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Figure 5. Calculated (6-31G) frontier orbital energies (au), ei- 
genvectors, and the net change in orbital energies (kcal/mol) for 
the molecular orbitals containing the nitrogen lone pair in N- 
fluoroformimine (6) and its transition state for inversion, 6a. (See 
ref 13.) 

sition state for nitrogen inversion. In all three model 
compounds the lone pair on nitrogen resides principally 
in an sp2 orbital as seen by the eigenvectors for the HOMO 
($J in 5 and the NHOMO ($11) in 1 and 6. When the 
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nitrogen lone pair is directed along the x axis the mag- 

Table I. Computed (6-31G) Inversion Barriers for 
CH,=N-X and the Increase in Orbital Energies 

upon Nitrogen Inversion 
inversion 
barrier, aE for a E f o r  

compd X kcal/mol T C H . - ~  ~CH. + n 
3 CN 14.4 35.55 12.96 
5 H  25.2 42.90 36.60 
4 +N=N: 28.2 79.57 20.24 
1 OH 59.5 63.81 25.55 
6 F  77.4 81.85 -21.79 

nitude of the coefficients reflects the relative contribution 
of the substitutent on nitrogen to these particular mo- 
lecular orbitals. 

A similar observation was made for the corresponding 
rCH2 - n orbitals in the N-cyano and N-diazoformimines 
3 and 4.n, In all five model substrates that we have studied 
using the extended 6-31G basis set, this particular mo- 
lecular orbital consistently exhibits the largest increase in 
energy on going to the transition state. The lower energy 
(TCH, + n) bonding combination of this MO, that also 
contains the nitrogen lone-pair, shows an increase in orbital 
energy (Table I) with the exception of the fluor0 derivative. 
The anomalously high increase in orbital energy noted for 
the diazo derivative 4 is presumably due to its unusually 
strong Q inductive effect and to the fact that the diazo 
portion of the molecule is nonlinear in the ground state, 
decreasing its effectiveness to extend the conjugation by 
resonance delocalization. 

In summary, we have corroborated earlier suggestions1 
that electron-withdrawing substituents a t  nitrogen mark- 
edly increase the inversion barrier, and we have identified 
the molecular orbital that contributes most significantly 
to the activation energy as an "allyl type" MO containing 
the nitrogen lone pair. 
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On the Mechanism of the Titanium-Induced Reductive Coupling of Ketones 
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The reductive coupling of ketones, induced by low-valent titanium, was studied by using benzophenone and 
cyclohexanone as model compounds. The reaction conditions were optimized. It is essential that TiCl3 is reduced 
completely before addition of the ketone. The reaction mechanism is deduced from ESR measurements. Both 
the inorganic and organic part of the radical reaction are discussed. Various techniques were invoked to obtain 
a model for the actual coupling site. The coupling reaction occurs on the surface of an active titanium specimen. 

In the early seventies three groups of  investigator^^-^ 
established that low-valent Ti, prepared by the action of 

strong reducing agents on TiC13 or TiC14 in THF, can 
abstract oxygen from ketones, leading to the formation of 

(1) On leave from Polish Academy of Sciences, Institute of Organic 

0022-326318211947-0248$01.25/0 0 1982 American Chemical Society 

(2) S. Tyrlik and I. Wolochowicz, Bull. SOC. Chim. Fr., 2147 (1973). 
(3) T. Mukayama, T. Sato, and J. Hanna, Chem. Lett.,  1041 (1973). Chemistry, Kasprzaka 44/52, Warszawa, Poland. 
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Optimization of the Reaction Conditions 
(a) Choice of the Reducing Agent. Three classes of 

reducing agents are commonly employed to reduce TiC13 
to [MI: alkali metals, e.g., Li or K:p8J4 group I1 metals, 
e.g., Mg2J6 or Zn-Cu couple,8J6 and metal hydrides, e.g., 

Table I summarizes the optimum reaction conditions we 
have established for selective examples from each of the 
three classes. It should be stressed at  this point that it 
is essential to carry out the reduction of TiC1, to [MI to 
completion in order to obtain good and reproducible yields 
of olefin. Otherwise, side reactions such as hydrogenation 
may become dominant. I t  is likely that some of the pe- 
culiar results, e.g., formation of tetraphenylethane en- 
countered in the TiC1,-K-THF-benzophenone system? 
are the result of side reactions caused by incomplete for- 
mation of [MI. 

A comparison of the yields of olefin production (Table 
I) shows that however different the reduction conditions 
may be, the produced active [MI is in all cases equally 
efficient in performing the coupling. We take this as a first 
indication that the various reducing agents produce rather 
similar [MI species. Another indication hinting toward the 
similarity of all [MI is that in all cases, during the reduction 
(eq 1) the color of the reaction mixture changes from violet 
via blue, green, and brown to black. After the coupling 
(eq 2) the black color persists, which indicates that Ti02 
is not the final Ti derivative of the McMurry reaction. 
More proof of [M,O] being different from TiOz stems from 
the observation we made that after step 2 (eq 2) the un- 
reactive [M,O] can be regenerated. A fresh portion of 
LiAIH4 can restore [M,O] to the active form [MI, which 
is capable of coupling a fresh batch of ketone in good 
yields. 

(b) Choice of Solvent. The reactivity of [MI restricts 
the choice of solvents largely to hydrocarbons and ethers. 
We tried benzene, cyclopentadiene, hexane, furan, 
thiophene, pyridine, anisole, tetrahydrofuran, glyme, di- 
glyme, and diethyl ether. 

The combination reducing agent-solvent turned out to 
be critical. For instance, with Na and Mg, the reduction 
step 1 (eq 1) could practically only be performed in THF, 
while with Li, K, and LiAlH4 the reaction could also be 
accomplished in glyme, diglyme, and diethyl ether with 
only small loss of yield (60-90% yield of TPE). In pyri- 
dine, step 1 could be performed with all reducing agents 
(as judged from the appearance of a black suspension) but 
no coupling (step 2) could be achieved. Using diethyl ether 
as a solvent, we observed the formation of a metallic mirror 
on the walls of the reaction vessel, but olefins were still 
formed in good yields (about 60% TPE). 

Of all solvents tested, THF performed best in all in- 
stances. Variation of the concentration (between 30 and 
500 mL of THF/O.O2 mol of TiC1,) had little effect upon 
the yield of TPE. Addition of THF (510% of the volume 
of the solvent for LiA1H4 and ca. 60% of the solvent 
volume for Mg and K) to an otherwise unreactive sol- 
vent-reductant combination resulted in most instances in 
a rapid reduction of TiC1, to an active [MI. 

Another important observation was the detection after 
the reduction step of dehydrogenation products of the 
solvent, e.g., furane in the case of THF. The amount of 

LiA1Hk4A12s17 

Table I. Optimum Reaction Conditions for the 
Formation of [MI  with Different Reducing Agents 

TiCl,/ 
reductant time Of yield, % reducing molar temp of reduc- 

agent ratio reduction tion,a h TPEb CCHC 
Li 1:3.2 reflux 40 85 80 

in THF 
K 1:3.2 reflux 1 2  >90 90 

in THF 
Mg 1:1.7 reflux 3 >95 90 

in THF 
LiAlH, 1:0.5 0"Cand 0.5 >95 85 

reflux 1 

The conditions used to perform the coupling (eq 2) 
were 20 h of reflux in THF in the CCH cases and 6 h at 
room temperature for TPE formation. Tetraphenyl- 
ethene. Cyclohexylidenecyclohexane. 

olefm. The process constitutes an easy one-flask synthetic 
route to highly strained olefinsb7 which are almost im- 
possible to obtain otherwise. The actual reductive coupling 
proceeds in two steps (eq 1 and 2). Particularly McMurry 

TiC1, + reducing agent + solvent - [MI (1) 

[MI + ketone solvent- [M,O] + coupling products (2) 

and his co-workers8 have extensively investigated the re- 
action, to which we refer as the McMurry reaction her- 
eafter. Nevertheless, important details in the mechanism 
remained unclarified. For instance, the reaction was 
postulated to proceed via a radical mechanism, but the 
occurrence of organic radicals had not yet been proved 
beyond doubt. In fact an alternative mechanism involving 
carbene intermediates has been proposed by Tyrlik2 and 
S ~ b o t a . ~ *  

Furthermore, the nature of the active coupling species, 
[MI and in particular the formal valence state of Ti in [MI 
and in its successor [M,O], was unknown. In order to 
clarify some of these points and to elucidate contradictory 
reports in the literature,4-61g13 we performed an ESR study 
of the reaction, investigated its stoichiometry, and optim- 
ized the reaction parameters. The information we obtained 
is helpful in the interpretation of the mechanism of the 
McMurry reaction and is also useful otherwise, since yields 
and composition of the reaction products are strongly 
dependent upon the reaction conditions. We selected the 
coupling of benzophenone to tetraphenylethene (WE) and 
of cyclohexanone to cyclohexylidenecyclohexane (CCH) 
as model reactions for aromatic and aliphatic ketones, 
respectively. 

