CO)*(SlC~3) was prepared from (CgH6)Cr(C0)3 m oxygen-free hexane or 
heptane below 25°C yielding the insoluble product. In the crystalline state the hydride 
is moderately air-stable, but decomposes at room temperature in CH? Cl2 wrth traces of 
air (CS~fS)~lnE-r(CO)r(S~CI,) and ~C~~~)Fe(CO)~SlC~~)~ were prepared and show 
“sttiking similartty in their physlczl properties”, presumably because of similar metal d- 
electron configurations. Both complexes are accompanied by substantial decompositrsn 

and are moderately air-stable in solid form. (C5 H5)CoH(CO)(Sie13) could not be prepared 
unless the temperature was kept below 25°C. This complex was the most air-sensrtive, and 
the least thermally stable compound studi~~pr~su~ably because of reMively 10%~ energy 
separation between occupied and empty molecular orbltals and lack of bulky lrgands to 
prevent geometric lsomenzatian. These authors have also reported * 7o the acidity of sllyl- 
(Fe and Mn) hydrrdes as a function of the ligands, by makmg use of the reaetlon 

M-H iCC2Hs)3N=(C2fis)3NH”hii- 

The acidity of the hydride ligand was found to decrease in the order 

(C13Si)2 Fefi(CO)(CSHS) + (C~~S~)F~(C~)QH S f(C6H5)3Sif FeH(CO)Q 

>(C~~S~)N~H(C~)~(CSHS) > I(C~HS)~SL~M~H(C~)Z(CSH~) 

Oliver and Graham 1 ‘I have prepared (C, H,) EZhH:(CO)(Si&) and porn ted out that the 
NMR chemical shaft rH of this compound 1s close to those of observed hydridlc species 

Compound 

Cp p m-1 
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Jetz and Graham 17’ reported the TH values 

Compound w 
(P p.m 1 

d6 FeH (CO), (StCl,) 19 0 

d4 CrH(CO), 02, H-1 @3,) 20 5 

d5 MnHICO), (Cs H, )GlCl, 1 19 7 

d4 FeH<CCl) (C, H,)(SiCl,) 21.6 

d” CoHCCO)(C, H,)WCl,) 23-3 

d4 MnHU3, QZ,HI,CH,XW,~ 21 5 

and Knox and Stone 17’ reported 

Compound 

db 

d6 

OsH(CO), (Shle,) 

CM-I (CO), (Snhfe,) 

19 0 

196 

Thus there appears to be an unusua1 independence of rH from the d-electron configuration. 
The reason for this may lie in an unusual structural feature which these complexes ex- 
hiblt, namely hydrogen bridge bondmg between the transition metal and the Group IV 
metalloid 

Hart-Davis and Graham ’ 73 have recently reported that the hydride hgand In 

(C, H,)MnH(CO), @I@~) interacts with Sr to give a degree of bonding of the type 

Bennett and Simpson 174 found this interactron to be very slgndicant for ~YS&ITE such as 

M*(CO),1(H),n NC2 H 1 I s 2 2 with W2(COj~Ii2(SZKz)2 havmg the structure 

Lappert and Travers “’ have reported the Interesting systems 
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TM’ 153ppm 

~lirH)= 2073 cm-” 

r,=204ppm 

v(lrH)= 2067cmef 

Et3Sn 

z~= 18 8 p p m 

r(lrl-il= 2080 cm-’ 

Since H- DZRS to CO usually resonates at fower NMR fields than H- ~arzs to other Iigands 

in the same stolchlometric compounds, it IS unlikely that SnRJ tram to H’ (where brtdg- 
mg is not possible) has lowered rH via 3n mductlve effect. Also, the lowering of plrH 
from SnMe3 at 2080 cm-’ to SnEta at XI67 cm -’ . for SnRa cis to H-, indicates a direct 
interaction between hydrrde hgand and SnRa. Stahart I” has reported a related observa- 

tion for (GeEI& Fe(CC& where the Raman spectrum of Ce-Fe stretchmg 1s unusuaI. 
Usually a symmetric metal-meta stretch IS at lower energy than an asymmetric vibratton, 

however. for this compound the opposite 1s true. This could be explamed by hydrogen 

bonding between Fe and Ge m addition to the direct Fe-Ge bond, Caution must be used, 
however, m correlating IR and NMR spectra with structure. In thts regard, Hagen et al. 177 

have reported rH = 5-6 p.p m. for (SIH~)M(CO)~(C~H~) where M = W, MO or Cr. 

Clockfing and Wdbey I78 have studred germyl-transttton metal hydrrdes and found the 
stability and reactivity of these hydrides depends on the stertc and electronic character of 
the groups attached to Ce. Even though the Ge-H bond is stronger in Cf3CeH, this ger- 

mane 1s more reactive toward forming transition metal hydride complexes than R,CeH 

The G&e-transition metal hydride is also more stable toward heat and 02. If R is non- 
bulky, complexes such as nit(H), fCeR3) L 3 are formed whtile for R = @, Eve-coordfnate 
complexes are formed, NMR mdlcates that the H‘ hgands are CIS to GeR,. 

Finally, Hrghsmtth et al. 17’ reported the reactron 

Me&i-NMe2 -f HCo(PF& + f Me&N(H)Me2” ] Co(PF&- 

which IS the first case of a silicon amine adding H” without breakmg the Sr-N bond. The 
IR and NMR data were consistent w&h the above product formulation, but this is surpns- 
ing in tight of the stabilizing effect of PFa on metal hydndes and the tendency for SiR3 
to be assuclated with H-_ 



Transition metal hydrides with carbon bonded hgands are well known and most have 
been reviewed in Sect. 3. However, a few comments on other carbon-metal systems are 
required 

&-bonded Pt-acetylene complexes have been known for some time and were briefly 
hscussed (see p_ 285) More recently o-bonded Pt-acetykne complexes were isoIated by 
Roundhrll and Jonassen I”. The octahedral PtIV complex 

was isolated. The complex IS an-stable m dry solid form, but decomposes when heated zn 
solution or on addition of aIcoho1. The NMR spectrum shows rH = 32.88 p-p-m, N&on 
et al_ 18X observed that the sterrc nature of the acetylene datelines whether o- or zr- 
bonded acetykne-Pt c~rnplexes form, Smati unhindered acetylenes farm the usual n- 
bonded complexes with reduction of CZC to C=C, while sterrcahy htndered acetylenes 
form PtIV-acetyhde hydrides A reaction mechamsm for formatron of the o-bonded 
acetylenes ts given. Furlani et aI_ ’ *’ have also drscussed these o-bonded Pt-acetyiides. 

There have been many reports of (C5K5)- and C6Hd coordmation to metal hydrides 
and some of tbse systems have been drscussed by King and Efraty ls3 with the report 
of ~IoHfCO)(C,H,)(C4@4) Thus cyclobutadrene complex of MO shows rH = 16.83 p-p m 

and ‘hloH = 1818 cmsr, and comparison is made with (C, HS)MoH(CO), , rH = 15.52 
and VhtoH = 1790 cm-‘. 

