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The chemical reactivity of the new, red, crystalline complex isolated from the reaction of NH, with (CSHS)Ti(CSH,)Ti(C5Hs)2 
(I) has been investigated. The original interest in I was in its demonstrated ability to activate molecular nitrogen; however, 
compound I is so reactive that it readily reacts with many of the very same organonitrogen products which we sought to 
synthesize. Surprisingly, the product of the NH3 reaction above, [TiCp2NHI2H (11), is itself quite reactive. Carbon monoxide 
or C02 react with compound I1 to yield an isocyanate or carbamate complex, respectively. Despite the formal oxidation 
of I by NH3, the product I1 is still capable of coordinating N2. This latter N2 complex can also be reduced further by 
potassium naphthalene to NH3 (after addition of HCl). Further, compound I1 is an effective, low-pressure, homogeneous 
catalyst for the hydrogenation of olefins. 

Introduction 
Over the last few years, experiments have been conducted 

in these laboratories to determine if it might be possible to 
catalytically generate organonitrogen compounds (especially 
primary amines) directly from dinitrogen (or alternatively from 
NH3). Extensive studies have been focused on the preparation 
and properties of a new, low-valent, coordinatively unsaturated 
titanium2q3 metallocene, (C5H5)2TiC5H4Ti(C5H5) (I). One 
feature of this complex4 is its unusual #:$-bonded C5H4 
group: another is its high reactivity toward small, unsaturated 
molecules such as NZ. Treatment of I with N2 in the presence 
of potassium naphthalene followed by acid hydrolysis results 
in the transformation of most of the N 2  to NH3. However, 
compound I is so reactive that it readily reacts with many of 
the very same organonitrogen products which we sought to 
synthesize. For example, compound I readily reacts with 
amm0nia~9~ and aliphatic and aromatic amines as well as 
ureas7,* to yield Ha. In the case of ammonia, the stoichiometry 
is 
Cp,TiC,H,TiCp + 2.0NH3 -+ (Cp,TiNH),H + H, (1) 

- 

I I1 
Cp = q-C,H, 

While the precise location of the H atoms in I1 is based upon 
indirect arguments, the framework structure 

N 
I \  

N 
CpaTi\ TiCp2 

incorporating a planar array of the titanium and nitrogen 
atoms, has been defined by x-ray ~rystallography.~ We now 
report that 11, prepared by the spontaneous reaction of I with 
NH3, is still capable of coordinating N2. Surprisingly, we also 
find that I1 is an olefin hydrogenation catalyst which is still 
active in the presence of free NH3 or C2H5NHz. Further, the 
reactivity of I1 with CO and C 0 2  is described. 
Results and Discussion 

Reaction with Dinitragen. Pressurizing a toluene solution 
of I1 with 150 psi of N2 results in an immediate deepening in 
the color of the red solution. Evaporation of the solvent to 
dryness at 0 OC followed by washing with n-octane leaves a 
dark red solid, 111, which analyzes for 10.3% N (-3 N/Ti). 
(The parent compound (11) contains 7.3% N, using the same 
Dumas method). The product slowly loses N 2  while stored 
in the cold or with exhaustive pumping. Attempts to determine 
the actual amount of coordinated N 2  using HCl, ICl, or K I 0 3  
to oxidize the complex resulted in an incomplete accounting 
of the total nitrogen originally present (probably due to the 
formation of stable titanium nitrides). Debye-Scherrer x-ray 
powder photographs (Vanadium-filtered Cr radiation) of this 
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than 20 h a t  room temperature. Even in the presence of 1% 
NH3 (in C2H4/H2 mixtures) or 1-3% EtNH2, the catalytic 
hydrogenation of C2H4 to C2H6 proceeded, although not as 
rapidly. In addition, compound I1 effected the catalytic 
hydrogenation of C2H4 in the absence of any solvent (Po = 
150 psi of 1:l C2H4:H2 a t  room temperature). Further, cy- 
clohexene (-8 mL) was catalytically hydrogenated by H2 (at 
1 16 psi, room temperature) to cyclohexane (>I50 turnovers 
in 6 h), and the catalyst continued to be effective for several 
days. Preliminary kinetic data for the hydrogenation of 
cyclohexene by H2 (Po - 700 Torr, 20 "C) revealed a 
pseudo-first-order rate behavior for the drop in pressure of 
hydrogen above the cyclohexene solution ( k  = 2.8 X s-] 
a t  5 . 5  X 

In retrospect, the ability of 11 to function as a hydrogenation 
catalyst is not too surprising in view of its hydridic b e h a ~ i o r . ~  
However, the close similarity in the rates of hydrogenation to 
that observed for the parent compound, I, is quite  tartl ling.^ 
It was expected that the addition of NH3 to I and the resulting 
evolution of H2 (corresponding to a formal oxidation of the 
titanium centers) would result in a greatly diminished activity 
of Ihe imide product, 11, as an olefin hydrogenation catalyst. 
Perhaps, part of the reason that I1 is such an active hydro- 
genation catalyst is its ability to exist as a monomer' in so- 
lution, and, as such, it is coordinatively unsaturated. 

