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Organonitrogen Groups in Metal Carbonyl Complexes. Part V.l* 
Fluxional Behaviour of Aza-allyl/allene t Complexes 
By H. R. Keable and M. Kilner," Department of Chemistry, University of Durham, South Road, Durham City 

Variable-temperature l H  n.m.r. studies of the complexes [(~-C5M5)M(CO),((p-tolyl),CNC(p-tolyl),)] ( M  = Mo 
or W), showed the molecules to be fluxional, the observed temperature dependance being consistent with the 
occurrence of two distinct averaging processes within the aza-allyl/allene ligand. Further structural information 
was obtained from the l H  n.m.r. spectra of the compounds Il(n-CSH5)Mo(C0)2((R'C6H4) (R"C6H4)CNC(R'C6H4)- 
(R"C,H,))] (R' = p-Me, R" = p-OMe or H) which showed that a t  low temperatures, certain orientations of the 
CR2 groups with respect to the rest of the ligand are preferred. Kinetic measurements made from the 19F n.m.r. 
spectra of the compounds [(x-C5H5)M(C0)2((p-CFsCsHa)2CNC(p-CF3C6H,>,>] (M = Mo or W) gave values 
for €, of 11.6 and 6.8 kcal/mol respectively. 

MANY x-ally1 complexes exhibit fluxisnal behaviour in 
solution as shown by their temperature-dependent lH 
n.m.r. spectra, although there appears to be much 
controversy in the literature as to the mechanisms by 
which the observed exchange processes occur and the 
intermediates involved.2 Similar behaviour has been 
observed for the aza-allylfallene complexes described 
below, and it is relevant to mention here the various 
bonding types and the proposed mechanisms for the 
fluxional changes of the related x-ally1 groups. 

x-Ally1 complexes may be classified into two categories 
-the symmetric type characterised by an AM2X, 
spectrum at  low temperature, and the asymmetric type 
which has an AGMPX type spectrum at  low temperature 
indicating that the terminal carbon atoms differ in their 
bonding to the metal. An AX, type spectrum is often 
observed for both types at elevated temperatures due to  
exchange of syn- and anti-protons, i .e. exchange of 
protons (1) and (2), and (3) and (4) in Figure 1. 

1 

FIGURE 1 

Three mechanisms have been proposed. The first and 
most popular is of the ' x-cs ' type, involving reversible 
interconversion between the two x-ally1 forms via a 
a-bonded intermediate [Figure 2(a)] .3 

syn-anti-Exchange may occur also via rotation about 
the C-C bonds of the skeleton while the allyl group re- 
mains x-bonded to the metal , [Figure 2(b)], although it 
would seem that this type of rotation is only really 
plausible for the specific examples q ~ o t e d , ~  e.g. Zr(allyl), 
and Hf (allyl)4, and has no general applicability. 

t Throughout this paper the nomenclature of the organo- 
nitrogen group [R2CNCR2] has been based on structurally related 
carbo-groups. The term aza-ally1 refers to the group when the 
R2C planes are planar [cf. the isoelectronic allyl group, R,CC- 
(H)CR,], and the term aza-allene to the group when the R,C 
planes are perpendicular. The latter group is formally derived 
from [R,C=N=CR,], the dialkylideneammonium ion, which is 
isoelectronic and isostructural with allenes, R,C=C=CR2. 

+ 

Part IV, ref. 9. 
H. R. Keable and M. Kilner, Chem. Comm., 1971, 349. 
K. Vrieze, H. C. Volger, and P. W. N. M. van Leeuwen, 

Inorg. Chltim. A d a  Rev., 1969, 3, 109, and references therein. 

A third mechanism has been postulated6 to account 
for the observations in compounds of the type [(allyl)Pd- 
(amine)Cl] in which a broadening of the anti-proton 

(a) Interconversion of protons (3) and (4) via a a-intermediate 

I I  
(2)H H(31 

(b) syn-anti-Exchange via C 7 C bond rotation 
FIGURE 2 

signals is observed while the syn-proton signals remain 
sharp, i .e.  a process not involving syn-anti-exchange. 
It is thought that a ' flip ' movement (Figure 3) may be 

FIGURE 3 

involved [analogous to the equilibria found in cyclo- 
hexanes] about the C,-C3 axis, going through a transi- 
tion state in which C,, C,, C,, and Pd are co-planar, i.e. 
a a-a-bonded transition state. 