Hydrides of transitton metal cyanides have also received attention Krogmann and 
Bmder ‘U have reported the preparatron of KJRhH(CN)s from an anhydrous methanol 
and KC!? solution of [ IQI(CO)~ Ct ] 2 _ Jewsbury and Maher “’ have Investigated the 
rn~ch~~~s~ for this reaction and suggest that sma‘If amounts of HCN in the reactron sofu- 
tion give rrse to the hydride species. The NMR spectrum shows TH = 21 33 p p m 
Chrrstlan and Roper 186 have prepared 

Coordmatron of CS2 by transition metal hydrides was reported by Comrnereuc et ai. I*’ _ 
The following reaction was observed. 
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~rHWW%V 3 + CS2 + ~WC~)(C~,~(~~,kt + Ph 

TH 
=2051 ppm ‘H = 32 3 p*p_nl. 

The carbon dlsuffide complex contrasts with the carbon rn~nosu~~de complex f’s 
irH(CS)(P&)3, with rH = 23.0 p p-m. Palazzr et al. 189 reported that CSz mserts into the 
M--M bond for M = NI, Rh, Ir, Pt, Re and Mn, giving, for the case of Ir above, 

wwC% CWP#,)z * K me t ic studies on PtHCEL, suggested the mechamsm 

Transition metal hydrides with Group 111 hgands have been mvestlgated by Starr and 
Thomas ’ “, *ho reported the reactivity of (C5HS)2WH2 and (C5H5)2M~H, toward 

AIRS m terms of the Lewrs acid-base concept. The followmg complexes were prepared_ 

tC, H, 1: IVH, 22 28 

IC, H, I2 WHZ -Alhfe, 23.29 

(C,HJ2WH, -AMe,H 2247 

(C, HS12 JvH2 -AlEt, 22 43 

(C, H, I2 WH, -Al#, 22.57 

C, HE- lz hioH, IX 77 

(C, H, I2 hIoH? -Al?ik, 18 77 

tC, H,lZ MoH, -A!Et, 18 84 

K, H& AIOH, --AEQs 18 50 

The IR spectra of these compfexes show no mdrcation of bridge structures such as 

and therefore N-AI bonds are postulated 
of the type 

From the NMR data it appears that structures 
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M 

are ruled out. However, the slngulariy large change in gomg from (C5H5)2WHS to 
(C5H5)2WH2-AIMe3 IS Interesting. These complexes decompose via H2 or RJ2 elimination 

with formation of poIymerlc R2AI--ML systems. Kroll and McVicker “I have reported 
the reactlon as 

R+UR’ + H-Mo(C~H~)(CO)~ L + R2Al-Mo(C5H5)(CO)zL f R’H 

This protolysls of R’ proceeds readily at room temperature with the order of reactlvlty 
being Bu2 AIH > AIE t3 > AlMe When AIR2 H is used, 2, exclusively is evolved The 
Mo-Al bond is considered covalent and IS broken by weak organic acids to give 
HMo(Cs H5)(C0)3 and Rz AZOR’. The NMR of the methyl protons 1r-1 
Me2 AI-Mo(C5 H,)(CO),{PR,) mdlcates an exchange process 1s takmg place, with the 
broad room temperature peak sharpening to a singlet at 60°C. This is attributed ta con- 
formztional equihbnum. 

Hydrogen bridge bondmg between transition metals and Group III metalloids is 
achieved by adding BH4- to the metal complex, and In this regard the Group III metalloids 
are smular to Group IV. The difference between the groups is the oxrdative addltlon- 
ellmmatlon of C-H, Si-H, etc. to M(CO),, to give MH(CO),,_,(QR3) (where Q = C, Si, 
Ge or Sn), while BH4- adds via substltutlon on MX,, to give MX,_1(13H4) and structures 
srmllar to 

before reduction by I3H,- Apparently the coordlnatively unsaturated Group III me tall&is 
are stronger Lewis acids than the coordmatlvely unsaturated Group IV metalloids with 
respect to H-. 

Anand et al. 19* have dlscussed transltlon metal borohydrldes and reported the reaction 

(C5H5)2MC120 + 2NaBH4 + (C, Hs)* MCI2 0@H4)* + 2 NaCI 

where M = MO or W. The product is assumed to have the structure 

Lippard and Melmed lg3 have found the structure of CU(P@~)~(B~H~) to be 
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b>* X-ray crystal analysis. ~~sh~v~ller et al. ig4 found kit the NIGR of this co~~o~~d at 
-97°C is consistent wtth the above structure. Beall et af. *” studied the rate ofintra- 
molecular hydrogen exchange as a function of the ligaltds on Cu. By followmg the varra- 
tion in averaging of the NMR slgnai for the four different hydride srtes on boron as a 
function of temperature they found P(Og2)3 ligands sfowed ~nt~arno~~~uIar hydride ex- 

change more than P&; thrs was attrih~~~d to the greater ~-bOnd~ng ability of the P(O@]3 
Iigands 

Zr(BH4)4 was discussed earlier (p. 299), but a further word on the bonding IS of ln- 
terest. The structure of the complex has been determined as a tetrahedral arrangement 
of I3 aro~[nd Zr with trrple hydrogen bridges between Zr and each B. Smith and James lg6 
have drscussed these structural features III terms of the IR and Raman spectra of the com- 

Other poIymetaIfic systems of interest which have been studied are f&e homogeneous 
and heterogeneous transltion metal cluster hydrides. Johnson. Lewis and co,Mx>rkers have 
mviestiga ted homogeneous, heterogeneous and ionic polyrne talIic hydrides Johnson et 

al * 197 reported the preparation of 

Compound 7H 
(wm) 

H, Ru, iCQI,3 19 f stngfet 

P-H, Ru, (CO), 2 18.6 smglet 

a-H, Ru, (CO), z 27 6 smgle t 

by treating RUDER 5~1th basz followed by acid, or by treating with NaBJ&. The NMR 
and deuteriusolvent experiments indicate rapId intramolecular hydride exchange or gee- 
metrrc equivalency of the hydride llgands- It was painted out that for the same met& TV 
m mono-nuclear metal carbonyl hydrides is at lower field f-16 p_pm_) than for the 
bridgrng hydride in pofymetaihc hydrides (trp to 35 p-pm.). On the basrs of &is observa- 
tion the Ru complexes above were asszgned terminal or bridging hydride structures. 
Kaesz et al. 198 reported the preparation of H3 Re3(C0),2, H4 Re4(CO),, , hRu4 (C@ZZ 
and Ha C&(CO) f 1 in high yield and purrty by treatment of the corresponding metal car- 
bonyk at 90--l’?@C in hydrocarbon solvent with N2 at one atm_ H4FeRufCO)t2 was 

~SO f~rmeci, but was unstabk These uthors prepared the LY form of He Ruq(CO)Iz 
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(%I = 28 p.p.m.) but found the pf0rn-r could not be isolated by either their method or 
that of Johnson, Lewis et al. The products from the Johnson-Lewis procedure were 
found to be contaminated by Ru3(CO)r2. Piacentr et ai, rg9 also studied the reactivity 
of Ru3(CO)r2 in the presence of H2 and CO, and found the products to be active cata- 
lysts in hydroformylation of alkenes. Johnson et al. ‘0° reported hydrogen abstraction by 
Rug(CO) t 2 from hydrocarbons, akohols, and other sources yielding hydride-carbonyl 
species, and further evrdence is given in support of an LY and @ form of the hydrido- 
carbonyls. 