Ar 

Ar 

(4) J. E. McMurry and M. P. Fleming, J. Am. Chem. SOC., 96,4708 

(5) G. A. Olah and G. K. S. Rakash, J. Org. Chem., 42, 580 (1977). 
(6) S. Nishida and F. Kataoka, J. Org. Chem., 43, 1612 (1978). 
(7) R. F. Langler and T. T. Tidwell, Tetrahedron Lett., 777 (1975). 
(8) J. E. McMurry, M. P. Fleming, K. L. Kees, and L. R. Krepski, J. 

Org. Chem., 43, 3255 (1978). 
(9) (a) P. Sobota, C. Wawrzenczyk and J. Utko, Bull. Acad. Pol. Sci., 

Ser. Sci. Chim., 26,957 (1977); (b) B. Jezowska-Trzebiatowska and P. 
Sobota, J. Organomet. Chem., 76, 43 (1974); (c) B. Jezowska-Trzebia- 
towska and P. Sobota, ibid., 61, C43 (1973). 

(IO) D. Lenoir, Synthesis, 553 (1977). 
(11) E. J. Corey, R. L. Danheiser, and S. Chandrasekaran, J. Org. 

Chem., 41, 260 (1976). 
(12) A. L. Baumstark, C. J. McCloskey, T. J. Tolson, and G. T. Sy- 

riopoulos, Tetrahedron Lett., 3003 (1977). 
(13) J. E. McMurry, M. P. Fleming, M. G. Silvestri, T. Hoz, and M. 

W. Grayston, J. Org. Chem., 43, 3249 (1978). 

(1974). 

(14) J. E. McMurry and L. R. Krepski, J. Org. Chem., 41,3929 (1976). 
(15) A. Yamaoto, M. Ockawa, and S. Ikeda, J. Chem. SOC., Chem. 

Commun., 841 (1969). 
(16) J. E. MCMurj  and K. L. Kees, J. Org. Chem., 42, 2655 (1977). 
(17) A. L. Baumstark, C. J. McCloskey, and K. E. Witt, J. Org. Chem., 

43, 3609 (1978). 
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Table 11. Product Balance of the Coupling of Benzophenone to TPE and of Cyclohexanone to CCH 
as a Function of the Molar Ratio of TiCl, to K a  

% olefin % alcohol % side produots % unreacted 

Ob Ph2C=o 
TiClJK molar ratio TPE CCH Ph,CHOH C-HxOH Ph,CH, 

1:0.50 1 3  10 2 68 4 3 80 30 
1:0.75 21 5 2 71 
1:l 21 20 3 28 2 5 65 45 
1:1.5 44 35 5 1 5  3 4 47 42 
1: 2 63 50 6 11 3 3 26 30 
1:2.5 80 
1:2.75 
1:3 86 
1:3.1 
1:3.2 9 3  
1:3.3 
1 : 3.5 94 
1:4 90 
1:5 92 

70 
72 
75 
80 
90 
87 
88 
92 
86 

3 4 11 
9 

4 8 3 
12 

8 5 0 
6 

1 9 4 
3 5 4 
6 5 2 

17 15 
13 

6 1 2  
5 

0 0 
0 

0 0 
1 0 
1 1 

a See the text for the experimental conditions. Cyclohexene together with cyclohexane. 

Table 111. Product Balance of the Coupling of Benzophenone to TPE and of Cyclohexanone to CCH 

% alcohol % side products % unreacted 

as a Function of the Molar Ratio of TiCl,/Mga 
% olefin 

ob PhzC=o eo TiClJMg molar ratio TPE CCH Ph,CHOH C-HxOH Ph,CH, 

1:0.25 22 3 2 73 
1:0.5 38 15 4 14 2 2 54 71 
1:0.15 61 25 2 20 0 2 38 51 
1: 1 17  40 3 31 3 3 16 23 
1:1.25 86 57 2 15  4 4 6 18 
1:1.5 93 67 0 15  1 2 5 15 
1:1.6 80 8 3 7 
1:1.7 98 88 0 8 2 3 0 1 
1: 1.8 94 8 5 2 
1:2 91 89 2 9 1 2 0 1 
1:2.25 98 2 2 0 
1:2.5 96 85 2 12 4 1 0 0 
1:3 98 89 3 5 0 2 0 3 
1:4 95 85 2 7 3 5 1 1 

See the text for the experimental conditions. Cyclohexene together with cyclohexane. 

loo: 

117 I32 
Ratio Tic13 Reductant 

Figure 1. Percentage of TPE formed from benzophenone as a 
function of (a) the ratio of TiC13/K and (b) the ratio of TiC13/Mg. 

dehydrogenation products seems to increase somewhat 
with the temperature at which step 1 is performed, but no 
quantitative measurements are presently available. 

All above-mentioned facta fit the conclusion (to be 
worked out further below) that [MI is a suspension of 
titanium, mostly in the zero valency state. The colloidal 
system of small, active titanium particles may be stabilized 
by weak interactions with the solvent. 

(c )  Molar Ratio of TiCl, to Reducing Agent. Results 
of Tyrlik et aL2 on the TiCl,/Mg system had indicated that 
the yield of olefin depends upon the ratio of TiC1, to Mg, 

105 115 1 3  . 
Ral ioTiCI3 L1AlHL 

Figure 2. Percentage of TPE formed as a function of the ratio 
of TiCl3/LiA1HI. 

while for the TiC13/K system with TiCl,/K ratios larger 
than 1:3, yields of olefin were reported6 to be inferior. For 
the system TiC13/LiA1H4 various ratios have been 
~ s e d . 4 ~ ~ J ~ J ~ J '  No systematic optimization of this reaction 
parameter seems to have been performed so far. In each 
of the above mentioned systems we optimized the ratio of 
TiC1, to reducing agent with respect to the yield of tet- 
raphenylethene (TPE) and cyclohexylidenecyclohexane 
(CCH), keeping the molar ratio of TiC1, to ketone at  1:l. 
We also determined a total product balance for each 
coupling. Side products in the coupling of benzophenone 
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Table IV. Product Balance of the Coupling of Benzophenone to TPE and of Cyclohexanone to  CCH 
as a Function of the Molar Ratio of TiC1,/LiAlHAa 

% olefin % alcohol % side products % unreacted 

TiClJLiAlH, ob PhzC=o 
molar ratio TPE CCH Ph,CHOH C-%OH Ph,CH, 

1:O.lO 13 11 4 9 0 0.5 86 81 
1:0.20 19  38 0 46 
1:0.25 41 3 0 60 
1:0.30 47 37 4 59 1 4 52 5 
1:0.35 71 0 0 33 
1:0.40 88 42 2 53 1 3 9 1 
1:0.45 91 46 3 49 1 1 5 1 
1:0.50 99 68 2 32 0 0.5 0 1 
1:0.55 93 62  6 33 1 0 1 1 
1:0.60 60 34 0.5 3 
1:0.75 70 45 5 50 1 1 20 2 
1:l 50 36 4 61 1 1 43 2 
1:1.5 35 23 4 74 1 2 33 4 
1:2 30 18 4 86 0 1 66 0.5 
1:2.5 28 14 4 83 1 1 67 4 
1:3  26 15  1 80 1 2 77 0 
1:4 24 4 0 75 
1:5 25 6 1 70 

a The reduction conditions were 0.5 h at 0 "C. See the text for further experimental conditions. Cyclohexene together 
with cyclohexane. 

