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Fe-Fe interaction. If the diamagnetic nature of! isnana- 
lyzed in terms of an exchange interaction (i.e., JSIBz) be- 
tween the two S = l / ~  Fe(II1) centers, the exchange param- 
eter J i s  greater than -400 cm-', This is the case because 
there is no appreciable population of the triplet state (S' = 
SI f SZ = 1) for I up to 300'K. 

The effect of lattice contributions to the electric field 
gradient in I has not been included in the above analysis. 
It is possible that the introduction of a nearby Fe(C,H5)+ 
moiety (the positive charge is most certainly not localized on 
the iron atom) is partially the cause of the large negative 
field gradient at the other Fe(II1) in cation I. The range of 
quadrupole splittings for the ferricenium cation as a function 
of the anion is very small (04.08 mmisec), but perhaps this 
could be attributed to the greater distances involved. How- 
ever, we have just reported" that the quadrupole splittings 
observed for the two species 
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are essentially unchanged from that observed for ferrocene, 
which can be taken as evidence as to the negligible influence 
of a partial positive charge at a distance of -4.0 A or greater. 
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Although transition metal T complexes of single and multi- 
ple ring systems are analogous derivatives of 
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the fused six-seven-membered carbocyclic benzocyclohepta- 
triene (bcht) are unknown except for the t.wo iron carbonyls 
Fe(CO),(bcht) and [Fe(CO),(b~ht)]'.~ This report describes 
results of an exploratory investigation of the reactions of 
bcht with the group VIb metal carbonyls and selected deriva- 
tives. 

Experimental Section 
Microanalyses were performed by M-H-W Laboratory, Garden 

City, Mich. Infrared spectra were recorded on a Model 621 Perkin- 
Elmer spectrometer. Proton nmr spectra were taken on a Varian 
Associates Model T-60 machine in chloroform4 with tetxamethyl- 
silane as an internal standard; carbon-13 spectra were obtained on a 
Jeol Model PFT-100 instrument. Mass spectra were recorded on  a 
Varian Associates Model CH7 spectrometer. Dry nitrogen was used 
routinely for deaeration of solvents, maintenance of an inert atmos- 
phere over reaction mixtures, and admission to evacuated vessels. 

A mixture of 1,2- and 3,4-benzocycloheptatriene was synthesized 
according to a literature method beginning with 5-phenylvaleric acid.' 
The reactive intermediates (diglyme)Mo(CO),," (CH,CN),Cr- 
(CO),," and (CH,CN),W(CO)," were also prepared by known 
procedures. 

C, ,H,,Cr(CQ),. Equimolar amounts of chromium hexacarbonyl 
and bcht were allowed to react in ethylcyclohexane at  132" for 66 hr. 
The resulting yellow solution was cooled at -78" for 3 hr and the 
crude yellow solid was collected in 30% yield (yield was depressed be- 
cause of the continuous loss of Cr(CO), which sublimed from the re- 
action solution). Sublimation (70", 0.05 mm) produced pure, bright 
yellow crystals, m p  73-74";v(CO) 1979, 1911 cm-' in hexane. 
Anal. Calcd for C,,H,,Cr(CO),: C, 60.43; H, 3.62; Cr, 18.69; 0, 
17.25;mol wt  278. Found: C, 59.99; H, 3.56; Cr, 18.30; 0, 18.85; 
mol wt  300 (vpo in CNCl, at 37") and 278 (mass spectrum). KBr in- 
frared spectra (em-'): 3070 (w, br), 3045 (w, br), 2967 (w), 2900 
(w), u(C0) bands above, 1462 (sh), 1455 (m), 1428 (s), 1413 (s), 
1380 (sh), 1371 (m), 1338 (w), 1318 (m), 1228 (m), 1195 (w), 
1182 (w), 1163 (sh), 1157 (s), 1113 (sh), 1082 (m), 1043 (w), 
1028 (m), 967 (m), 950 (m), 928 (m), 899 (m), 870 (s), 847 (s), 
818 (s), 792 (s), 750 (s), 718 (w), 674 (sh), 668 (s). Carbon-13 spec- 
tra (ppm downfield from TMMS): 34.3,91.5,94.4, 95.1, 105.8, 
109.8, 1.28.3, 130.3, 131.6, 132.4, 234.1. 

was allowed to react with bcht in both hydrocarbon solvents or neat 
at temperatures between 25 and 160", no isolable products could be 
obtained. Monitoring the metal-carbonyl stretching region indicated 
only very weak molybdenum product bands and complete decomposi- 
tion with tungsten. 