Deeming et al. ‘*I reported the reaction 

and discussed the product in terms of known systems such as 

They also reported ‘02 that ~Oss(CO)re(S+) d lssolves 111 concentrated sulfurtc acid to 
produce the cationic hydride HZO~3~C0)1a@@)f with bridgmg hydride hgands. The prod- 
uct does not undergo hydrogen exchange with the solvent The monahydride shows 

%-I = 26.5 p.p.rn. while the di-hydride shows two TH, one at 27 p.p.m, and the other at 
29 p.p.m These ‘J-J are believed due to a structure such as 

where the 2 p.p.m_ dtffprence in 7H is attributed to the difference m SR positron relative 
to H. If carbonyl is replaced by PR3 in HOSTS&@) the catromc species 
H3OsCCO)1o-n(PRalrtCS~)=~ are formed n-r sulfuric acid, for which three high-field ?-H 
are observed. In the case of H,Os(CO),(PEt,).(S~)“, TH = 24.97, 29 44 and 30.73 p.p.m_ 
and the structure IS believed to be 
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Decrnmg et al 203 also reported that poiymetjtlic carbonyl compilexes such as 0s3 (CO)rZ 
act as a source of electron density for Ii” and form cationic hydride species in sulfuric 
acid. As mentioned In their earher reports for HM3(CU)12, they found the ease and de- 

gree of protonation to increase as carbonyl Ilgands are repfaced by PR3 _ This was attrib- 

uted to the mcreased Lewis basicrty of the PR, complexes, in kcepzng with the stronger 

o-donor and weaker g-acceptor properties of plrosphine as compared 1~1th CO. Thus eIec- 

tron-~thdr~wi~g hgands stabiltie neutraf or anionic transition metaf hydrides whife elec- 

tron-donating hgands stab&e catrontc and protona ted transltlon metal hydrtdes- rH val- 
ues for the di-hydride complexes were in the 29 5 and 30 0 p p III region for both hydru- 
gens. IncreAsed protonatron results m cIeavage of metal-metal bonds and the formation 

of HOs(CO)& 
~~lur~h~~~ et al. ‘04 have prepared [Hz ReB(CO) 1 2 f -AS&+ wrtfi a hyd~de NMR singlet 

at 27.2 p p m. and ReH Raman stretch at i 100 cm -‘. The X-ray data and low-frequency 
@Ret-l are conslst~~t with the structure 

Knrght and Mays ‘a5 have isolated ~~Ru~(C~), 2 ] PFd and ~~~s~(C~)~~ ] PFb from 
sulfunc acid solutions of Ru&X& and Os#O)12. Cornparisan of X-ray data for ISO- 
electronic H, Re,(CO)IZ” and HRe3(CO),z 2- support the structure 

for HOSS (CO), 2+. An unusually large kinetic isotope effect was found for the protonation. 
The rate of prot~~ation by H30+ was 17 times greater than for D30+. 

Kaes2 et ai ‘06 have isolated [H,Re4(C0)~~2-J [As&J *+ with rff = 27.4 p p.m. 
(singlet) and vRama(ReH) = 1165 cm-“. Ya~v~~y and Stone “’ prepared H2 FeRus(CO),s 

with a singlet NMR at 28.5 p-p-m. in CH2 Cl2 and 28 7 p.~_m. in deuterobenzene and 
Hz RUDE 3 with an NMR singlet at 28.6 p.p.m. m CH2 Clz. 

Gilmore and Waod~vard *OS have assigned the structure qf FeRu~(CO}~~H~ 9 TH =: 
28.7 p.p.m. (singlet), as 



TRANSITION METAL HYDRIDES 313 

Knight and Nays a’s have dcscnbed the recent interest in mixed-metal polynuclear car- 
bonyf hydrides and reported preparation of HMOsz(CO), 2t HMOs,(CO) Lb 3 HReOstC(& 5 
and H3MOs3(C0),3, where M = Mn or Re. They dso discussed the n~e~l~anlsrn for step- 
wise CO elimination by stepwise increase in metal-metal bonding. 

Flynn and Pope 2 ‘* have discussed VzW40194- and its conversion to HVzW40z9 3- 
by protcxfation. Rhee et al. 23 ’ reported HFe&CO), 1 NM+ with rH = 27-8 (singlet) and 
V&H = 770 cm-“, but Creatrex and Greenwood ’ I2 reported that the product is actually 

A number of papers on cationlc mononuclear transitIon met;21 hydrides has appeared. 
Deemrng and Shaw 2 t 3 have dIscussed oxldative addltron reactions of ~ationic Ir com- 
plexes, whrle Church et aI. ‘I4 have drscussed the preparation and reductive ellminatlon 
of hydrogen from cationic Ir phosphrnes and arsmes The protonatlon of (C,H,)Mo(PR& 
to give the dr-hydride was reported by Green et al. 2’5f Green ard Munakata 2x 6 prepared 
cationic square-planar Pd hydndes which are catalysts for butadlene ollgomerlzation, and 
Mukhedkar et af ” 7 prepared Eve-coordinate catxonrc Pt hydrrrtes 

Group V complexes of transrtlon metal hydrides are wcT1 known_ However, some less 

frequently studled Group V ligands are discussed here. The nature of N,-coordmated 
transition metal hydrides has been discussed (pp_ 289 and 290), Such complexes have 
stimulated interest in other nitrogen ligand systems for the metal hydrides. Blades et 

al* **’ have reported the substitution rcactlon of NOCI for hydrogen LIZ RuH~(P#~)~ to 
gave ~uCl~NU{P~~~~. Ah reported was the reactron 

RuH2(P#s)3 -i 2=2 -+ RW02)2@~~)2 + H2 + Rh 

Reed and Roper *W have reported that Ir~~O~ IL3 acts lrke a d ‘* metal system and 
adds IX3 to form IrHCi(N0) I.-Q as an intermediate to the final product IrC12(NO)LZ 
The hydride was isolated from reaction of fIrH(NO)L3 1 Ci0~ with LiCI in ethanol, 
~~r~~~~)L~ 1 CD, being prepared from ~r(NO~~~ and perchforic acid. Reed and 
Roper 220 hate aIso prepared IrHfNO)(P#3)3f, IrHX(NO)(P&), and ErX2(NO)(PQ,), 
The NO’ l&and behaves peculiarly in that the ~~0 frequency decreases from 1600 cm- ’ 
for Ir(h;CO) (P&) 3 to 1560 cm-’ for lr~*(~~)~P~~)2, where X is Cl-, Br- or I-. Notary 
vNO should bcrease as the metal is oxldlzed and less able to back-bond electron density 
to the N---O antlbondmg molecular orbitals. Thrs anomaly is dependent only on X being 
a halogen amon, whrEe for H- the vNo Increases as expected_ For the analogous Rh com- 
plexes the anomaly does not exist. This has been explained as a change in bonding from 
Lr-N-O to Ir<$j on oxidation of Ir by halogens, It is interesting to note that for the 
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more easily oxidized Rh a linear Rh-N-O arrangement IS retained on oxidation by halo- 

gens. 
Cash and Harris ** 1 reported the reaction 

CHCL, +EtOH 
1rfCO)(Pb3)2(NCO)(N03)2 z 1r(P@3)2(N03)2H 

for several days 

where ir is in the +3 oxidation state The hydrxde has YhH = 2274 dnd 2359 cm-’ com- 
pared with IrH(Br)2(P@& +H = 3,250 cm-‘, and IrH(C1)2(P@3)2. vIrH = 3,242. Insolu- 
btiity did not allow NMR studies. 