Table V. Product Balance of the Coupling 
of Cyclohexanone to CCH as a Function of 

the Molar Ratio of TiC1,/LiAIH,a*b 
% 

% unreacted 
TiCl,/LiAlH, 5% 
molarratio CCH c -HLH 0 00 

1:0.30 63 10 a 23 
1:0.45 78 6 5 12 
1:0.50 88 5 5 0 
1:0.55 80 10 2 5 
1:2  15 12 1 80 

The reduction conditions are 0.5 h at 0 "C and an 

Cyclohexene together wtih 
additional 1 h at reflux in THF. 
conditions see the text. 
cyclohexane. 

to TPE are some diphenylmethanol together with minor 
amounts of diphenylmethane. In the coupling of cyclo- 
hexanone to CCH, side reactions gave cyclohexanol in 
addition to cyclohexene and cyclohexane. The latter two 
products were determined together. All analyses were 
performed by gas chromatography with an internal C12 
standard. In addition, the percentages of TPE were also 
determined by UV analysis a t  A,, = 309 nm; both 
methods gave the same results within experimental error. 

Our results are summarized in Tables 11-V and Figures 
1 and 2. Each series of experiments was repeated at least 
three times, resulting in an accuracy of the tabulated 
numbers of about 5 ?% , Judging from the percentages of 
olefin formed and the percentages of unreacted ketone it 
is clear that optimum conditions are reached at  a TiC13/K 
ratio of 1:3.2 (Table 11) and at  a TiCl,/Mg ratio of 1:1.7 
(Table 111). This is consistent with the formation of ti- 
tanium formally in a zero-valent oxidation state (eq 3 and 
4) .  A slight excess of reducing agent above the stoichio- 

(3) 
(4) 

metric amount is necessary because TiC1, always contains 
some impurities ( T i c 4  and Ti oxychlorides) and because 
of very small amounts of peroxides in THF, even after a 
careful drying procedure. Our results corrobate McMuny's 

For further experimental 

TiCl, + 3K - Ti(0) + 3KC1 
2TiC1, + 3Mg - 2Ti(0) + 3MgC12 

conclusioneJ4 that [MI prepared by K, Li, and similar 
reducing agents contains Ti(0). 

The situation in the TiC13/LiA1H4/THF combination 
is much more complicated. It is often supposed that [MI 
produced in this system contains a Ti(I1) s p e ~ i e s . ~ J ~  
However, it is known18 that TiCh reacts with large amounts 
of LiAlH4 according to eq 5. We suggest that in our most 
TiC1, + 4LiA1H4 - Ti(0) + Al(0) + 8Hz + 4LiC1 (5) 
active [MI produced at  the TiC13/LiA1H4 ratio of 1:0.5 
(Tables IV and V), Al(0) is also present. We support this 
with the following arguments. 

First, in the electron microscope (see also section on the 
discussion of a model) only chlorine and no aluminium is 
lost when [MI is in the electron beam; if the volatile AlCl, 
were present, corresponding amounts of C1 and Al should 
be lost, as was observed in a control experiment. 

Second, if [MI is prepared properly (Table I), we never 
observed in ESR experiments any splitting of the Ti signals 
due to the Al nuclear spin (I = 5/z). Yet, it is known that 
if Ti(II1) and Al(II1) species interact, which would happen 
if in our system Al(II1) compounds were present, an A1 
splitting occurs.1M1 Only when [MI is made by using an 
excess of LiA1H4 (e.g. 1:0.8 TiCl,/LiAlH,) do we observe 
small splittings due to Al. 

Third, addition of a trace amount of TiC1, to AlH, in 
THF causes a complete disappearance of the white sus- 
pension of AlH3 and the formation of gray-black Al(0) 
powder (unreactive toward water). 

Fourth, addition of AlCl, to an ESR-inactive [MI results 
in a Ti(II1) ESR signal the intensity of which increases 
with the amount of AlCl,. This result can only mean that 
the low-valent titanium in [MI is oxidized, while Al(II1) 

(18) N. G. Gailord, "Reduction with Complex Metal Hydrides", In- 
terscience, New York, 1956, p. 57. 

(!9) E. Koenig and G. Koenig, Ed., "Magnetic Properties of Coordi- 
nation and Organometallic Transition Metal Compounds", Vol. 8, sup- 
plement to Vol. 2 of 'Landolt-Bornstein Numerical Data and Functional 
Relationships in Science and Technology", K. H. Hellwege and A. M. 
Hellwege, Ed., Springer, Berlin, 1979, p 763. 

(20) G. Henrici-Olivd and S. Olivd, J. Organomet. Chem., 23, 155 
(1970). 

(21) R. dams, M. Mahowski, and H. J. Geise, Transition Met. Chem. 
(Weinheim, Ger.), in press. 
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Table VI. Product Balance of the Coupling of Benzophenone to TPE and of Cyclohexanone to CCH 
as a Function of the Molar Ratio of TiCl,/ketonea 

% unreacted 
% side products ketone 

C-HxH t % olefin 
TiClJketone 
molar ratio TPE CCH % Ph,CHOH c-HxOH Ph,CH, Ph,C=O 

5 : l  94 90 
4: 1 90 85 
3: l  97 87 
2: 1 92 88 
1:l 92 86 
1:1.25 86 76 
1:1.5 75 64 
1:1.75 68 50 
1:2 47 40 
1:2.5 31  34 
1:3 25 28 
1 :4  20 21 
1:5 1 2  1 3  
1:lO 6 1 0  

4 
4 
2 
5 
6 
5 
8 
8 
5 
4 
6 
5 
8 
4 

8 
8 
6 

10 
5 
8 
9 

10 
8 
5 

10 
8 
7 

12  

2 
1 
0 
0 
1 
1 
2 
1 
1 
2 
1 
0 
1 
0 

2 0 
5 2 
2 0 
3 0 
4 0 
3 5 
2 1 3  
5 20 
2 42 
36 60 
3b 67 
2b 70 

72 
88 

0 
1 
1 
0 
1 
5 

23 
32 
50 
55 
55 
62 
72 
16 

The ratio of TiCI, to K was fixed at 1:3.2. In addition to the compounds given, 1-4% of dicyclohexylpinacol were 
also observed. 

pH ' 
8r 

I T  
- 

I 0 5  1 1 5  ' 2  
R a h  TiCI3 LCIUu 

Figure 3. Values of pH of aqueous solutions obtained by hy- 
drolysis of various [MI as a function of the ratio of TiCl3/LiA.lH4. 

is reduced. In other words, Al(II1) and low-valent titanium 
cannot coexist together. These results suggest that Al(0) 
and not Al(II1) is present in [MI. 

Further, one can conceive on purely stoichiometric 
grounds that the formation, formally, of Ti(0) and Al(0) 
proceeds via eq 6. One consequence of such a stoichiom- 
5TiC1, + 3LiA1H4 - 5Ti(0) + 3A1(0) + 12HC1+3LiCl 

(6) 
etry is that Ti(0) can already be formed at a TiC1,/LiAM4 
ratio of 1:0.6, while incomplete reduction to, formally, 
Ti(I1) or Ti(1) would require ratios of 1:0.2 and 1:0.4, re- 
spectively. 

Experimentally we find (Tables IV and V) optimum 
coupling conditions a t  a TiC13/LiA1H4 ratio of 1:0.5. 
Keeping in mind that a small portion of the reducing agent 
is consumed by impurities, we suggest that the formal 
oxidation state of Ti in the TiC13/LiA1H4 system is close 
to Ti(1). Another consequence is that HC1 is formed at  
high ratios of TiC13 to LiAlH4, whereas H, is formed at low 
ratios. The amount of HC1 must then depend upon the 
TiC13/LiAlH4 ratio and will probably be adsorbed/chem- 
isorbed on titanium. In other words, the stoichiometry 
predicts the amount of HC1 to go through a maximum as 
a function of the TiC13/LiA1H4 ratio. Hydrolysis of the 
corresponding [MI must give aqueous solutions of which 
the pH goes through a minimum. Indeed we found such 
a minimum (Figure 3). In the TiC13/Mg system such a 
pH effect was not observed, as could be expected. 