The homogeneous, mild hydrogenation of olefins by H2 in 
the presence of amines is significant since amines react 
degradatively with I to yield H2. In addition, amines 
sometimes act as poisons for olefin hydrogenation catalysts13 
or force investigators to use more extreme temperatures and 
pressures. The present industrial hydrogenation of some olefins 
requires pretreatment of the olefin stream (with hydro- 
desulfurization catalysts)14 to remove amines and mercaptans. 

Reaction with Olefins. Addition of 1-hexene to 
( T ~ C P , N H ) ~ H  in the absence of H2 does not generate any 
significant amounts of hexane or isomerized hexenes over a 
period of 3 days a t  40 "C. Further, while compound I has 
been reported3 to catalyze the generation of butadiene and 
ethane from C2H4, compound I1 only assists in this reaction 
to produce a few percent of butadiene and ethane under the 
optimum conditions used for compound I. Therefore, the 
addition of ammonia to I results in a compound which does 
not promote the isomerization or dimerization of olefins, 
although this new compound, I1 (in the presence of H2), is 
capable of hydrogenating olefins with rates comparable to 
those observed for the parent compound, I. 

Reaction with Water and Amines. The addition of an excess 
of water (based on Ti) to I1 leads to an immediate and vigorous 
evolution of gas with the production of a blue-gray solution 
after 24 h. The gas corresponds to H2 ( - 1.5 mol of Hz per 
mol of Ti2). Pressurizing a toluene solution of I1 with a large 
excess of NH3 (at 110 psi) yields a product which displays 
several bands in the IR spectrum above 3200 cm-' indicative 
of N-H vibrations (Dumas N analysis indicates -3 N/Ti2). 
This product probably corresponds to a solvated or coordinated 
ammonia complex of 11. In a similar manner, compound I1 
(in toluene) also seems to consume some C2H5NH2 (in the 
presence of a large excess of the amine) without the evolution 
of H2. Thus, the addition of NH3 to I does not inhibit its 
ability to reduce H 2 0  to H2, but it does inhibit the further 
dehydrogenation of organic amines as observed for compound 
I.' Again, it appears that the addition of NH3 to I moderates 
its activity, but very selectively. These results suggest an 
interesting, although specialized use for 11, namely, its use as 
an effective, exhaustive drying agent for laboratory preparation 
of extremely dry organic amines. We have since used 
compound I1 very effectively in this way. Even the amount 
of water originally present in the amine can be determined by 
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Figure 1. X-ray photoelectron spectra of (TiCpzNH)zH and the 
corresponding N2 complex. 

N2 adduct indicated that only four major lines' of the parent 
compound, 11, remain. Additional lines were not observed due 
to disorder in the material. 

The x-ray photoelectron spectrum (XPS) of I1 and I11 are 
illustrated in Figure 1. For the parent imide compound, 11, 
a single band (width a t  half-height = 2.2 eV) is observed a t  
398.0 eV corresponding to the N Is t ran~i t ion .~  However, the 
N2 adduct (recorded immediately after pumping the reaction 
chamber to lo-' Torr) displays a much broader band centered 
a t  398 eV with a bandwidth of 5.5 eV (at half-peak height). 
The intensity of the 398-eV band for I11 corresponds to more 
nitrogenlo than is present in the parent imide complex. These 
XPS measurements support the presence of a different form(s) 
of nitrogen in I11 than is present in 11. 

It is possible to stoichiometrically reduce N2 over solutions 
of I1 with potassium naphthalene (KNp). This was established 
by pressurizing a diethyl ether solution of I1 to 110 psi of N2. 
The excess N2 was removed, and KNp was added a t  -80 "C 
in vacuo. Hydrolysis of the product with HC1 and Kjeldahl 
distillation of the ammonia gave NH4C1" (confirmed via mass 
spectrometry). Analysis of the total ammoniacal nitrogen in 
the hydrolyzed product shows -2 mol of ammonia/mol 
sample of I1 treated in the above manner. In the absence of 
N2, the same procedure only yields -0.8 mol of ",/mol of 
II.12 Use of 30N2 in place of 2*N2 in the above procedure leads 
to substantial amounts of lSNH4C1 which was detected by mass 
spectroscopy. While some ammonia is expected from the 
parent compound, the appearance of 15NH3 (when the only 
source of 15N was 30N2) provides a strong argument for the 
complexation of N2 by 11. 