1,3-Dlaryltriazenides, R-N=N=N-R, have been investigated by Robmson and 

*** Wley . Monomeric metal complexes with either chelating or monodentate triazenido 

ligands occur in contrast to the usual bndgmg triazenrdo structure because of the bulky 

aryl groups on the ligands- The following hydndo specres were prepared. 

Compound % 
@Pm) 

RhH, (dtt) G’Os)i 27 35 

IrHClldpV (PO3)~ 33 53 

IrH, (dpO(Pg~)l 31 89 

RuI-I (dp0 (CO) @#3)2 22 33 

OsI-I(dttKO)(P~,), -- 37 85 

OsH, (dp0 0’0a)z 19 35 

The 0s tnhydrrde IS apparently a seven-coordmate species. Under suitable condltlons 
1,3-diaryltriazenes ~111 react wtth metal halides and P& to give arylazo derivatives ArN2. 

McCleverty and WhIteley 22 3 have reported that ad&tion of aryldiazonium salts to 

transitlon metal hydrides proceeds either with formation of an arylazo complex and eli- 
mination of the hydrido ligand or with reduction of the diazonium group and formation 
of a metal-dl-amide, M(NH=NAr). 

Toniolo and Eisenberg 224 have reported that IrH3(Pe3)3 adds aryldiazonium cations to 

form 

while RhH2 Cl(P$3)2(solvent) adds the diazonium catlon to form 
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which 1s in agreement wrth Parshall’s model for nitrogen reductase 297_ 
Misono et al. 125 have reported preparatron of organomtrrle cobalt hydrrdes, 

CoH(NsCR)(PQ,),. The acetonitrile complex ES prepared by addition of acetonitrile to a 
toluene solution of CoHN,(PQ ) 3 3 at room temperature in absence of an_ No vCoH was 
observed and no rH reported. The hydrido structure was assigned on the basis of chem- 
try. 

Cetinkaya et al. “‘a have reported the preparatron of amido, R2C=N-, complex metal 
hydrides from LiN=C(CFa)* and PtHCIL,. 7’ra~rs-PtH(N=C(CF,)z)(P@~)z with 

rfx = 22-8 p-p m, uPtH = 2146 cm-’ andJPtH = 748 Hz; and ~rans-PtH~N---C(CF3)2(POMe2)2 
with rH = 24.3 p p.m and pftH = 2 115 cm-’ were prepared- 

Bipyridme and phenanthroiine cobalt hydrrdes have been isolated by Mestroni et al_ 228 _ 
The structures for the complexes are 

with TH in the 32 p. p m. region. The complexes are useful hydrogenation catalysts be- 
cause dlenes ~111 replace the hydrogens m a facrle and reversible reaction with excess drene 
or H2 

Benfield and Green 22g have reported that treatment of (C5H5),Mo(SMez)Br’ with 
amines, RR’CHNH2, in water gives amine metal hydrrdes The followmg specres were re- 
ported, aI1 of which are air-sensitive. 

v’hfOH 

(cm-’ ) ;pHpmI 

(C, H,), MoCNH, Me)H+ 1890 18 9 

UZ5H,)2M~(NH7Et)H+ 1830 19 0 

CC, HI,), MoCNH,Pr’)H+ 1830 19 0 

<C, HI,), Mo<NH, Bu”)H+ 1830 19 0 

KS H 5 ), MO (NH, -243~) H’ 1830 19.0 

The following ethylenediamine complexes were reported by Thomas and Wilkinson 526. 



316 J P_ McCUE 

TH ‘RhH 
IF-P m-) CHZ) 

278 22 

26 3 19 

33 _.L 3 30 

32 6 30 

27.4 24 

26 3 21 

32.3 30 

31-7 32 

27.1 14 5 

32.0 25 

uRhH 
(cm-’ ) 

2056 

2025 

2135 

2060 

2079 

2146 

The direct correlation between the three spectroscopic parameters for these complexes 

~111 be discussed later. Glllard et ai 227 reported 

Complex 

Rh(en), H(OH)+ 

Rh (NH,), M (Hz Cl)*+ 

*H -khW ‘RhH 
@Pm) CHz) (cm- * 1 

30 6 30 2058 

32 0 24 2246 

It is Interestlag to note that +rH 1s smaller for the stronger base NH, thar~ for Hz 0. 
Maim and Taube ’ 30 have reported the reaction 

The hydndo ligands in this compound are hydrldlc and exchange rapidly with J&O, but 
are resistant to deprotonatioo in NaOH, In strong base rfi shifts from 14.2 p-p-m. to 
1 I.9 p p-m , which is attributed to deprotonatron of ethylenedramine nitrogens 

kloers 231 has reported the reaction 

where Py = pyridme. 
An ~t~r~s~~~ obs~~atio~ for ~yd~id~-iro~-As~~ was reported by Farmmy and Ksl- 

ner 232f Tl~e Mbssbauer spectrum of the complex supports the stoichiometry 

F~H,(CJ~)~AS#Q but no VFeH or q+ were observed. This was attributed by the author to 
the structure 
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Transirjon metal hydrides with Group VI ligands have received little attention, except 
for oxygen complexes. S tlddard and Townsend ’ 33, however, have reported the prepara- 
tion of benzenethiolato denvatrves of Ir, The Ir--H stretchingvibratron for these com- 
plexes is qurte high, in the region of 2300 cm-’ . Roundhrll et al. 234 have reported the 
oxldative addrtion of thioacetrc acids to Pt(PR,), _ In a study of oxidative addition of 
acids to Pt* phosphine complexes it was found that the strength of the acid is important 
but is frequently subjugated to the ability of the conjugate base to coordinate with the 
metal_ In this regard, it was found that sulfur is a strong coordinating Iigand naos to E-I + as 

1s mtrogen in CN-, but oxygen is a poor ligand rn organic acids. H,S was found to be a 
weaker ligand than the thioacetrc acids It IS also pornted out that rH and +tH increase 
in the order COOCF3 > NCS > Br E Cl Z (CM2)2(C0)2N > SCOCH3 > CN, following 
the decreasing order of the kmetrc trarzs effect with the exceptlon of NCS No explanation 
IS offered for this “anomaly”. 