Results and Discussion 
In order to establish methods that might be successful in 

the synthesis of benzocycloheptatriene complexes, several 
cycloheptatriene (cht) reactions were attempted with various 
group VIb metal carbonyl compounds. Those that proved 
most effective were (1) direct CO replacement in the hexa- 
carbonyls by heating the reaction mixture in hydrocarbon 
solvents at temperatures between 100 and 132", (2) replace- 
ment of labile groups, CH,CN or diglyme, in their tricar- 
bonyls in hydrocarbon solvents at temperatures from 60 to 
loo", and (3) replacement of labile groups by heating the 
intermediate with cht in the absence of solvent. 

When Mo(CO),, (diglyme)Mo(CO),, W(CO), , or (CH,CK),W(CO), 

Although the three methods produced the same cht metal 
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tricarbonyls for each of the three group VIb metals, quite 
different results were observed with bcht. Molybdenum 
formed only trace amounts of compounds possibly contain- 
ing the ring, and tungsten led to  no reaction complexes of 
benzocycloheptatriene regardless of the method of syn- 
thesis attempted. Reaction of bcht with Cr(C0)6 yielded a 
yellow product identified as (bcht)Cr(CO), based on ele- 
mental analyses and molecular weight measurements. Since 
cycloheptatriene derivatives of group VIb metal carbonyls 
are red and exhibit three u(C0) stretching frequencie~, '~- '~  
e.g., for C7H,Cr(C0)3, u(C0) 1991,1930,1907 cm-', and 
since the frequencies for the yellow benzene metal tricar- 
bonyls14, e.g., for C6H6Cr(C0)3, u(c0) 1987, 1917 cm-' 
are quite similar to those for (b~ht)Cr(CO)~ (1979, 191 1 
cm-'), it is proposed that the six-membered ring in bcht is 
n bonded to the chromium (I). Nonetheless, these results 

U 

I 

are rather curious in light of the structures of (bcht)Fe(CO), 
and the red phenylcycloheptatrienechromium tricarbonyl 
C6H,C7H7Cr(C0)3 (u(C0) 1989,1921,1890 cm-l)12 where 
exclusive preference for the seven-membered ring is evi- 
denced. (We are grateful to  a referee for noting that to co- 
ordinate bcht to chromium through the seven-membered 
ring would require loss of resonance stabilization energy.) 
Even in the 7,7-dimethoxybenzonorbornadiene and Cr(C0)6 
reaction the predominant product does not involve bonding 
between chromium and the six-membered ring." 

Although the bcht used in the reactions was composed of 
two isomers with different methylene proton resonances 
(1 ,%-bcht a doublet and 3,4-bcht a triplet): the nmr spec- 
trum of (bcht)Cr(CO), exhibited only a doublet at T 7.00 
(J = 6.0 Hz). An analogous 3,4 to  12 isomer conversion 
was previously observed in the formation of (b~ht)Fe(CO),.~ 
Based on the resonance frequencies in Q ~ - C ~ H & ~ ( C O ) ~  (7 
4.30)16 and bcht the three remaining unsymmetrical multi- 
plets were assigned to the four protons on the benzene ring 
(7 4.64) and the four vinyl ones on the cycloheptatriene 
ring (T 3.96 and 3.33). The proton nmr spectra are com- 
pletely consistent with n bonding to the six-membered ring 
in (bcht)Cr(CO), and to the seven-membered ring in (bcht)- 
Fe(CO),. The vinyl proton resonance in (bcht)Cr(CO), is 
about the same value as that in the free bcht although a 
marked upfield shift is observed in (b~ht)Fe(CO)~.  In con- 
trast, the arene protons in (bcht)Cr(CO), experienced an up- 
field shift relative to  bcht but they were virtually unchanged 
in the iron compound. The methylene resonance in both is 
approximately the same as that in bcht. Carbon-13 reso- 
nance values for all the unsaturated ring atoms in (bcht)Cr- 
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Table I. 