I t  is apparent that the combined experimental results (total 
N analysis, x-ray powder pattern, )ON2 reduction by KNp, and 
the XPS results) suggest that N2 is complexed by compound 
I1 and that this coordinated N2 is sufficiently activated for 
reduction of KNp. There may be several different types of 
N2 complexes that are formed; however, the N2 seems to be 
more weakly coordinated to the titanium in this case than for 
the corresponding N2 complexes of compound I. This latter 
result may arise from the higher formal oxidation state of the 
metal due to reaction of I with NH3. 

Hydrogenation of Olefins. Compound I is an  active ho- 
mogeneous catalyst4 for the hydrogenation of olefins. Further 
studies have revealed that the hydrogenation of olefins proceeds 
even in the presence of ammonia and compound I. Since NH3 
(and organic amines) readily reacts with Cp2TiCsH4TiCp to 
yield the "imide" complex,' ( T ~ C P ~ N H ) ~ H  (II), the latter 
compound was also tested as a catalyst for the reduction of 
C2H4 and C6H10 by H2. Compound I1 (0.23 mmol) was 
dissolved in -5 mL of toluene (contained in a heavy-wall, glass 
pressure tube) and pressurized to 136 psi with a 1: 1 mixture 
of C2H4 and H2. The generation of CzH6 was complete in less 
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measuring the amount of H2  evolved. 
Ammination of Olefins. The ability of compound I1 to 

function as an effective hydrogenation catalyst even in the 
presence of amines suggested that compounds I or I1 might 
be effective catalysts for the preparation of organonitrogen 
compounds from NH3. The efficient, catalytic ammination 
of olefins selectively to primary amines has not been achieved, 
although the reaction is exoergic: 
NH, + C,H, -+ C,H,NH, (2) 

While mixtures of amines have been observed under extreme 
reactionl5 conditions (using NH3 as the starting material), no 
low-pressure, homogeneous catalysts have been developed for 
the specific amination of olefins by ammonia to primary 
amines. The stoichiometric addition of NH3 to C2H4 has been 
observed using a platinum catalyst,I6 and a variety of reactions 
of olefins with secondary amines have been observed." 

Using a variety of C2H4 and NH3 mixtures (2: 1 to 1 :2.5) 
a t  a total of - 150 psi over toluene solutions of I or I1 (20-95 
"C), the catalytic consumption of C2H4 was not observed. 
Even using pressures of C2H4 as high as 2000 psi with the 
addition of a few milliliters of liquid ammonia did not enhance 
the reaction. The addition of hydrogen to the olefin and 
ammonia gas mixtures did not promote reaction 2. The IR 
spectrum of the titanium products obtained by evaporating 
the solution to dryness invariably displayed several bands above 
3200 cm-l. The GLC of the volatiles as well as the solvent 
from the reaction revealed a mixture of small amounts of 
C2HSNH2, (C2H5)2NH, and (C2HS)3N. Addition of HCl 
followed by treatment with LiOMe in dioxane yielded only 
traces of (C2Hs)2NH and (C2Hs)3N. The (C2H,)2NH was 
also confirmed by GLC/mass spectroscopy. However, the 
absence of any significant pressure drop during the reaction 
and the quantitative GLC results indicate that the yields of 
organic amines from the ethylene and ammonia are less than 
stoichiometric. 

The assisted amination of ethylene by ammonia using 
compound I is probably regulated by the initial attack of NH3 
upon the titanium center. One can envision an oxidative 
addition of NH3 upon the titanium center in compound I to 
yield an amide, hydride of titanium. Ideally, this hydride 
would reduce the olefin followed by the transfer of the alkyl 
function to the amide ligand to yield the organic amine. 
Unfortunately, we know that the first step is accompanied by 
the evolution of H2, and this reaction probably prevents the 
reaction from being catalytic. The initial attempts a t  mini- 
mizing the loss of H2  by adding H2  to the reactants were 
complicated by the resulting hydrogenation of the olefin. 
Therefore, it is apparent that the addition of ammonia does 
markedly affect the catalytic activity of I. That is, while the 
reactivity of N H 3  with I is unique, the further elimination of 
H2  (perhaps via reaction with another ammonia molecule) 
seems to inactivate the catalyst toward the catalytic amination 
of olefins. 