Multi-hydrrdo complexes are another type of hgand system which have received atten- 
tion for a number of years, Gmsberg et al. 235 prepared K, ReH, from KRe(& and 
LlA1H4 more than ten years ago, whxle Chatt and Coffey 236 reported the reactIons 

ReOCl,(PR3), 

J 

R&1 3 (PR3) 3 
LrAlH, 

The NMR spectra show equivalency of all hydrldo Iigands, and catalytic studies show es- 
change with deutenum. Thl~s rntramolecular hydride exchange occurs at room tempera- 
ture The TH V&ES for these do systems are in the regron of 15 p p.m_, sli&ttIy greater 
than the Ta-4’ systems at 13 p p m These authors have pornted out that ?-I-f increases 
as the electron density of the metal increases, with TV = IS. LO p p.m_ for ReH7(PEt#2)2 
and l&c30 p-P-m_ for Re&(PEt@,),. Also. TH increases in gorng from P(aryI)3 to P(alkyl),, 
in keepmg ~th the weaker u-bonding and stronger n-bonding ability of the aryl phosphines 
7H values for AsR3 are 0.5-1.0 p p_m hl&er than for PR3 complexes. The UV and 
visrble spectra of ReH, L2 show no d + d transition, in keeping with a do metal electron 
configuration. The authors point out that the reaction of Refv and Rev with LiAI& 
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appears to be oxidative addition of the metal to ReVLr, while for Lrrrl, treatment with 
LiAlH4 gives rise to l&and substitution and not oxldatlve addrtion- All of the multi- 
hydride Re complexes are thermally stable and many have melting points or decomposr- 

tion points above IOO”C. 
Moss and Shaw 237 reported the preparatron of WH,(PMe,@), with rH = 1 I.93 p_p.m., 

and Douglas and Shaw238 prepared 0sH4 L3 and OS& L3 by the reaction 

OSCl~ L-3 
NaBH, in EtOH 

+ OSHdL3 
or LIAIH, III THF 

Thus there appears to be an mcreasmg resistance to metal oxidation in going from W to Ir. 
The tetra-hydrrdo OS complexes display ‘H values in the 19 to 20 p.p.m. region, and are 
air- and heat-stable_ All these OS hydndes show equivalent H- n-r the NMR, indicating 
rapid mtramolecular rearrangement. OsH, (PMe, #)2 was also isolated, whrle the proton- 

ated species CkH, L3* is formed in acid solutions and is a catalyst toward H-D exchange 
Pennella 2 3g prepared MoH,(PE+ 2 4 and MO&(& PCH2CH2 P&) from Mo(PR& Cl, ) 

and excess hgand in ethanolrc NaBH 4_ An equivalent chemical shift of 12.20 p.p.rn. was 

observed for ali hydrido ligands in (Et& P)4 MoH4 and a JpH splittmg pattern of four. 
These hydrides arc diamagnetic and appear to undergo rapid mtramolecular H- exchange 

Mann et al. 240 studred the reaction 

IrH, (Et, 492 + L 3 I&3(EEt2 0)~ L + Hz 

The product drstnbutron mdrcated a preference for H’ czs to PR3 rather than C?YMS, and 
rH for H- trti?zs to L varied in tie same order as Horrocks and Taylor’s 284 list of metal 
electron withdrawm,o ligands_ The highest trans rH values occur for L with the least 

abrhty to withdraw electrons from the metal. rH for H-cis to L did not follow the 
order for tmts TV, - the cis rH values were constant with a maximum spread of 1 p p m , 
While frarlS TH varied With a spread Of 7 p-p-m. 

Krng et al. 241 have prepared 

,CHz CHZ fk 
IrHs -QP. 

4332 C% w2 

and Green and SlIverthorn 242 prepared C6 E-I6 Mo(P&) 2 HZ. 

D PHYSICAL PROPERTIES 

(i) The metul-hydrogen bond 

The nature of the transrtron metal-hydrogen bond has been a subject of great interest 
and controversy for many years. At first, attempts were made to explain the high-field 
NMR shifts of hydride ligands in terms of a hydrrde proton “buried” m the metal electron 
cloud. However, with the discovery by X-ray structural analysrs that the hydnde hgand 
must occupy specific sites around the metal in order to rationalize the molecular symme- 
try and to deal with geometrically signrficant bLholes” in the molecular electron density, 

the model was changed to that of a geometrically well behaved ligand with an unusually 
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short M-H bond km&h (i.e. M--H distance less than the sum of cova.$tt radu). Besldes 
explaining rH in terms of simple through-space electrostatrc interactions, this short-bond 
model was thought to explain the unusually strong Zrans-directing ability of the hydride 
hgand. Several reports were published supportmg the theory that the M-H bond length 
was less than the sum of covalent radii, Farrar et al. 243 calculated the Mn-H distance for 
HMn(CO)S from broad-line proton NMR. By application of Van Vleck’s second moment 
nuclear quadrupole model, values of 1.28 1 and 1.950 a were obtained for the Mn-H 
bond length from the two real roots of the Van Vleck equation_ The 1.950 a value WAS 

considered unlikely because it required the mtermolecular H-H distance to be 1.57 A in 
contradiction to the normal van der Waals contact of 2.2 a. Thus the value of 1.281 A 
was selected for the Mn-H drstance, which is 0 3 a less than the sum of the covalent radii 
at 1.57 a. Farrar et al. 24’ also reported a similar study for HCo(CO), where tl-re Co-H 
distance was assigned a value of 1.2 a m comparison with 1.46 a for the sum of the cova- 
lent radir. Later, however, these bond lengths were re-evaluated and found to be longer 
For example, Sheldrick 245 reported the Mn-I-i distance tn HMn(CO)S to be 1.44 8, from 
broad-lure NMR, and Robrette et al_ 246 reported the drstance to be 1.425 a from gas- 
phase electron diffraction 

Simultaneously, other groups felt that the rchabrlrty of these methods was of the same 
order as the differences to be detected, and that the hydride Iigand was well behaved m 
bond length as well as geometry. In 1963 La Placa and Ibers247 reported the bond length 
of Rh-II rn HR~(CO)(I’$J~)~ to be 1.72 a from low-angle X-ray structural analysis. In 
comparrson with the sum of covalent radii, I_ 542 A, thus was 0.2 A too long Not untrl 
La Placa et al. 148 determined the Mn-H distance rn HMn(CO)s by neutron drffractlon 
was a M-H bond length determined by reliable and meanmgful procedures. Thus distance 
was found to be 1.601 a and the drffractron angle was 105O. Gregory et al 249 also re- 
ported - 1.7 8, drstances from X-ray data for RuH(CIOH7)(Me2PCHzCH.zPMe2)?, and Its 
OS counterpart_ Thus It IS clear that the covalent and terminally bonded hydride distance 
from the metal is normal. Therefore, we need only be concerned wrth models which start 
wrth a topologrcally well behaved hydnde ligand and whrch explain the characteristic 
spectral and chemrcal propertres of the M- H system. It is unfortunate, nonetheless, that 
more neutron drffractron studies have not been made on the transrtron metal hydrrdes, 
especially since additional stable complexes have been synthesized since the trme of 
earlrer work. 