Further inspection of the data (Tables 11-V) shows that 
the use of excessive amounts of K or Mg in these systems 
does not have any influence upon the yield of the reaction. 

--- 
RotioTiCi) Ketone 

-_- 
5 77- 

Figure 4. Percentage of TPE formed from benzophenone as a 
function of the ratio of TiC13/benzophenone keeping the 
TiC13/reducing agent ratio constant at the optimum value. 

In contrast, the olefin percentage in the TiC13/LiA1H4 
system reaches a peak at  1:0.5, decreases, and levels off 
to a constant value beyond 1:2. We noted the similarity 
of this curve with the pH curve and speculate that high 
coupling activity corresponds with high HC1 concentration. 

Not only HC1 but also H2 can be adsorbed/chemisorbed 
on titanium. The presence of large amounts of activated 
hydrogen could explain the large amounts of cyclohexanol 
formed particularly with decreasing ratios of TiC1, to 
LiAlH4 (Table IV). Preliminary experiments, in which [MI 
was refluxed for an additional hour after complete re- 
duction, showed (Table v) a marked decrease in cyclo- 
hexanol production to values also encountered in the K 
and Mg systems. 

(d) Molar Ratio of TiC1, to Ketone. Since Tyrlik et 
al., had found indications that the TiCl,/ketone ratio could 
be important, we optimized this parameter in the 
McMurry reaction. 

The results of the experiments in the TiCl,/K (1:3.2), 
the TiCl,/Mg (1:1.7) and the TiC13/LiAlH4 (1:0.5) systems 
are given in Tables VI-M and Figure 4. Each experiment 
was performed at  least twice. The tabulated values rep- 
resent averages, and their accuracy is about 5%. Three 
factors attract attention. First, at low TiCl,/ ketone ratios 
small amounts of pinacol are formed. Second, in the 
system TiC1,/LiA1H4/cyclohexanone the amount of cy- 
clohexanol production can again be reduced drastically by 
refluxing [MI for about 1 h after its formation. Third, the 
most efficient ratio TiCl,/ketone ratio is 1:l; at lower ratios 
the additional amount of ketone is left unreacted. Per 
titanium atom only one ketone molecule can be coupled. 
In other words, it is unlikely that the coupling proceeds 
on a single Ti atom but rather takes place on the surface 
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Table VII. Product Balance of the Coupling of Benzophenone to TPE and of Cyclohexanone to CCH 
as a Function of the Molar Ratio of TiC13/ketonea 

% unreacted 
% side products ketone 

% alcohol C-HxH + % olefin TiCl, /ketone 
molar ratio W E  CCH Ph,CHOH C-HxOH Ph,CH, Ph,C=O 

5: 1 
4:l 
3:l 
2:l 
1:l 
1:1.25 
1:1.5 
1:1.75 
1:2 
1:2.5 
1:3 
1:4 
1:5 
1:lO 

99 
94 
97 
92 
94 
82 
77 
72 
45 
35 
27 
18 
12 
10 

90 
93 
87 
88 
88 
80 
71 
58 
49 
43 
33 
20 
14 
10 

1 
2 
2 
6 
5 
6 
6 
4 
7 
5 
3 
2 
4 
2 

5 1 3 0 0 
5 2 2 0 1 
8 1 3 1 1 
6 0 4 1 0 
6 1 5 0 2 
10 1 3 10 9 
16 1 2 14 10 
12 2 5 20 21 
13 0 4 b  44 30 
10 2 3b 55 40 
12 1 5b 65 48 
8 0 4 b  77 65 
7 0 3b 86 72 
8 1 4 b  88 76 

The TiCl,/Mg ratio was fixed at 1 :1.7. Additional amounts (1-2%) of dicyclohexylpinacol were observed. 

Table VIII. Product Balance of the Coupling of Benzophenone to TPE and of Cyclohexanone to CCH 
as a Function of the Molar Ratio of TiClJKetone" 

% unreacted 
% side products ketone 

% olefin % alcohol -- TiClJketone ~ C-HxH + eo Ph,C= 0 

0 0.5 
0 molar ratio TPE CCH Ph,CHOH C-HxOH Ph,CH, 

5:l 94 68 4 32 1 0.5 
4:l 92 68 6 30 1 1 1 2 
3: 1 
2: 1 
1:l 
1:1.25 
1:1.50 
1:1.75 
1: 2 
1:2.5 
1:3 
1:4 
1:5 
1:lO 

96 
99 
91 
88 
76 
71 
43 
27 
22 
17 
12 
7 

72 
73 
66 
58 
44 
35 
25 
21 
18 
13 
10 
8 

4 
0 
6 
5 
7 
4 
6 
5 
6 
4 
6 
4 

25 
28 
30 
32 
32 
44 
35 
29 
23 
20 
15 
10 

1 
0 
2 
1 
0 
1 
2 
1 
1 
2 
1 
0 

0.5 0 
1 0 
0 1 
0.5 5 
2 15 
1 22 
O b  49 
l b  65 
O b  70 
O b  72 
0.5 75 
0.5 80 

1 
1 
2 
9 
20 
44 
38 
46 
55 
65 
71 
82 

a The TiClJLiAlH, ratio was fixed at 1:0.5. The reduction conditions were 0.5 h at 0 "C. Additional amounts (1-3%) 
of dicyclohexylpinacol were observed. 

Table IX. Product Balance of the Coupling 
of Cyclohexanone to CCH as a Function of 

the Molar Ratio of TiCl,/Ketonea 
%side %unre- 

products, acted 
c-HxH t ketone, 

00 TiCl,/ketone % 
molar ratio CCH c - H L  0 

5: 1 85 8 3 3 
4: 1 85 10 2 1 
1:1.5 66 10 2 20 
1: 2 44 13 2 42 
1:5 13 12 l b  70 

tion conditions were 0.5 h at 0 "C and, in addition, 1 h at 
reflux in THF. An additional 2% of dicyclohexylpina- 
col was observed. 

of a Ti microcrystallite or Ti cluster. 

The TiCl,/LiAlH, ratio was fixed at 1:0.5. The reduc- 

Hydrolysis Experiments during the Reduction of 
Tic& 

In 1976, Tyrlik et al.22 studied the reduction of TiC1,. 

o ' o l O O ~  /I, < _ _ _ - - - -  

-2_-1' 
/-  

1 %TI in the waterlayer 

2 Mg in the waterlayer 1 
0 

10 60 126 180 360 " 2Lhours' 
TIME (minutes) 

Figure 5. Study of the hydrolysis of [MI in the TiCl,/Mg system. 

3THF with Mg. They prepared [MI by using a ratio of 
TiC1, to Mg of 1:2.5 (eq 7 and 8). After various reduction 

TiC13.3THF + Mg - [MI (7) 

gas + black precipitate + water soluble substances (8) 
times they hydrolyzed the reaction mixture and investi- 
gated the composition of the precipitate and the water 

(22) S. Tyrlik and I. Wolochowicz, Bull. Acad. Pol. Sci, Ser. Sci. 

Ar 

[MI + H2O - 

Chim., 24, 341 (1976). 
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layer. They found that after 24 h of reduction, 65% of the 
Mg and all Ti was consumed to form [MI. 

We repeated these experiments using a 1:1.7 TiCl,/Mg 
ratio under our optimal reaction conditions (Table I). The 
results are given in Figure 5. Any titanium present in the 
water layer should be due to unreacted TiCl,, while the 
Mg in the water layer represents MgClzZ2 formed by re- 
action. 

The reduction has an induction period, since during the 
time interval AB (Figure 5 )  all titanium is recovered in the 
water layer. Only a little Mg is consumed. Probably, 
traces of peroxides are removed from the solvent, and at 
least one of the solid components (e.g., TiCl,) goes into 
solution so that the precursor complex can be formed (e.g., 
TiC13.3THF) during this period. The color of the reaction 
slurry changes from purple (TiCl,) to blue (TiC1,mSTHF). 