Reaction with CO. Toluene, THF, or diglyme solutions of 
I1 react readily with even traces of CO to generate a new 
product(s), IV. The IR spectrum of IV displays a new band 
at  2195 cm-', as well as numerous Ti-CO vibrations at 
1975-1800 cm-' (Figure 2). The main carbonyl vibrations 
are located exactly where T ~ C P ~ ( C O ) ~  absorbs,18 and the latter 
compound can be obtained from IV by sublimation at  80 OC 
( lov3 T ~ r r ) . ' ~ ~ ~ ~  The residue from the sublimation contains 
only traces of a titanium carbonyl complex while most of the 
2195-cm-' (2198 cm-' in KBr) band remains. Treating 
(TiCp2ISNH),H with C O  results in a shift of the 2195-cm-' 
band to 2182 f 1 cm-I. With I3CO and (T~CP,NH)~H,  a 
shoulder appears a t  2152 cm-' on a main band at  2124 cm-I. 
The relative magnitudes of the shifts2I in the'band originally 
a t  2195 cm-' upon I5N or I3CO substitution are consistent with 

AGO = -2.3 kcal/mol, 25 'C 
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Figure 2. Comparison of IR spectra of ( T ~ C P ~ N H ) ~ H  and the same 
material treated with CO. The spectra have been corrected for solvent 
absorptions. 

an isocyanate complex ( T ~ C P , ( N C O ) ~  at 2220, 2170 cm-l; 
TiCp2NC0 at  2175 Upon exposure of IV to air, 
the isocyanate band is shifted to 2196 cm-' (shoulder at 2209 
cm-') while the carbonyl vibrations are considerably reduced 
in intensity. Attempts to react the isocyanate product with 
amines (to yield ureas)24 or with CH31 (to yield CH3NCO) 
were unsuccessful. The stoichiometry of the reaction is 
(TiCp,NH),H + 2.0CO -+ IV + 0.25H, (3) 
IV + HC1- l H ,  + 1.6CO + 0.1C0, (4) 
IV + CHJ -+ 0.3CH4 + 1.OCO (5) 

[Separate experiments using crystalline T~CP, (CO)~  dissolved 
in toluene and treated with excess, anhydrous HC1 yielded 1.7 
CO/Ti and 0.8 H2/Ti and little or no C 0 2 .  Treatment of 
T ~ C P , ( C O ) ~  with CH31 yields 0.95 CO/Ti and an acyl 
complex.2s] The product, IV, behaves very similarly to a 
sample of TiCp2(CO)2. However, if one assumes that most 
of the CO has reacted with I1 to yield TiCp2(CO)2, then what 
is the remaining product with respect to the initial nitrogen 
atoms present in compound II? Clearly, an isocyanate complex 
has been formed, and this would also explain the initial ev- 
olution of hydrogen from reaction 4. However, a coordinated 
isocyanate would not be expected to yield CO upon treatment 
with CH31 or HCl. The generation of C 0 2  from the addition 
of HCl to IV would be consistent with the presence of an 
isocyanate complex.26 This suggests that a t  least 5% of the 
CO absorbed by I1 generates an isocyanate complex; however, 
the residue must also contain the remaining nitrogen from the 
original sample. The T ~ C P ~ ( C O ) ~  obtained by sublimation 
of IV could result from the thermal decomposition of IV or 
it may be a by-product of the reaction. It is apparent that IV 
is not a pure material. No single dimeric structure can be 
drawn which satisfactorily explains all the results (a tetrameric 
complex is possible, but such speculation is unwarranted at  
this stage). However, it is apparent that CO has reacted with 
the nitrogen in compound I1 to form the isocyanate. With this 
in mind, the following exoergic reactions for the ~a ta ly t ic~ ' ,~*  
generation of organic isocyanates or ureas might be possible: 
R", + CO -+ RNCO + H, ( 6 )  
ZRNH, + CO -+ (CO)(NHR), + H, (7) 

However, the fact that the isocyanate ligand is not eliminated 
by treatment with CO, CH31, water, amines, or air certainly 
restricts its use as a catalytic intermediate for the formation 
of organic isocyanates or ureas according to eq 6 or 7. In our 
systems, the key step would be the cleavage of the Ti-NCO 
(or Ti-OCN) bond with the capability of regenerating the 
original catalyst. Because the Ti-N or Ti-0 bonds are so 
strong,38 the catalyst cannot be regenerated. 



John N.  Armor 

such as PPh3 or NH3 may function in a similar manner by 
disturbing the symmetry of compound 11, but the result is 
much more definitive when C 0 2  is used. 
Conclusion 

A variety of reactions of I1 with N2, olefins, mixtures of 
olefins and hydrogen, CO, C02, and H 2 0  have been described, 
Except for olefins, the imide complex, 11, reacts quite readily 
with all these materials despite the formally oxidized titanium 
center. Compound I1 reacts with C O  to yield both a carbonyl 
complex and small amounts of an isocyanate species; with C 0 2  
it yields a carbamate complex. In spite of the quantitative 
uptake of exactly 2 mol of C O  by 11, a mixture of products 
is formed. These mixtures may result from the existence of 
two competitive pathways with one complex or the reaction 
of two different complexes. (It should be recalled that I1 
appears to dissociate into two different monomeric species in 
solution.) In any event, it appears that either C O  or C02  
reacts with compound I1 to generate N-C bonded products. 
However, these products cannot be liberated intact from the 
titanium center(s), and this limits the application of the 
complex to catalytic systems incorporating CO or C02  as 
reagents. 