A% 

2808 

222a 

1948 

27aa 

16aa 
142 
141 

139 
128 
127 
116 
115 
l l l a  
9 78 

91 
89 
77 
68 
63 
528 

%e characteristic pattem far the & r a m  iiot-s was observed for this i m .  
me m/e value is for the i m  containing WI. 'b a t  8 5 0 ;  other i0N (intensi- 
t i e s ) :  ClsHx,* @ . I ) ,  C,,H,' (1.8). C,,H,* (14.2). C,H,* (4.11, C,H,* (10.2), 
c,H,' !1z.8), c,H,' ( 2 . 0 ) .  c,H,* ( 2 . 2 ) .  clhm a t  27'; other ions (intensities): 

C,,H,, [12.0), CIiH,* ( 3 . 7 ) ,  C,,H,' (2.7). C,,H,' (1.81, C,H,* (2.61, C,Hs' ( 5 . 0 ) .  
C,H,' ( 7 . 5 ) ,  C,H,* (0.8), C,H,* (1 .3) ,  C,Hsi (1.61, C,H,+ (3.01. C,H,+ (4.41, C,H,+ 
(3.71. C,H' (1.31, C H' (1.01, C,H,* ( 3 . 7 1 ,  C,H,* ( : ; 4 ) ,  C,H,* (5.61, C,,Ht,** (1.11, 
C,,H,o*' (7.8), C,>H:" (10.0), C H" (9.31, C H, 
( 2 . 8 ) ,  C,HI' (8.11, C,H* [ 2 . 1 ) ,  C:A8'* (4.7),C9H;" (23.01, C,H9' ( 2 . 3 ) .  Yetastable 
ions: 115.4, C,,Hlo* * 
C,H,* + C,H,; 68.9, C,H, + C,H,+ C,H,. 

(ll.O), C H,' (5.71, C,H,* 

+ M l ;  114.4, C,,H,* * C,,H,+ + CH,; 93.8 ,  C,,H,' + 

(CO), were shifted upfield from those in benzene,17 cyclo- 
heptatriene," and benzocycloheptatriene; however, the 
saturated carbon was unaffected. 

The mass spectral cracking pattern for C11HloCr(CO)3 
(Table I) indicates successive CO loss from the parent ion to 
produce the most abundant ion C llHIOCr+. Subsequent 
ring degradation occurs by loss of acetylene to  form the C9- 
H&r+ ion which probably contains indene n-bonded to  
chromium. Cycloheptatriene ring reduction to  cyclopenta- 
diene has been previously documented .19920 Small amounts 
of CloH8Cr+ were also observed indicating the formation 
of the naphthalene- or azulenechromium ion. The only 
other metal-containing ions present were CIIHloCr(C0)32+, 
C11HloCrC02+, CllH10Cr2+, and Cr'. Fragmentation of the 
hydrocarbons seemed to  follow benzocycloheptatriene to 
indene as the major pathway but peaks were observed for ions 
containing from eleven to three carbon atoms with the excep- 
tion of eight. The mass spectrum of free benzocyclohepta- 
triene contained metastable peaks and predominant ions sug- 
gesting the series of fragmentation reactions 

C , , H , o + + C , o H 8 +  + C H ,  

C I I H l 0 + +  C, ,H,+  + H 

C , , H , + - + C l 0 H , +  + CH, 

G, ,H,++C,H,+  + C,H, 

C,H,+-+ C,H,+ + C,H2 

C , H , + +  C,H,+ + C,H, 
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There is great interest in the hydrogen absorption by metals 
since hydrogen is a possible candidate for use as a future fuel‘ 
and since the nature of hydrogen in metals is not well under- 
stood? Recently it was found that a number of intermetallic 
compounds of a rare earth metal and a transition metal absorb 
large quantities of hydrogen gas at the ambient temperature 
under moderate pressures (-1 --lo0 atm) with substantial 
change in their physical proper tie^.^ 9 4  Among those inter- 
metallic compounds, LaNi, is an attractive material for hydro- 
gen storage because of its large hydrogen-holding capacity, 
its favorable equilibrium pressure, and the rapidity with which 
it absorbs and releases hydrogen. 