Before going on to drscuss modeis of the M-H bond based on NMR calculations, some 
final characteristics of these systems need to be discussed 

The large high-field shift of rH for transition metal hydrides has been referred to 
throughout thus paper. lt has been observed that rH is at a low value of IO p.p.m. for do 
transition metal systems and that the values increase for the do systems in gomg from left 
to right or in going from top to bottom rn the metal series. The largest rH value for a dia- 
magnetic complex was reported by Masters et al. ‘so for IrHC11(P13ur3Me), at 60-5 p p.m. 
This Ir’II complex is belreved to have square-pyramrdal geometry, and is found to have 
low-frequency electron transitions (A < 600 nm)_ men a sixth hgand 1s supplred for 
coordination mans to hydrogen, rH decreases to 20-Z p-p m_ 

Several reports have been drscussed which note that 7H decreases as the ligand ~~QHS to 
H- mcreases In ability to reduce electron density at the metsl and that the correlation does 
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not hold if the hgand is cis to M-. However, Birnbaum 25 ’ has noted that for octahedral 
Ir and Rh hydrides rH increases in the order Cf > Br > i when the halogen is frarzs to H- 
and in the reverse order when it IS CIS to H-. This order also holds for square-planar Pt and 
Pd hydndes 

Afthough Atkins et al. 252 have observed a correlation of mcreasmgJPt_H wrth m- 
creasmg TV it 1s not rigorous and Church. and Nays 253 have found the xregularitles to 
vary as in Table 5. Mann et al 254 have found that fO,_H increases as the electron-de 
natmg nb111@ of the CVUIZS llgand wzreases, and that the reduced indirect coupkg COR- 

stank Kbi-i_r = ~~~_~~~(~~~~~), rncreases, but not linearly, from 1VH6L; to OsHs E-2 to 
PltHXL, 

TABLE 5 

NVR chtd t-m [PtHL(AsCt,), ] CIO, 

L TH JWH 

tElllS 

P(OMe1, 15.28 699 

P f@IJ. 15 92 716 

Me, C’NC I8 27 721 

Ph 17 34 739 

co is’ 65 768 

Ad& 19 73 846 

CE 

PQ3 1851 8&I 

RWJS 18 13 886 

P(OMe), 17 81 936 

PD, f 9.05 945 

Wtz have afso noted that many of the nlu~tl-hydrld~ complexes are either fluxronal or 

rapldly exchange hydrrdes mtramolecularly. Smce the effects of this are drastic with re+ 
spect to d M-H bonding scheme used m any calculatron, and because mono~hydrIdes 
have shown sirmIar actwty, this property needs further discussion before examining mod- 
els and ca~cula~~on~ for the M-H systems 

Me&m et al. 25* observed sirrular NMR propertIes for Hz Fe[P(OC2 H,) 3] 4 to those 
discussed for n~L~l~l-hydrldo complexes. and estabhshed that the room-temperature equ~v- 
alency of the hydrldo or phosphite flgands IS due to stereochemical nonrigidity (concluded 
from the result that the temFrature-dependent hydrzde spectra are invariant to concentra- 
tion Changes or addition of free phosphite) TH for Ihe ccrmpkx is 23.86 p.p m. at 30°C 
and IS tesnperature-dependent Tebbe et al 25 6 pointed out that for 011s Fe hydride, obser- 

vritions argue agamst bimolecular or solvent-assisted hydride exchange. In examining the 
NMR line-shape of the complex by permutationa methods it was found that the stereo- 
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chemrcal nonrigidity is probably due to movement of the hydrogen nucleus from one C3 
axis, in the tetrahedral skeleton of the four P(OC2 H5)3, across the edge of the tetrahe- 
dron to another C3 axis. However, a distorted tetrahedral mtermedrate could not be 
ruled out, The consequences of this are the rmxing of nonbonding Fe orbltal electron den- 
sity with that of the Fe-H bond (first mechamsm), or mixing of the Fe--H molecular 
orbital with the orbital bonding scheme for the tetrahedrally coordinated phosphate Iigands 
(second mechanism)_ 

The process of hydrogen exchange {within the coordmation sphere) across the edge of 
the tetrahedron is also suggested by Knox and Kaesz”’ for H4M4(CO)12 complexes, and 
W&on and Osborn’s 25 * observations on MH(N0) L,, where M = Ru or OS, indicate that 
the stereochemical nonrigldlty rn these molecules is not like that in H2 FeL4 in that the 
temperature behavior of the proton NMR is different and suggests that the process IS a 
rotal bond skeleton fluxing. 

Finally, Dewhirst et al “’ have reported two interestmg observations. They propose 
that if stereochemical nonngldlty in mono-hydrides is due to the exchange of hydrogen 
hgands (either inter- or intramolecular) then all hydride hne-widths m the NMR spectrum 
should broaden with Increase in temperature, but if it is the L ligand which IS exchanging 
then only some of the hydride lmes will broaden wrth mcrease m temperature (assuming 
only one L exchanges at a trme) They also found that T_H changed by only I-7 p-p m. 
from HRhL4 to HRhL3, where HRhL3 was assumed to be tetrahedral and HRhL4 to be 
trlgonal blpyramldal, L = Pb3_ 

The M-H bond has been closely examined in an attempt to understand, in terms of 
physlcal models, the NMR behavior of the hydride hgand as a function of chemical (1-e. 
electromc) changes m the complexes. The simple quantum mechanical nature of the hy- 
drogen species and the relatively simple classical and quantum mechanical NMR operatqrs 
have generated early and active Interest m arriving at a physical model from quantum 
mechanical calculations. 

In 1950 Ramsey 260 wrote an expression for the absolute chemical shift of a nucleus 
under the Influence of electron current densltles, to the second-order perturbation ap- 

proximation. This expressEon for chemrcal shift is considered ngorous wlthm the hmlts 
of perturbation theory, but was difficult to apply except for the simplest electronic sys- 
tems, because excited-state wavefunctions were required. The operator, however, was sep- 
arable into a first-order dlamagnetlc f paramagnetic term and a second-order paramag- 
netlc term, which proved useful, since the excited state terms were restricted to paramag- 
netic contrlbutlons. Thus it was possible to ignore for some systems the second-order 
paramagnetic term, which varied as l/r3 (where r = distance from the resonating nucleus 
to the paramagnetlc center), and use only the “diamagnetic term”, which is dominated by 
II?-. 

The more Interesting systems could not be treated by such srmple approxrmatlons, and 

so various variational and variational-perturbational methods for evaluating the second- 
order term were developed. 
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In 1962, Stevens et al 261 demonstrated that it was not necessary to postulate unusual- 
ly short M-H bond lengths in order to obtain agreement between cakuIated and observed 
Q vnh~es fur HCo(CA&. Rather than using Ramsey’s more rigorous Hamiltonian equa- 
tion, a choice of gauge (a scalar function was added to the vector potenttal of the magnetic 
field under which thtz electron of Interest was bexng subjected) was made which ehminated 
the second-order paramagnetic term Such a gauge was proportmnai to the second-order 
matrix elements and thus transferred the excited-state wave function dependency from 
the paramagnetic term to the new ‘“diamagnetx term”. The net result of this mathematical 
process wds to subtract a scalar functron from the Ramsey equation equal to the scafar, 
second-order, paramagne tk, observable of Ramsey’s paramagnetic term 

Values of the total catcutated shift from the bare proton for the hydride Iigand were 
obtained for four drfferent wavefunctIons and were compared with the expenmental value 
of 45 3 2 3, 5 p-pm, ~up~e~d~. Even m light of errors resulting from assignment of bonding 
and non-bonding Co meta orbltals and m the form of the Hamiltonian equation, a value 
of 43 158 p-p-m, was obtained from a covalent, valence bond, groundstate ~vav~functlon. 
The M-H distance was assumed to be I 534 a and the basis set OH Co was selected such 
that sp3 hybr~d~~a~ion was used for ;an assumed ~etr~edr~ bonding of the four carbony~ 
Iigands, whiIe the hydrogen was bonded through Its 1s orbital to a Co 3d z orbltal. AI1 Co 

orbitafs were orthogonal and no orthogonality assumption was placed cmzHtS_ The contn- 
butions to the total shift from each orbital m the basis set were displayed It was found 

that 79% of the resultant shift was a diamagnetic shgelding by one electron rn the HI, 

orbital, in comparison to Hz0 protons this shift contribution was 3 p.p m above that for 

H, 0 This 1s LR quantltatIve agreement with shreI&ng m systems such as CH, and TMS. 