While N H 3  appears to react degradativefy with I (by the 
evolution of Hz and the formal oxidation of the titanium 
center), a new catalyst is still generated. The latter complex, 
11, is as active a hydrogenation catalyst for olefins as is 
“bis(titanocene)”, I. The actual catalyst for this reaction may 
be the same as, or very similar to, that in the “bis(titan0cene)” 
system (I). (Alternatively, it may be that the mononuclear 
form of complex I1 is an active hydrogenation catalyst because 
it is coordinatively unsaturated.) Further, this ammine de- 
rivative of “bis(titan0cene)” is an effective room temperature, 
low-pressure, homogeneous catalyst for the hydrogenation of 
olefins in the presence of amines. In addition, compound I1 
has been demonstrated to bind N2. This coordinated N 2  can 
be reduced by KNp to NH3 (after addition of HC1). It is 
apparent that while NH3 does affect the catalytic activity of 
I, it does so very selectively. While reaction with N H 3  in- 
activates I toward olefin isomerization, it does not inhibit it 
as a catalyst for the hydrogenation of olefins or the activation 
of N2. Thus, the addition of N H 3  to I generates a new 
compound which has acquired some selectivity in its catalytic 
properties. Despite the facile reaction of I with NH,, the 
product I1 is still very reactive as evidenced by its reaction with 
CO, C02, and even N2. 
Experimental Section 

Apparatus and Reagents. All chemicals used were of the highest 
purity available. The extremely air-sensitive nature of the metallocenes 
used throughout this work requires the rigorous exclusion of air and 
water. All solids were transferred or handled in a Vacuum At- 
mospheres drybox filled with argon containing <5 ppm 0 2  or H20.  
The titanium complexes were dissolved in solvents using glassware 
fitted with Kontes Teflon, vacuum valves. The solvents were 
transferred using standard vacuum line ( Torr) techniques. The 
solvents and gases were dried and purified as described in our earlier 
publication which also gave the details regarding the syntheses of I 
and 11. The physical measurements and techniques were the same 
as those reported earlier.’,’ KBr pellets for the IR spectra were 
prepared (using dried spectroquality KBr) in the drybox using a 
mini-KBr press. Carbon dioxide was purified by drying over P205 
and outgassing at -196 “C. All experiments using compound I1 were 
performed with the crystalline material. 

TiCp2(CO)p The dicarbonyl complex was prepared by the Al(Hg) 
reduction of TiCp2C12 in the presence of CO.” The crude brown 
residue, obtained after evaporating the filtrate to dryness, could be 
purified by sublimation at 80 O C  at Torr. The deep red crystals 
of TiCp2(C0)2 were used immediately after sublimation. 

Catalytic Hydrogenation of Olefins. Crystals of I1 were weighed 
under argon and transferred to the 200-mL flask into which the 
cyclohexene was distilled. The rates for the hydrogenation of cy- 
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Figure 3. Comparison of I R  spectra of (TiCp2NH)’H and the same 
material treated with C02. The spectra have been corrected for solvent 
absorptions. 

Reaction with C02. The red toluene solution of I1 slowly 
(hours) turns blue on exposure to an excess of C 0 2 .  The 
stoichiometry corresponds to 2.0 mol of CO, consumed/mol 
of Ti2 with no H2 evolution. Evaporation of the toluene yields 
a sky blue solid (V) which is still very sensitive to air and 
moisture. The IR spectrum of V is given in Figure 3. Several 
new, strong bands are apparent at 3340, 3230, 1668, and 1510 
cm-’ which were not present in the starting material. The first 
three bands are shifted when 15NH3 is used to prepare 11. 
Treatment of I with ND, (which should yield ( T ~ C P , N D ) ~ D > ~  
followed by the addition of excess C 0 2  ultimately yields a 
product having the expected N-D vibrations at  2540 and 2430 
cm-’. Addition of anhydrous HCI to V (in toluene) liberated3’ 
>80% of the initial C 0 2  absorbed by 11, and the IR spectrum 
of this latter product was consistent with a mixture of NH4C1 
and TiCp2C12. Exposure of a toluene solution of V to O2 
resulted in a vigorous reaction with the release of 67% of the 
original CO,. The I R  spectrum of the 0 2  exposed product 
shows several bands indicative of either amines or metal 
carbonates. Addition of excess PPh3 or CO to V yields no C 0 2  
while excess CH31 yields most of the original C 0 2 .  