During the second interval, BC, the amount of Ti in the 
water layer drops drastically, and Mg is about 60% con- 
sumed. The color of the reaction mixture changes from 
blue via green (ca. 15 min after the starting time) to brown 
(after ca. 25 min) to black (after ca. 30 min). We suggest 
that in this period, BC, the TiC1, is reduced to the active 
coupling species, which gives water-insoluble components 
after hydrolysis. During the period CD the amount of Ti 
in the water layer decreases to zero, and the amount of 
consumed Mg reaches 95%; that is to say after about 3 h 
of reflux, [MI is completely formed, and all the M g  is used. 

We found that a t  a 1:2.5 TiC13/Mg ratio no more than 
70% of the Mg had reacted after completion of the re- 
duction. (The remainder was left as unreacted Mg metal.) 
These results are further support of the conclusion that 
Ti(0) is the active species in the TiC13/Mg system. 

Experiments with Other Metals and 
Dicyclopentadienyltitanium Dichloride 

In an effort to increase the number of coupling reagents 
we prepared some other metal slurries (Co, Ni, Fe, Sn, and 
Cr) by the Rieke method,23 Le., a reduction of the metal 
chloride by LiA1H4. None of these metals showed any 
activity toward the coupling of ketones under the exper- 
imental circumstances in which titanium is successful. I t  
should be noted that these metals have a considerably 
lower redox potential than titanium. Interestingly, it  is 
reportedz4vz5 that low-valent tungsten, vanadium, and 
molybdenum compounds can be used as coupling reagents, 
although these metals also have low redox potentials. In 
the case of tungsten it was provedz4 that the coupling 
proceeds via a carbene intermediate. 

Since in our system [MI is rather heterogeneous, we 
thought it worthwhile to investigate a seemingly simpler 
system, Cp2TiC12/LiA1H4/THF. The low-valent Ti com- 
plex formed after reduction showed, however, no coupling 
activity. Electron-spin resonance spectra taken during the 
reduction of Cp2TiC12 showed a transient signal with g = 
1.979, which can be assignedlg to (Cp2TiCl)z. After com- 
plete reduction an intense signal with g = 1.992 is observed, 
as a result of the formation l9 of Cp,TiH(THF). The latter 
compound is knownz6 to be rather stable and has appar- 
ently no coupling activity. High stability and high re- 
activity are often mutually exclusive properties. The high 
activity of our [MI could be due to a stability that is border 
line. The subtle difference between THF as a solvent on 

Dams et al. 

the one hand and diethyl ether or anisole on the other 
hand seems to be sufficient in that the former [MI can 
remain as small particles, whereas the latter [MI coagulates 
to a metallic mirror. In contrast, the stabilizing influence 
of the solvent as ligands should not be too high. Strong 
chelating agents such as cyclopentadiene or pyridine 
equally prevent the coupling in the TiC1, systems (vide 
supra), although the reduction could be accomplished. 

Electron Spin Resonance Studies 
Although the yield of the coupling in the different 

systems is roughly the same, we suggested already that the 
composition and formal valency state of Ti in the different 
[MI'S is not completely equal. For this reason we will 
discuss the systems TiC13/Mg and TiC13/K separately 
from TiCl3/LiA1H4 

Systems TiC13/Mg and TiC13/K. Since the phenom- 
ena observed in these systems are equal, we restrict our 
discussion to TiC13/Mg. Solid TiC1, is a polymeric sub- 
stance and has no ESR signals. Upon solution in THF the 
chlorine bridges are depolymerized and a blue complex 
TiCl3.3THF2 is formed, giving rise to a broad (about 1400 
G) signal with g = 1.880. Part of this complex goes into 
solution (the s o l ~ b i l i t y ~ ' * ~ ~  is about lo-, M) and a part 
precipitates to the bottom of the ESR tube. The solution 
gives a far more intense signal than the solid, suggesting 
that the complex in solution is more monomeric. 

The ESR spectra of the reduction (step 1, eq 1) were 
recorded as a function of time as well as a function of the 
TiC13/Mg ratio (see Experimental Section). Both series 
of experiments led to the same results. Upon addition of 
Mg a rather sharp Ti(II1) signal (g = 1.952; A(Ti) = 17-18 
G) starts to grow, superposed on the broad line of Ti- 
C13.3THF, which itself decreases slowly in intensity during 
the reduction. The Ti(II1) signal persists until the re- 
duction is completed. After complete reduction with 1:1.7 
TiCl,/Mg, only an extremely weak signal with g between 
1.956 and 1.960 remains, which we attribute to paramag- 
netic titanium species resulting from contact of [MI with 
air. Despite all precautions we were not able to avoid such 
contacts rigorously. The fact that [MI itself has no signal 
is consistent with a Ti(0) species. 

The reduction potentials of the species involved and the 
fact that a Ti(II1) signal persists until the end of the re- 
duction strongly suggest that Ti(II1) is first reduced to 
Ti(I1) in a slow step, immediately followed by a fast further 
reduction to Ti(0). Under the reaction circumstances, 
Ti(II1) and Ti(0) can thus coexist together, but Ti(II1) and 
Ti(I1) cannot. The coexistence of Ti(II1) and Ti(0) pro- 
vides us with an explanation for two rather surprising 
results reported in the literature.8 

The first is that although the reduction of TiC1, with 
3 equiv of Li after 1 h at  reflux temperature was incom- 
plete (much unreacted Li was recovered), the obtained 
black slurry coupled ketones to olefins surprisingly well. 
A TiC13/Li (or K)/ketone ratio of 1:3.5:0.25 is given as 
optimum. We offer the following explanation: after 1 h 
the reduction of TiC1, is incomplete, but, nevertheless, 
substantial amounts of Ti(0) are already formed. This 
Ti(0) performs the coupling. Since only a part of the 
titanium is present in an active form, only 0.25 mol of 
ketone can be coupled per mole of TiC1,. 

The second unexpected result occurred in a TiCl,/K/ 
benzophenone system. TiC1, and K (ratio 1:3.5) were (23) R. D. Rieke and P. M. Hudnall, J. Am. Chem. SOC., 94, 7178 

(24) Y. Fujiwara, R. Ishikawa, F. Akijama, and S. Teranishi, J. Org. 

(25) T. A. Cooper, J. Am. Chem. SOC., 95, 4158 (1973). 
(26) E. E. Van Tamelen, W. Cretney, N. Klaentachi, and J. S. Miller, 

(1972). 

Chem., 43, 2471 (1978). 

J. Chem. SOC., Chem. Commun., 481 (1972). 

(27) R. J. H. Clark, J. Lewis, D. J. Machin, and R. S. Nyholm, J. 

(28) G. W. A. Fowler, R. A. Hoodleas, and R. A. Walton, J. Chem. SOC., 
Chem. SOC., 379 (1963). 

5873 (1963). 
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Table X. Results of ESR. Experiments at Room Temperature during the Coupling of Ketones with [MI 
Prepared from TiCl,/Mg (1:1,7) 

remarks ketone added ESR signal due to g value 

benzophenone Ph,-c--O- 

benzil Ph-C-CPh 

- 1  II 
0 0  

CCG fluorenon 

b-  w anthrone 

anthraquinone 

Figure 6. ESR spectrum of the benzophenone anion radical as 
recorded during the reaction of benzophenone with [MI produced 
from TiCI3/Mg. 

heated in THF for 1 h, after cooling benzophenone was 
added, and after a further 16 h of reflux tetraphenylethane 
was obtained in 80% yield instead of the expected TPE. 
Here again the coupling step was started with an incom- 
pletely formed Ti(0) species, i.e., during the coupling (olefin 
formation) new [MI is also formed by reduction of TiC1, 
with K, which are still present. At  elevated temperatures 
(16 at reflux) the fresh [MI abstracts hydrogen from THF 
and is able to transfer it to the initially formed tetra- 
phenylethene, giving the corresponding saturated hydro- 
carbon. The fact that in the experiment with Li the olefin 
remained intact is due to the (fortunate) circumstance that 
formation of new [MI is much slower with Li than with 
K (see Table I). 