Also in agreement with this, Sebastian and Grunwell 262 exammed rhe effect of the charge 
on carbon in R-H systems with respect to 7H and reported that large differences in the 
che*mlcat shift are dominated by changes m the hydrogen electron densities. They also 

found, 111 agreement wrth Ramsey and experimental observations for the H atom, that a 

change of 26.6 p.p.m /electron was observed for vxmus charged C-H systems, with a 
similar effect of 34.4 p-p m-/electron observed m the calculations of Stevens et al. gow- 

ever, experiment shows this contrlbut~o1~ to be limited to 7H z 5 p pm (H-1. Accordrng 
to Stevens et al. the next largest contribution IS 19% diamagnetic shleldmg from the 
bonding sp3 orbltals to which the four CO are bonded. Thrs is u1 qua~~tat~v~ ~~r~e~en~ 
with the observatrons for multi-hydride 8 complexes that as the number of bonded 

amens ~ncredses ~~rese~~ng d” metal ~on~~urat~on~ rH mcreases, Only a 2% contribution 

is observed for the Co-rirXz orbItal and a negligible contrlbutlon from the eleetron-occu- 

pied Co nonbond~ng orbdaIs, ‘I&se results are in obvious contradiction to mcrease m rH 

Irvlth decrease m WQJ~S &and ablhty to lower metal electron density, or tcvith decrease in 
metal oxidatton state, and wrth increase rn number of nonbondin~ metal electrons. Some 

of these problems arise from the choice of sp3 bondmg of Co to CO Iigands and dz2 for 
Co to H, Several X-ray structural analyses have shown that for HML, systems the barrier 
between tetrahedral ML4 c;ymmetry and trigonal-blpyramrdal symmetry is not always 
very large. Baker et al, 263 have reported the phosphine and arsine hgands in RhH(P+&(AsQ 
occupy essentiaIIy Td symmetry about the Rh with H- not mterfermg. while Titus et al 264 

reported that the phosphrte hgands in COH[P(E~O)~ J4 take an approximate trigonal-brpyra- 

midal configuration with I-I- along the C3 axis. Since these two geometries are closefy re- 

3 
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lated by additton of H along a C3 a.xls of the tetrahedron followed by flattenmg of the 
plane perpendicular to at, thrs variation and sometrmes ambiguity in structure is under- 
standable_ The selection of tetrahedral symmetry for CO bonded to Co through sp3 hy- 
brides and H bonded to Co d zz underestimates quantum znteractions between the M-H 

and M---L bonds, and overestimates the energy separation between nonbonding Co orbi- 
tais and the M-H orbital 

Buckmgham and Stephens 265 performed a mare rigorous calculation by keeping the 
second-order term of Ramsey’s equation. By operator algebra manipulation of Ramsey’s 
equation they definitively established that the result of the gauge function choice of 
Stevens et al. “’ was to ignore the excited state paramagnetrc contnbutlon to the shield- 
mg This term was evaluated using Sfater f~i~ctlons, and Its contribution was followed as 
the M-H drstance varied from I to 1.5 a, as the Slater radral exponent of the d orbxtafs 
varied, and as the energy separation of excited and ground state varied. When the M-H 
drs tance 1s -I a the second-order pararna~~e~~ term overwhelms the first-order “diamag- 
ne tic term”, and on the assumption that this distance 1s in reality between I and 1 5 a it 
was concluded that the paramagnetlc contribution 1s the most important factor m deter- 
mmmg chemical shifts above 7H = 5 p pm_ Several authors, mcludmg Atkins et aI_ 252 
and Masters et al ‘So have followed this he of reasonmg in correlatmg 7H values with 
chemrcaf varxatlon However, rn I&t of what has been sard above about the M-H distance 
it is more reasonable to judge the second-order par~~agnet~c contnbutzon on the basis of 
an M-H distance m the range of 1.5 to - 3 a. Such an evaluatron was made for I.5 a, and 
It 1s obvious that thus term does rrclt contrrbute strongly unless there is a considerabfe popu- 

latmn of excited states cu an M-H drstance less than 1.5 a Further, because this shield- 
mg term was functionally and relatively msensltlve to changes m AE it was assumed that 
variation and uncertainty of AE was not sl~~~i~~a~t wzth respect to variation of the M-H 
distance. Thts appears to be an incorrect assumptron, but more neutron dIffractIon studies 
are necessary to establish the aliowabie degree of variation in tile M-H distance In all the 
dlscusslons of the relative cont~but~~ns of the ‘~d~amagnetic term” and parama~eti~ term 
two facts appear to have been overlooked- First, the diamagnetic contribution for a sys- 
tem assumed to have “‘normal” M-H distance does give rfse to a rH 2 40 p p m (well 
capable of covering most observed rH for transition metal complexes), and secondly, the 
‘“diamagnetic term” vanes as Z/r whrle the paramagnetic term varies as l/r3 _ Thus contn- 
butions from the second-order term certainly are observed but are not generaI& the over- 
whelming contribution unless there are lolv-lying excited states or an M-I-I distance less 
than 1.5 a. The most surprising and indisputable result of the Buckmgham and SEephens 
calculation wl-uch was not recognized beforehand was &at paramagnetrsm in the populated 
wavestates can and does grve rise to shielding rather than antr-shielding at the hydnde nu- 
cleus. In simple physical terms this is vlsualrzed as the paramagne tic character of one orbi- 
tal. reln~orc~ng the external polarrzrng magnetic field at the bonding electron density of a 
different orbital, grvmg rise to diamagnetic shielding of nucIei in the bonding orbital. 
Wluch term, paramagnetlc or diamagnetic, will overpower the other is determined by the 
distance of the nucleus of mterest from the par~agneti~ center, Smce a measure of this 
&stance is the radial extent of tie paramagnetlc orbital, the sign and magmtude of the 
second-order term IS expected to vary dramatlcaily wxth change in the SIater radial expo- 
nent for these orbitak Such was observed m ~u~~~n~arn and Stephens’ ~~~u~atlon, 
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where it was found that the shrelding effect, of the paramagnetism in an orbital orthoge 
nal to the M-H orbital, overwhelms the direct through-space anti-shieidmg effect at the 
hydrogen nucieus- 

Thus it IS cIear that without better wavefunctions z& evaluations of AE Lottie can be 
said de~nitive~y about the M-H distance from N!4R quantum rn~ehaniG~ ~~c~latlons, 
whi!e wi~o~t further neutron diffraction studies on M-H distances IrttIe can be said 
definitiveIy about the entire spectrum of varlatlon in +rH with chemIcaI environment_ 

At this point the effects of theory and observations on 7H variatron can be stlmma- 
razed m diagram form (Fig 2). 