Although V may not be a pure material, it is apparent that 
the nitrogen centers in I1 have reacted with C 0 2  to form a 
carbamate complex. Recently, [ R U H ( P M ~ ~ P ~ ) ~ ] P F ~  in 
“Me2 was reported3’ to react with COz to yield a carbamate 
complex, [Ru(02CNMe2)(PMe2Ph).JPF6. Addition of HC1 
to this ruthenium carbamate yields C02 and the amine hy- 
drochloride. The Ru-carbamate complex has IR bands at  
1565 and 1465 cm-’ while various Nb, W, and Zr carbamates 
reported by have bands ranging from 1685 to 
1594 cm-I. The observation that I1 reacts with CO to yield 
an isocyanate leads one to suggest that C02 also ought to be 
able to react with the Ti-N moiety in I1 to yield a carbamate 
complex. The elimination of C02 upon treatment of V with 
HC1, CH31, or O2 may arise because these reagents effectively 
oxidize the center. Oxidation of the metal center would 
eliminate the carbamate ligand leaving it prone to decom- 
position into C 0 2 .  The absence of any C 0 2  upon treatment 
of V with C O  strongly rules out a C 0 2  c ~ m p l e x . ~ ~ , ~ ~  

Besides the reactivity of I1 with COS, another interesting 
feature is the apparent ability of C02 to bring out the pre- 
viously hidden N-H vibrations above 3200 cm-’ in 11. The 
addition of ND3 to I yields D2 and a compound which, if used 
immediately, must still contain N-D bridges and no C-D 
 vibration^.^ The appearance of N-D vibration when C 0 2  is 
added to this deuterated complex proves that the bridging 
nitrogen atoms of I1 contain N-H bonds. This suggests that 
the addition of C02 may serve as a useful probe for identifying 
compounds having features similar to 11. Other Lewis bases 



Reactions of [TiCp2NHI2H 

clohexene were obtained by monitoring the drop in the pressure of 
H2  over a known weight of a cyclohexene solution a t  20 OC. When 
the H2 pressure had fallen to 100 Torr, additional hydrogen was added 
to 740 Torr. Plots of log P vs. time were linear over >4 half-lives. 
Repressurizing the reactor with H2 did not yield different rate 
constants. For the high-pressure experiments with CzH4 and H2  (1 50 
psi), the extent of hydrogenation was monitored by measuring the 
pressure of H2 remaining a t  various time intervals (by freezing the 
contents of the glass tube with liquid Nz). The ratio of CzH4 to c2H6 
was confirmed by GLC analysis using a 3-ft Carbosieve (45/60 mesh) 
column a t  140 OC (He flow) and also by GLC-mass spectroscopy. 

Isomerization of Olefins. A solution of 1-hexene (dried over 
molecular sieves) was distilled into a solution of I1 (0.2 mmol). Both 
the gas and liquid phases were sampled after 3 days. Even with 
additional heating a t  40 OC, no significant isomerization was observed. 
The absence of 2- and 3-hexenes was confirmed by GLC techniques 
(15% sulfolane on Chromosorb W, 25 "C, H e  flow). The dimerization 
of CzH4 to butadiene was followed by GLC using an n-octane on 
porasil column (25 "C) to detect C4H6 and a 5-ft Chromosorb 103 
column (218 "C) to detect C2H6. The gas and liquid phases were 
sampled (after 24 h) after treatment of a T H F  solution of I1 (0.3 
mmol) with 136 psi of C2H4 (98 "C). 

CH31 Experiments. Methyl iodide was dried over molecular sieves 
(Linde, 5A). After 4 d q b ,  it was then partially distilled from the 
sieves into a tube containing "bis(titanocene)", I. The CHpI  was 
distilled as needed from this solution being careful to outgas the CH31 
thoroghly prior +o reaction with the titanium compounds. Reaction 
of neat C H J  with the isocyanate compound (IV) a t  95 OC for 40 
h did not yield significant amounts of CH3NC0.  The latter compound 
can be identified by its distinctive N C O  vibration a t  2200 cm-' in 
the I R  spectrum (using a solution IR cell containing CH31 in the 
reference beam). 