Yttrium and the rare earths form similar intermetallic com- 
pounds with transition metals. It therefore seemed likely 
that the yttrium compounds would behave like their rare 
earth counterparts in respect to hydrogen sorptive power. 
Because of the lower atomic weight of Y ,  the yttrium com- 
pounds have lower density; this is of significance if the inter- 
metallic is to be used for hydrogen storage in mobile vehicles 
since weight considerations are then important. In this note 
we report pressure-composition isotherms for the YCo, -H 
system. For purposes of comparison YNi,, ThCo, , and 
Tlfli, were also examined as possible solvents for hydrogen. 

Intermetallic compounds used were prepared by induction 
melting in a water-cooled copper boat under an atmosphere 
of purified argon gas and were homogenized under vacuum at 
1000” for 2 weeks to obtain single-phase compounds. 
Powder X-ray diffraction patterns were obtained to confirm 
formation of the compounds and to establish the absence of 
extraneous phases. The lattice constants thus obtained were 
in good agreement with literature values. 

Samples were powdered to fine particles (-75 p) with a 
mortar and a pestle in air, then introduced into a brass con- 
tainer, and connected to the hydriding system. Before 
introducing hydrogen gas (99.999% pure), the whole system 
was pumped out with a mechanical pump mm). 
Then hydrogen gas was introduced into the system at -150 
atm and pressure was measured with an Ashcroft test gauge. 
The system was left for some days until the pressure be- 
came constant and then evacuated by the mechanical pump. 
This process was repeated several times before the actual 
desorption measurements were done. 
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Figure 1. Pressure vs. composition for the YCo,-H system at  several 
temperatures. Composition ( N H )  is expressed as the gram-atoms of 
H per gram formula weight of YCo,. 

YCO, and ThCo, absorb hydrogen gas reversibly giving the 
limiting composition ratio of hydrogen atom to compound of 
NH x 3.0 in both cases. Pressure-composition isotherms for 
desorption of the YCo5-H system at  three temperatures are 
given in Figure 1. These show plateau pressures indicating 
a two-phase region, i.e., a solid solution and a hydride. The 
ThCo,-H system has a plateau pressure of 45 atm at 23”. 
Since this is a rather high pressure for our equipment (maxi- 
mum pressure is 100 atm for precision measurement), iso- 
therms at higher temperatures were not obtained for the 
ThCo, -H system. YNi, and ThNi,, on the other hand, do 
not absorb hydrogen gas under the applied pressure of up to 
150 atm. This may be due to their high plateau p re~su re .~  

After the desorption experiments X-ray powder diffraction 
patterns of YCo, and ThCo, were taken. The patterns were 
identical with those obtained before hydriding in each case, 
indicating no decomposition in either YCO, or ThCo,. We 
had hoped to  obtain a crystal structure of the hydride phase, 
but it was not possible to perform X-ray diffraction measure- 
ments on the hydride phase because of the high equilibrium 
pressure at room temperature. 

In Figure 2,logP(atm) vs. l / T i s  plotted for the YCo,-H 
system. A linear relation is obtained corresponding to the 
expression 

logP(atm) = 5.96- 1679/T 

From this equation, the heat of reaction to form the hydride 
is obtained as AH, = -7.7 kcal/mol of Hz 
to that observed in the RCO, or RNi, systems (R = a  rare 
earth element). For example, LaNi, and SmCo, hydrides 
have heats of reaction of -7.2 kcal/mol of H, and -7.4 kcal/ 
mol of H,, re~pectively.~ As stated earlier, the limiting com- 
position NH is 3 for YCo, and ThCo,. This is also the case 
for most of the RCo, or RNi, hydrides, i.e., the most stable 
hydride has the limiting composition NH = 3 ,  although they 
are known to form several hydride  phase^.^, These findings 
seem to indicate that the crystal structure is an important 
factor in the hydrogen absorption by this type of compound. 
This is also substantiated by the fact that YCo,, ThCo,, and 

which is very close 
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