We recall that after complete reduction all [MI are ESR 
inactive, regardless of the reducing agent employed. Ad- 
dition of benzophenone to [MI in the Mg system produces 
at  room temperature within 2 min an ESR pattern (g = 
2.0027) which increases in intensity, reaches its maximum 
in about 1 h, and decreases very slowly later on. The 
spectrum (Figure 6) consists of 40 lines and corresponds 
to the benzophenone anion radical. The hyperfine splitting 
constants (Table X) deviate slightly from those reported 
by Rieger and Fraenkel,29 suggesting that in our system 
the organic radical is bonded to Ti. A further indication 
is that we occasionally observed Ti satellite lines (A = 17 

(29) P. Rieger and G. Fraenkel, J. Chem. Phys., 37, 2811 (1962). 
(30) R. Dehl and G. Fraenkel, J. Chem. Phys., 39, 1793 (1963). 

2.0027 HFSC ortho, 2.52 G (lit.29 2.95 G) 
meta, 0.82 G (lit.19 1.10 G) 
para, 3.50 G (lit.l9 3.40 G) 

HFSC ortho, 0.99 G (lit.30 0.99 G) 
mta, 0.50 G 0.36 G) 
para, 0.99 G (lit.” 1.12G) 

2.0037 

2.0034 

2.0031 

2.0036 no hyperfine splitting 

Figure 7. ESR spectrum of the titanium signals (g 2) recorded 
during the coupling of ketones in the 1:0.5-TiC13/LiAlH4 system. 
The impurity signal is marked with an asterix. 

G) on the organic signal, which can only be caused by 
direct interaction. 

Neither during nor after the coupling reaction (step 2, 
eq 2) did we observe signals due to Ti specimens (g < 2). 
Also during the coupling of other aromatic ketones we 
invariably observed only signals of the corresponding anion 
radicals. These signals sometimes31 showed very well re- 
solved hyperfine splittings, again with indications of a link 
between the Ti and the organic radical (Table XI. Un- 
fortunately, the short relaxation times of the anion radicals 
of aliphatic ketones prevented their observation. 
System TiCl3/LiA1H4. The reduction of TiC1, to [MI 

with LiA1H4 was followed by recording ESR spectra as a 
function of the TiCl3/LiA1H4 ratio. The same signals 
(Table XI) were observed as those described in the 
TiC13/Mg system. In the LiAlH, system the finally re- 
sulting [MI is equally ESR inactive. If here, as we sug- 
gested, the formal valency state of titanium is Ti(I), then 
[MI must be polymeric, or a t  least dimeric. The situation 
in the LiAlH4 system during the coupling differs from the 
coupling in the Mg system. The spectra taken during the 
coupling, induced by [MI from a TiCl3/LiA1H, ratio of 
1:0.5, showed three groups of signals: one group with g > 
2 due to organic anion radicals and two groups with g < 
2 due to titanium species. 

(31) The occurrence of hyperfine splittings depends inter alia on the 
radical concentration, a parameter which is difficult to control in our 
heterogeneoue system. 
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Table XI. Results of the ESR Experiments at  Room Temperature during the Reaction of Some Ketones, Alcohols, 
and Alkenes with [MI Prepared from TiClJLiAlH, (1:0.5) 

Ti signals 
substrate organic g signal impurity signdb reaction signala 

benzophenone 
fluorenone 
acetophenone 

3-pen tanone 
cyclohexanone 
cyclohexanola 
3-pen tan01 e 
benzhydrole 
tetraphenylethene f 
2,3-dimethyl-2-butenef 

2.0027 (Ph2C-O-) 
2.0032 
2.0030 

none 
none 
none 
none 
none 
none 
none 

g = 1.955, A = 17.5 G 
g = 1.954-1.953, A = 17 G 

g = 1.950-1.951, A = 1 7  G 
g =  1.950-1.951, A = 17.5-18 G 

g = 1.953-1.954, A = g = 1.950, A = 18 G 
17-17.5 G 

g = 1.954, A = 17 G d  
g = 1.955, A = 17-17.5 G 

g = 1.954-1.955, A = 17-17.5 G 
g = 1.950-1.951, A = 16.5-17 G 

g = 1.954-1.955, A = 17-17.5 G 
g = 1.955-1.956, A = 17.5-18 G 
g = 1.950-1.952, A = 17-17.5 G 
g = 1.954, A = 17-18 G (weak signal) 
g = 1.955, A = 16-17 G (weak signal) 

a The reaction signal is due t o  formation of [M,O]. The impurity signal is due to reaction of [MI with air. The 
origin of this signal is not known with certainty. 
in Q-band EPR spectra. e Alcohols give rise to  only one Ti signal. 

The impurity signal can only be distinguished from the reaction signal 
Olefines give rise to only one Ti signal. 

With benzophenone, fluorenone, anthrone, and benzil 
we found g values and hyperfine splitting constants equal 
to those in the TiC13/Mg system. The only difference is 
that the signals now disappear faster (in about 20 min). 

The observation of the two Ti signals (g < 2; see Figure 
7) is independent of the nature of the ketone. Even with 
aliphatic ketones, which do not show organic signals, the 
same Ti signals are observed as with aromatic ketones 
(Table XI). &-band ESR measurements proved decisively 
that two separate Ti species are present and not one 
species with an anisotropic signal. One of the two signals, 
the one of which the intensity remained constant during 
the coupling, could be assigned to a Ti species originating 
from reaction of [MI with air. The other signal increases 
inintensity during the coupling, reveals satellite bands with 
A(Ti) between 17 and 18 G, and is almost symmetrical a t  
the end of the reaction. Such characteristics point to the 
formation of [M,O] as a monomeric Ti(II1) species. Be- 
cause the reductive coupling requires two electrons per 
ketone molecule and because the TiC13/ketone ratio is 1:1, 
[MI from TiC13/LiAlH4 must formally contain Ti(1) com- 
pounds a t  the beginning of the coupling. The ESR phe- 
nomena show that [MI must be polymeric (dimeric) before 
coupling and that sometime during the coupling (eq 2) the 
titanium is broken down into Ti monomers. This process 
is accompanied by H, evolution. 

Further information about the nature of [M,O] stems 
from ESR spectra obtained after addition of TiC13 to al- 
kenes (e.g., 2,3-dimethyl-2-butene or TPE). The signals 
were very similar to those of [M,O] and must be due to 
Ti(II1) which is ?T bonded to the olefinic bond. We in- 
terpret the time-dependent Ti signal in the TiC13/LiAlH4 
system as due to [M,O], containing Ti(1II) ?r bonded to the 
produced alkene. A model for [M,O] would be as follows, 
with L = THF, C1, or other ligands. 

'CY 
II L "-r,IIl ...... 

0 II /c\  

Further Studies on the Nature of [MI. 
Discussion of a Model 

We attempted to obtain more information on the nature 
of [MI via electron microscopy, thermogravimetry, and 
infrared spectroscopy. 

A few drops of the [MI-containing suspension were 
quickly transferred to an electron microscope, avoiding 
contact with air as much as possible. The [MI prepared 
from LiAlH4 looked totally amorphous, whereas in samples 
of [MI prepared from TiC13/K and TiC13/Mg distinct 

Cl 4 THF CI 

lsrmally 1II:l 

Figure 8. Possible model of an active titanium particle. 

microcrystals were visible. Apart from the direct view, we 
also worked in the diffraction mode and performed mi- 
croelemental analyses (elements with 2 > l l )  on selected 
spots. The results showed that the composition of the 
samples is heterogeneous in all cases. Atomic ratios of Ti 
to other elements were random; the only correlations that 
seem to exist are between K/Cl=  1:l and Mg/Cl = 1:2 
at the position of the microcrystals. Occasionally we en- 
countered spots with a Ti content over 95%. In samples 
of [MI from TiC13/LiA1H4 it was often observed that the 
C1 content decreased under prolonged ( N 20 s) illumination 
by the electron beam, whereas the Ti and A1 contents 
remained unchanged. As stated earlier, it  is our inter- 
pretation that HC1 is boiled off. In a control experiment 
it was verified that pure A1C13 is completely evaporated 
within 5 s under the experimental conditions prevailing 
in the electron microscope. 

When [MI is put on a thermobalance under inert at- 
mosphere, two distinct mass jumps were noted. One could 
be correlated to loss of the ligand THF. At still higher 
temperatures a slow decrease in mass occurred in the 
TiC13/LiAlH4 system. We could detect HC1 in the effluent 
gases. 