Reduction of N2 A heavy-walled pressure tube was provided with 
a side arm into which KNp could be added and stored until needed. 
The tube was also loaded with 0.39 mmol of 11. Diethyl ether was 
distilled onto the red (TiCpzNH)2H and the solution pressurized with 
'*N2 (or 'ON2) to 110 psi. After 24 h, the ether solution was cooled 
to -80 OC, the N 2  vented to 1 atm, and the solution then quickly 
evacuated to Torr. The KNp (1.5 mmol) was then tipped into 
the dark red solution and allowed to stir for 8 h at -80 "C. The solution 
was then warmed to room temperature for 24 h, after which a large 
excess of anhydrous HC1 was condensed into the pressure tube. The 
reaction was allowed to stir for 24 h before evaporating the mixture 
to dryness. The residue was than analyzed for nitrogen by an ex- 
haustive Kjeldahl method. The mass spectrum of the reduced nitrogen 
product was obtained by treating the NH3 from the Kjeldahl distillate 
with excess HCl  and evaporating the solution to dryness. 
XPS Measurements. X-ray photoelectron spectra were recorded 

on an AEI-ES 200b spectrometer fitted with an x-ray monochromator 
(using Mg K a  source (1253.6 eV)). A special probe was designed 
so that the extremely air-sensitive samples could be mounted in the 
drybox, sealed under argon, transported to the XPS lab, and then 
opened in the high-vacuum chamber of the spectrometer. No dis- 
coloration of the red solid (indicative of exposure to 02) or intense 
oxygen XPS bands where detected in the sample. Because of the 
instability of the N z  adduct, all the XPS data were collected within 
3 min of the initial exposure of the sample to the x-ray beam. 

COz Analysis. The amount of C 0 2  consumed by I1 was determined 
volumetrically using a Toepler pump. The solution of I1 was frozen 
and a known amount of C02 was condensed into the reactor. The 
reaction was allowed to proceed to completion ( e 2 4  h) and frozen 
with liquid nitrogen. The gas phase was sampled for N2 and H 2  using 
a Toepler pump. The reactor was then removed from the liquid N2 
and immersed in a bath a t  -80 OC. The gas phase was again collected 
using a Toepler pump, and the gaseous products were then analyzed 
by GLC or GLC/MS. 

CO Analysis. A toluene solution of I1 (weighed as crystals) was 
exposed to a known amount of C O  and the reaction was carried to 
completion. The solution was frozen with liquid N2, and the resulting 
H z  (confirmed by mass spectroscopy) and C O  were collected using 
the Toepler pump. The gases were then recycled over Cu-0 heated 
to 400 "C (with liquid N 2  traps before and after the furnace). The 
liquid N 2  traps were removed and replaced with -80 OC baths, and 
the C 0 2  was collected using the Toepler pump. 

Analysis of Amines. The presence of organic amines can be easily 
demonstrated using G L C  techniques. Our Varian 9OP-3 chroma- 
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tograph was equipped with a 10-ft Pennwalt 221 column (175 OC, 
He flow) which readily separates primary, secondary, and tertiary 
amines. In order to remove any catalyst decomposition products, which 
might elute off the GLC column where the amines also appear, the 
reaction products were digested with NaOH. The gases were distilled 
onto aqueous HC1. After 24 h, the aqueous HCI was evaporated to 
dryness. A minimum amount of dioxane was added to the white 
residue, followed by the addition of an excess of LiOMe. The gas 
phase of the reaction tube was then sampled by means of a vacu- 
um/gas-inlet system appended to the GLC. 
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The reduction of tris( 1,lO-phenanthroline)cobalt(III), tris(oxalato)cobaltate(III) and tris( 1 ,lo-phenanthroline)iron(III) 
by titanium(II1) in aqueous solutions has been studied at 25 :C, I = 1 .O mol dm-) (LiC1). The dependence of the second-order 
rate constants, kobd, on [H'] has been investigated over the range 0.05-1 .OO mol dm-3, and the rate constant is of the form 
kobd = ko + k l  [H+]-' for tris( 1,lO-phenanthroline)cobalt(III). The [H'] dependence for tris(oxalato)cobaltate(III) and 
tris(1,lO-phenanthroline)iron(III) is of the form Ilkobsd = a + b[H+]. The magnitudes of the parameters a and b for 
tris(oxalato)cobaltate(III) are indicative of precursor complex formation, attributed to chelation of TiOH2+ by oxalate 
ligand. The magnitudes of a and b for tris( 1 ,lo-phenanthroline)iron(III) do not indicate precursor complex formation. 
Observed catalytic effects of added anions and calculations based on the Marcus equation on the reaction of tris( 1,lO- 
phenanthroline)cobalt(III) and tris( 1 ,lo-phenanthroline)iron(III) suggest that they react with titanium(II1) by outer-sphere 
mechanisms. 