number of 
M-L bonds 

shrcldrng 

&XkIXiS 

AE ground state 
to excited state 

non-banding 
alectrons 

and posltton 
or M tn group 

Fq. 2 Origin 01 hydnde chemrcal shift 

(iii) Bridged hydrogen ?zydrides 

Models, calculations and neutron dIffraction studies of tfte M-H system refate pnmari- 
ly or only to t~rrn~~~ hydrides Little is known about the bridged hydrogen complexes 
with hetero- or homogeneous metals in these regards. In 1966 Hayter2”6 discussed some 
of the theoretical, physical and experimental problems surrounding such hydrogen-bridged 
species, while in 197 t a simplistic review of bridged hydrogen complexes and their spec- 
tral properties was given by James 267. Handy et al. 268 have shown for Cr2(C0)1$- 
that the Cr-Cr distance increases by il.44 A m going from the nonprotonated species 

Cr2(CW& in keeping with the self-consistent covalent radii set for M-H bond lengths 
It was aIso observed that the M-H-M angle varied depending on the metals and ligands 
and that the M-M distance varied conversely. The bonding in such systems was descrzbed 
as a three-center, two-electron bond, and thexr earlier repc~ts were corrected with regard 
to the nature of the three resultmg m~lecnlar orbitals It was pointed out that there are 
two bonding and only one antibondlng mofecuiar orbital, w& no nonbondrng molecular 
orbital resuiting from the three atomic orbitals rnvolved. The results of such bonding 
schemes with respect to Buckingham and Stephens’ calculation are not clear, but even 
more perplexing in this respect are the observations by Churchiil and Wormald 26g of 
triply bridging hydride Iigands in Hz Ru,(CO), g. 



&sdes the problems with NNR, it has been observed on occasion that the $f_H IS trl- 

active in the IR, wtik tie Rrtrnz~~ and NMR are active, without any apparent symmetry 
explanation, Lzv~on and Robmson *” have reported this for [CoHP(UR)~]~ and attri- 
buted it to interactions between the hydride and aryf Eigands 

Several other physical and sp~~tros~op~~ studies of the trans~~on metal hydrides have 
recently been reported. 

Mclvor *‘I has reported a structural d~~~~rnl~~~~~~ of (C, ~~~~~tC~~~ Ei m a nematrc 
solvent usrng NMR The methad is one developed by Saupe “‘> and M&boom and 
Snyder 273 for structural studres cm orgamc molecules in “2iquId crystals’“, Judging from 
the resufts &tamed for orgamc molecules, &US method appears to be more accurate than 
otfier NMR methods fe g. Van VEeck’s e~uatl#n~ for bond length dete~m~l~at~ons The 
method IS Irmited, however, by the fact that there 1s no Inherent gauge wrth respect to 
bvhlch distances can be measured. Thus it is necessary to Introduce at least one bond 
length from X-ray data into the calculation m order to solve the resulting simultaneous 
squadrons Nonetheless it has proven to be a unique ~~rnp~~rn~nt to X-ray analysis in that 
it gives dynamrc structural lnfo~lation. McIvor’s application of the method zs the first 
reported use for morgame complexes This 1s prm~arrly the result of the reactwe nature of 
lrquzd crystdiline solvents and instablfity of morganic hydrrdes. Ho~vever, the greatest dtf- 
ficul~y with the method IS that few lnorgan~c ~ornpl~~~s of mterest can be dissolved in 
anisatropx solvents Starting WI& the assumed geometry 

It was found that the NMR data and X-ray data could agree only If the dynamzc structure 
IS 

However, this result may come about from the or@naf symmetry assumption and may 
disappear if a Td arran~ern~~~ for CsHr and CO around W IS assrtmed; tie effect of such 
changes can only be determined by complete calculation. The possibrtity of application 
of this method has increased in the past two years with the synthesis of many new, stable 
hydrides.. Particularly favorable conditions are found for complexes witi PF3 and 
P(CF& or PfCF& Iigands. Bennett and Patmore 274 have found the PF3 complexes of 
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Co--hydrides to be considerably more stable with respect to heat and oxidation than 
their CO anafogues, while Dabble and Whrttaker 275 have found P(CF3)2 complexes of 
F~-hyd~des to be remarkably stable, and of course such systems have an abu~danee of 
NMR-active nuclei which spht the hydrogen resonance m characteristic ways. 

Wei and Fung “’ have recently discussed the use of NMR deuterium quadrupoIe couphng 
constants as a supplement to NNR chemical shift data for ~btajning structural i~f~~~ti~n 
on transttlon metal hydrides These authors supply the most convincing argument for suh- 
stanttal parama~eti~ contributions to ~rans~tlon metal hydnde chemica! shifts m ~~t~~~ 
that unlike the anomalous high-field shifts the deuterium quadrupole coupling constants 
depend only on ground state contrrbutions and show no anomaIous behavior However, 
caution must be used m ~~terpretlng such sensitrve parameters. 

A problem wblch has exlsted for some time 1s the determirration of actual oxidation 
state of the metA tn hydride compIexes. Wrckman and Srlverthorn 277 have dlscussed the 
use of the M~ssbau~r effect m studres of the oxidatgon states of the Jr center in complexes 
\mth small gaseous molecules such as Hz, O,, etc. The Mossbauer center shift and quadru- 
pole splittmg has also been discussed by Bancroft et al. “‘, who found t&at H- 1s a stronger 
donor hgand than CN-_ On the basis of these ~~ossbauer parameters and therr r~~~tionsh~p 

to &and banding properttes the speetrochemical series of Xigands was re-evaluated. 

An interesting appIication of mass spectroscopy has been proposed by Johnson et al. 27g 
for dlfferent~at~on between terrnmal and bridging hydrogen complexes. ft was found that 
hydrogen is not lost from the bridging hydride species m the mass spectrum, while terminal 
hydrides Iose hydrogen (as well as other small gaseous ligands). Thus the mass spectra be- 
come more powerful than NMR or IR spectra for deciding between these two structures. 

The polarographic behavtor of (CS H5)FeH(CO)(SiC1~) 2 was reported by Breckenrrdge 

et al 280 using ~cetonltrll~ as solvent The data support the reaction 

fCs H5)FeH(C0)(SiC13)z + H” + (C5 H5)Fe-(CO)(S~C13)2 

Frnally, one of the most active conttoversres m the last four years has been over the 
existence of c~s-P~HC~(PR~)~. Although it is now known that what was thought to be the 
czs isomer is in fact only a different crystal form of tr~fzs-PtHCl(PR,), ) much drsagree- 
ment drd occur. Colfamatr et al 281 have dlscussed thus problem and the evidence sup- 

porting the non-existence of the cis isomer. In an attempt to observe a transient cis Isomer 
m the NMR. spectrum, De Roos and McCue 282 isolated two pre-charge transfer bands in 
the UV s~ect~m of ~~~~s-Pt~Cl(P~~)* by means of matched filter technique and irra- 
diated an NMR sample (quartz tube) of fpafrs-PtHC1(P@3)2 at these frequencies rn a Varian 

HR-60 spectrometer. No cis isomer was observed under steady-state conditions. 
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Dumler and Roundhill 283 have also found PtH,C12(PR3)2 to be a crystalline modifi- 

cation of mzns-PtHCl(PF$)*. 
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