Infrared studies on [MI showed inter alia a band near 
1728 cm-'; such bands are commonly32 assigned to Ti-H 
stretchings. The combination of evidence led to the fol- 
lowing working model of [MI. I t  consists of a carrier of 
A1 and LiCl or other metal chlorides (KC1, MgC12) de- 
pending upon the reducing agent used. On this carrier is 
the active titanium dispersed at random. A picture of such 
a titanium particle is given in Figure 8. The inner side 
resembles metallic titanium. At  the surface titanium can 
be in a higher valency state, when bonded to chlorine in 
particular. The number and strength of the ligand bonds 
determine the formal valency state of a particular titanium 
atom at  a particular position on the surface. The formal 
bulk valency state is then an average over all titanium 
atoms. When Mg or K are used as reducing agents, not 
many strong titanium-ligand bonds are present, and the 

(32) R. J. H. Clark in 'Comprehensive Inorganic Chemistry", Vol. III, 
J. C. Bailar, H. J. EmelBus, Sir Ronald Nyholm, and A. F. Trotman- 
Dickenson Eds., Pergamon Press, New York, 1980, p 362. 
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Scheme I 

I" 

Figure 9. Proposed organic part of the reaction mechanism. 

bulk oxidation state is close to zero. With LiAlH, much 
HC1 is formed and chemisorbed, resulting in an average 
bulk valency state of ca. +l. Since, however, no monomeric 
Ti species are present in [MI, it does not show ESR activity 
regardless of the method of preparation. 

In the model of [MI we have developed so far, the formal 
oxidation state of Ti depends upon whether H2 or HCl is 
adsorbed/chemisorbed. Hydrogen ligands are character- 
istic for the Mg system and HCl ligands for the LiAlH4 
system. Exchange of H2 by HC1 must then transfer the 
[MI of the Mg system into [MI of the LiAlH, system and 
vice versa. Indeed, bubling of dry HC1 gas through [MI 
prepared from TiCl,/Mg gives an active [MI which shows 

upon addition of, e.g., benzophenone, the two Ti signals 
(g < 2) characteristic of the TiC13/LiA1H4 system. The 
reverse process, the removal of HC1 from the TiC13/LiAlH4 
reaction slurry, can be performed by using an excess of 
LiAlH4. It was gratifying to see that at low TiCl,/LiAl& 
ratios the addition of benzophenone no longer produced 
Ti signals but only signals of the organic anion radical. 
Such behavior is characteristic for the TiCl,/Mg system. 
We conclude that the process shown in eq 9 takes place. 

(9) 

Another consequence of the model is that an [MI - [M,O] 
change in the LiA1H4 system means an Ti(1) - Ti(II1) 
change, whereas in the Mg system it means a Ti(0) - 
Ti(I1) change. To prove the Ti(I1) state in [M,O] of the 
latter system, we carried out the coupling of benzophenone 
to completion, that is until all ESR signals including these 
of the organic anion had disappeared. If the now-formed 
[M,O] contains Ti(II), it should be possible to oxidize it 
to Ti(II1). Indeed, bubbling of dry HC1 gas through the 
final mixture produced a system which showed in the ESR 
spectrum the two Ti signals characteristic of the LiAlH, 
system. Futhermore, preliminary experiments showed that 
a fresh batch of LiA1H4 (ca. 0.01 mo1/0.02 mol of TiC1,) 
could transform an inactive [M,O] into an active [MI ca- 
pable of coupling a fresh batch (0.02 mol) of benzophenone 
(see Scheme I). Further work to complete this picture is 
in progress. 

HC1 
[MIMgTHF 5 [MILiAlHrTHF 

Reaction Mechanism and Discussion of the 
Organic Aspects 

Now that the connection is made between [MI prepared 
by K or Mg on the one hand and [MI prepared by LiAlH, 
on the other, we are in a position to propose a general 
reaction mechanism (see Figures 9 and 10) which is con- 
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Figure 10. Proposed inorganic part of the reaction mechanism; R represenb the reagent molecule (ketone) and P the product molecule 
(olefin). 
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sistent with all available experimental evidence. 
In the fist  step the ketone becomes attached to [MI and 

one electron is transferred from the titanium to the ketone, 
yielding the organic anion radical. This radical dimerizes 
to a titanium pinacolate in the second step. The titanium 
then withdraws in consecutive steps two oxygen atoms 
from the pinacolate, and the formed olefin is kept K 
bonded to Ti in the postreaction [M,O] complex. 

A similar, but less detailed, mechanism was already put 
forward by McMurry et al.8 In what follows we will discuss 
the separate steps. 

Due to the interaction of the ketone with [MI, hydrogen 
gas is evoluted. The ketone becomes attached to a free 
active site on titanium, and the coupling process via a 
radical mechanism is started by an electron transfer from 
Ti to the ketone molecule. Quantitative measurementa of 
the radical concentrations have not yet been performed, 
but the behavior of the ESR phenomena with time clearly 
suggests that the spectra are the reflection of the bulk of 
the reaction process. At this point it may be advantageous 
to consider some factors that determine the reactivity of 
[MI toward coupling. Necessary prerequisites of the metal 
are a strong affinity for oxygen and a redox potential ex- 
ceeding the redox potential of organic ketones. Further- 
more, we suggest that the solvent used as ligand should 
have just sufficient chelating properties to prevent the 
coagulation of the Ti particles ("solvated metal"). If the 
link between ketone and Ti involves d-r bonding, the 
availability of d orbitals is necessary. The electron transfer 
could proceed via back-donation. 

The anion radicals can now react in two ways: they 
either dimerize to titanium pinacolate or form alcohols 
(and hydrocarbons to a lesser extent) by uptake of ad- 
sorbed activated hydrogen. The hydrogen source is LiAlH4 
and/or THF, the latter when K or Mg is used as the re- 
ductant. Reflux of [MI, prior to the addition of the ketone, 
results in a decrease of the alcohol production. 

The majority of anion radicals will dimerize under 
proper experimental conditions. We speculate that this 
step is rate determining and not the subsequent fission of 
the C-0 bonds. Though conclusive evidence is still lacking, 
the assumption fits in with the following observations. The 
amount of hydrogenation products of the anion radicals 
is higher than that of any other side reaction product, 
suggesting that the anion radical is a longer living inter- 
mediate. Also, the coupling rate for aliphatic ketones is 
much lower than for aromatic ones, and as a consequence 
the amount of alcohol production is higher with aliphatic 
ketones. This suggests that there is a relatively important 
accumulation of radical anions, consistent with the oc- 
currence of a sizeable energy barrier just behind them. The 
cause of the barrier could be that dimerization requires 
the encounter of two radicals in a correct orientation on 
neighboring Ti centers. This process is statistically un- 
favorable and is subjected to the effects of steric hindrance. 
The view offers an explanation why strongly hindered 
ketones such as di-tert-butyl ketone, tert-butyl isopropyl 
ketone, and tert-butyl neopentyl ketone form only the 
corresponding alcohols when subjected to the McMurry 
reaction.33 If the abstraction of oxygen from the pina- 
colate were the most difficult step, the corresponding pi- 
nacols should be formed. 

After the formation of the titanium pinacolate the two 
C-0 bonds are broken in consecutive steps as is proved 
by the occurrence of an epoxide as a side product in the 
coupling of mesityl oxide. The formation of an epoxide 
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via the produced olefin is very unlikely. 
The result of the total process is an olefin 7~ bonded to 

[M,O]. Preliminary experiments have shown that it is 
possible to reconvert [M,O] to active [MI with a fresh 
batch of LiA1H4. 

The organic part of the mechanism is equal for all sys- 
tems, regardless of the reducing agent. Finally, the oc- 
currence of carbenes as intermediates in an alternative 
reaction pathway can be rejected. Despite considerable 
effort, we never succeeded in trapping carbenes with the 
usual reagents such as diazomethane and vinyl ether. 