Assignment of mechanism to redox reactions involving 
titanium(II1) has been based on usual criteria apjlied to other 
reductants, viz., relative rates1$2 (kN3/kNa), electron mediating 
ability of carboxylate through conjugation and/or 
chelation, and log-log plots using Marcus linear free energy 
 relationship^.^ Inverse hydrogen ion of observed 
second-order rate constants has dominated the kinetics of 
aqueous reactions of titanium(III), and the nature of this has 
been used recently in some cases to suggest precursor complex 
formation and hence inner-sphere mechanisms. The complex 
nature of the inverse hydrogen-ion dependence observed in 
certain cases makes alternative2,s or parallel reaction paths 
possible. Thus, while Orhanovic and Earleys were unable to 
assign a mechanism to the reactions of titanium(II1) with 
C O ( N H ~ ) ~ C ~ ~ +  and cis- and tr~ns-Co(en)~Cl~+, Thompson and 
Sykes4 were able to use log-log plot correlations to assign an 
outer-sphere mechanism to these reactions. We here report 
a study utilizing some of the above criteria, as well as current 
ideas on the characteristic hydrolytic behavior of titanium(III), 
to assign mechanisms to its reactions with tris( 1 , lO-  
phenanthroline)cobalt(III), tris(oxalato)cobaltate(III), and 
tris( 1,lO-phenanthroline)iron(III). 
Experimental Section 

Materials. LiC104 was prepared and recrystallized several times 
by standard procedures.' 

LiCl (Hopkin and Williams Reagent grade) was recrystallized twice. 
The hydrochloric acid was Analar grade reagent. Pure titanium(II1) 
chloride (Koch-Light Laboratories, Ltd.) was used. Fresh Ti(II1) 
solutions, prepared and stored at 0 OC each day before use, were 
standardized as described' previously. 

The complexes C ~ ( p h e n ) ~ ~ ' ,  C O ( C ~ O ~ ) ~ ~ - ,  and F e ( ~ h e n ) ~ ~ '  were 
prepared and recrystallized as described in the literature."*" Their 
UV-visible spectra were in good agreement with l i terat~re '" '~ values. 
C O ( C ~ O ~ ) ~ ~ -  was kept in a tube wrapped with aluminum foil to avoid 
photolysis. F e ( ~ h e n ) ~ ~ +  solutions in 5 mol dm-3 perchloric acid were 
freshly prepared each day and kept in ice before use. 

Kinetics. The fast reactions of Ti(II1) with Co(C~04)3~- and 
F e ( ~ h e n ) ~ ~ +  were monitored on a Durrum-Gibson stopped-flow 
spectrophotometer. Decreasing absorbance of was 
followedI3 at h 605 nm (e  175 dm3 mol-' cm-I) for the Ti(II1)- 
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C0(C204)33- reaction; increasing absorbance of Fe(phen)t' produced 
in the Ti(III)-Fe(pher~)~~+ reaction was followed14 at h 510 nm (e  
1.09 X lo4 dm3 mol-' cm-'). The slow Ti(1II)-C0(phen)~~+ reaction 
was followed on an SP 500 spectrophotometer. The reductant was 
always in large excess (>tenfold). All runs were performed at  25.0 
f 0.1 ' C  in chloride media, with I = 1.0 mol dm-3 (LiCI). The use 
of perchlorate was avoided due to complications arising from its 
reactions with Ti(III).3a However, where effects of chloride were 
investigated, LiC104 was used to maintain the ionic strength at 1.0 
mol dm-3. Perchlorate was introduced via the oxidant solution. 
Pseudo-first-order rate plots were linear to more than 85% reaction 
in all cases. 
Results 

Stoichiometry was checked for each of the reactions by 
recording the UV-visible spectra of the reaction mixtures 
before and after each reaction. The results were consistent 
with the reduction of 1 mol of oxidant by 1 mol of Ti(II1). 
Each reaction could therefore be written as 
Ti(II1) + M(II1) + Ti(lV) + M(I1) (1) 

where M = Co or Fe. The reactions obey the rate law 

rate = kobsd [TiQII)] [M(III)] ( 2 )  
Second-order rate constants k&sd are listed in the tables. 

Ti(I1I)-C0(phen)~~+ Reaction. The dependence of kobsd on 
[H'] was investigated in the range 0.05-1.00 mol dm-3 (Table 
I) and is of the form 

k o b d = k o f k l [ H + - '  (3) 

with ko = 0.038 f 0.009 dm3 rno l - '~ -~  and k l  = 0.24 f 0.04 
s-1. 

Thompson and Sykes4 have used the equation in the form 

kobsd = kl/(Ka + [IFc]) (4) 

to make more precise evaluation of k, ,  where K ,  is the hy- 
drolysis constant for Ti": 

(3 Ti3+ + H,O d TiOH" + H+ 

A good fit of their data to eq 4 was found for the Co(II1) 

Ka 
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