Experimental Section 
Instrumentation. We used the following apparatus: Du Pont 

Instruments 951 thermogravimetric analyzer, Du Pont Instru- 
menta R90 thermal analyzer, Varian E-112 &-band ESR spec- 
trometer, Varian E4 and E 101 X-band ESR spectrometers, JEOL 
PS 100 'H NMR spectrometer, Varian Aerograph 1400 gas 
chromatograph (the length of the column was 1.19 m, and it was 
packed with 15% Dexsil on Chromosorb W), Perkin-Elmer 580 
IR spectrophotometer, JEOL 01-SG2 mass spectrometer, Cecil 
Instruments CE 303 grating UV spectophotometer; Philips 
transmission electron microscope with energy-dispersive X-ray 
emission analysis and selected area electron diffraction (100 kV, 
Model EM 300). The EDXRA system conaista of a KEXEX Si-Li 
semiconductor detedor and a Link Systems computer. All melting 
points are uncorrected. 

Materials. Solvents (Aldrich) were thoroughly dried over 
sodium wire and L W 4  (when appropriate) and rediitilled under 
N2 prior to use. TiC13 (Alfa Ventron) was stored under Ar. 
Benzophenone and cyclohexanone (Aldrich) were used without 
further purification. All manipulations with Tic& and [MI were 
carried out either in a glovebox or in Schlenk-type glassware under 
argon. 

Preparation of [MI. With Mg or K. In a glovebox 3.12 g 
(0.02 mol) TiC13 was accurately weighed into a three-necked flask. 
Then 60 mL of dry solvent (usually THF) was added. To the 
stirred slurry the desired amount of Grignard magnesium was 
added from a Schlenk-tube under argon. The mixture was re- 
fluxed for 3 h, at which time all the Mg had reacted and the color 
of the mixture had changed from violet via blue, green, and brown 
to black. Instead of Mg, an equivalent amount of K, freshly cut 
and washed with hexane, can be used. A reflux time of 12 h is 
necessary to complete the reduction. 

With LiAlH,. The TiC13/THF mixture was cooled to 0 "C, 
and the desired amount of LiAlH, was added in small portions 
to keep the vigorous reaction (H2 evolution) under control. After 
the addition, the reaction mixture was stirred at 0 "C for 30 min. 
If hydrogenation as a side reaction is to be minimized, the black 
suspension of [MI is refluxed for an additional hour. 

Procedure for the Coupling Reactions. The desired amount 
of ketone was added via a Schlenk tube to the cooled, black 
suspension of [MI. A rapid evolution of H2 was observed par- 
ticularly with LiAlH, as the reducing agent. After the addition, 
the mixture was stirred at room temperature for ca. 6 h in the 
case of benzophenone or refluxed for ca. 20 h in the case of 
cyclohexanone. During the reaction a gentle stream of argon was 
maintained. Experiments had shown that the above reaction times 
are sufficient to obtain complete coupling. The reaction was then 
quenched by adding 40 mL of 2 N hydrochloric acid, and the 
reaction mixture was extracted three times with 10 mL of CHClp 
The combined organic layers were dried over MgS04, and the 
solvent was evaporated. 

In a typical preparative experiment [MI was generated from 
3.12 g (0.02 mol) of TiC1, and 0.38 g (0.01 mol) of LiA1H4 in 60 
mL of THF as described. Then 3.64 g (0.02 mol) of benzophenone 
or 1.96 g (0.02 mol) of cyclohexanone was added and the mixture 
worked up as above. A yield of 3 g (90%) of TPE was obtained 
after column chromatography [length 20 cm, adsorbent 
eluant petroleum ether bp 60/80 "C] and recrystallization from 
acetic acid; mp 222-223 O C  (lit." mp 222 O C ) .  Yield of 1.4 g (85 

(33) R. Dams, M. Malinowski, and H. J. Geise, unpublished results. 
(34) W. Schlenk and E. Berg", Justus Liebigs Ann. Chem., 463,l 

(1928). 
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%) CCH was isolated after column chromatography and re- 
crystallization from ethanol; mp 51-52 "C (lit.% mp 53.5-54.5 "c). 

Product Balances. In the experiments performed to obtain 
the product balances, THF was added (if necessary) before the 
workup in order to restore the original volume. Then a 10-mL 
sample was hydrolyzed by 10 mL of 2 N HC1 and extracted with 
CHC13 (benzophenon case) or pentane and ether (cyclohexanone 
experiments). A 1-mL extract was mixed with 1 mL of an internal 
standard solution of dodecane by using calibrated micropipets 
and analyzed by gas chromatography. Concentrations of TPE 
were also measured by UV analysis starting from a 2-mL sample 
treated in the usual way and diluted to the desired dilution factor. 
Absorbances at A, = 309 nm (CHC13) were compared against 
absorbances of standard solutions of TPE. No interferences were 
observed. 
ESR Measurements. The reduction of TiC13 with Mg at a 

1:1.7 TiC13/Mg ratio was followed by ESR. At regular intervals 
(about every 30 min) an aliquot of the reaction mixture was 
transferred with the help of a syringe into the ESR tube, which 
was flushed before ~ t h  Ar and carefully closed immediately after 
being filled. Spectra were recorded at room temperature. Step 
1 (eq 1) was also followed as a function of the TiC13/Mg ratio 
ranging from 1:0.2 to 1:1.8. In each case [MI was prepared as 
stated (3 h reflux) by using the same ESR conditions as before. 
The results were completely analoguous; i.e., for example, a 
spectrum of [MI with a 1:0.8 TiC13/Mg ratio was equivalent to 
one recorded with a 1:1.7 TiC13/Mg ratio after half the reduction 
time. 

The reduction of TiC13 by LiAlH4 is fast and was only followed 
as a function of TiC13/LM4 ratios. For each ratio, the reaction 
mixture was prepared by addition of the appropriate amount of 
LiAlH4 to an ice-cooled TiC13-THF mixture. After the addition, 
the mixture was allowed to warm to room temperature and stirred 
for 30 min under an argon atmosphere. As before, samples were 
transferred into an ESR tube under a vigorous Ar stream, and 
room-temperature spectra recorded. 

The coupling (eq 2) was studied by starting from an [MI, 
generated under optimal conditions (Table I), which showed no 

(35) R. Criegee, E. Vogel, and H. Hoger, Chem. Ber., 85, 144 (1952). 

ESR activity. Then, again under a vigorous Ar stream, the ketone 
was added in one portion up to a TiC13/ketone ratio of 1:l. After 
hydrogen evolution, the tubes were closed, and ESR signals were 
followed with respect to time at room temperature. 

The ESR tubes, solvents, and reagents were checked to be 
inactive in the ESR spectrometer. 
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Perchlorinated triphenylmethyl radicals, and their nonradical a-H precursors, with hydrogen (2), carboxy (3), 
carbomethoxy (4), ammonium carboxylate (51, bromo (6), iodo (7), and methyl (8) substituents in the 4-position 
have been synthesized and their reactivities studied. The radicals are completely disassociated even in the solid 
(magnetic susceptibility), and their radical character is not changed by O2 or highly reactive chemical agents. 
Their decomposition points in air range from 270 "C to beyond 300 OC. Their remarkable spectra (ESR, UV-vis, 
and IR) are given and interpreted. A novel substitutive-oxidative decarboxylation with I2 has been found in 
carboxy radical 3. 

Some years ago, the authors reported the discovery of 
the so-called "inert carbon free radicals".l These are 
trivalent carbon species which are completely disassociated 

(1) (a) Ballester, M.; Riera, J.; Caataiier, J.; Badla, C.; Monsb, J. M. 
J. Am. Chem. SOC. 1971,93,2215. (b) Ballester, M.; Riera, J.; Caataiier, 
J. Spaniah Patent 311 621 (1965); U.S. Patent 3 347 941 (1967); Canadian 
Patent 805963 (1969). 
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even in crystalline form, do not react with oxygen in so- 
lution or with typical radical reagents (nitric oxide, qui- 
none, hydroquinone, toluene, etc.), and are remarkably 
inert toward reactive chemical species (concentrated 
H2S04, concentrated HNO,, Clz, Br2, etc.). Furthermore, 
in air they withstand temperatures as high as 300 OC. 
Their chemical inertness and thermal stability are traced 
to steric shielding rather than to electronic effects.la The 
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