In the case of asymmetric 7c-ally1 compounds, e.g. 

3 (a) K. Vrieze and H. C. Volger, J .  Organometallic Chem., 
1967, 9, 637; (b)  J. Powell and B. L. Shaw, J .  Chem. Soc. ( A ) ,  
1967, 1839; (c) G. L. Statton and K. C. Ramey, J .  Amer. Chem. 
Soc., 1966,88, 1327, 4387; ( d )  P. Corradini, G. Maglio, A. MUSCO, 
and G. Paiaro, Chem. Comm., 1966, 618. 

4 J. K. Beconsall, B, E. Job, and S. O'Brien, J .  Chem. Soc. 
(A), 1967, 423. 

F. A. Cotton, J. W. Faller, and A. Musco, Inorg. Ckem., 
1967, 6, 179. 

6 P. Ganis, G. Maglio, A. Musco, and A. L. Segre, Inorg. Chim. 
Acta, 1969, 3, 266. 
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(x-C,H,)PdCl(Ph,P) and (x-C,H,)Pd(OAc) (Ph3P),8 a in Table 2. Aza-allyl/allene complexes are the products 
coalescence of H(3) and H(4) only is observed while of an unusual reaction between [(n-C5H5)M(C0),C1] 
H(l)  and H(2) remain sharp [Figure 2(a)]. In this case (M = Mo or W) and a lithioketimine [LiNXR,] (1 : 2 
the ' X--6 ' reaction is really the only possibility, the molarratio), one nitrogen being lost along with a carbonyl 
o-bonded intermediate being formed preferentially by group as a cyanate ion. A possible mechanism for the 
one end of the ally1 group. reaction has been discussed in an earlier paper.9 The first 

TABLE 1 
1.r. and mass spectroscopic data for aza-allyl/allene complexes 

Complex vc0 (cm-l)(KBr disc) m/e P+ 5 m / e  (P-CO)+ a in/e (P-2CO)f a 

(TC-C~H~)MO(CO) 2{ (p-tolyl) 2CNC(+-tolyl) 2) 1936s 1836s 621 593 
(x-C5H5) W(C0)2{(p-to1y1) 2CNC(p-to1y1) 2 >  1934s 1815s 'J 707 679 

(x-C5H5)Mo( CO),((p-tolyl) (p-MeOC,H,)CNC(p-tolyl) - 1930s 1831s 653 625 

( X - C ~ H ~ )  Mo (CO) 2{ ($-to1 yl) (Ph) CNC(Ph) (P-tolyl) } 1924s 1841s 593 565 
(x-C5H5)Mo(C0) 2{(P-CF3C6H4) 2CNC(p-CFBC6H4) 2 1  1962s 1883s b 837 809 

(x-C5H5) w(co) 2{(P-CF3C6H4) 2CNC(p-CF3C6H4) 2 1  1963s 1880s b 923 895 

1931s 1830s 

(p-Me0C6H4) 1 

1954s 1857s 

1954s 1866s 
a Refers to 98Mo or la4W. b Two isomers exist in the solid state-see ref. 9. 

TABLE 2 
lH a and 19F N.m.r. data for aza-allyl/allene complexes 

Complex 
(.Tc-C~H~)MO (CO) 2[ (P-tolyl) ,CNC(p-tolyl) 21 

(x-C5H,)Mo (CO) 2[ (p-MeOC6H4) (p-tolyl) CKC- 
(p-Me0C6H4) (p-tolyl)l 

Temp. 
- 20" 

10 
70 

- 20 

10 
70 

- 40 

10 
70 

- 40 

10 
70 

- 20 

20 

60 
- 35 

-5 

60 

r(Ph) 
2.92(16) 

2.92 (1 6) 
2.92 (1 6) 
2-92(16) 

%92( 16) 
2*92( 16) 
2.90 

2.90 
2.90 

2.85 

2.85 
2.85 

r(C6H5) 

5.54(5) 

540(  5) 
5*32(5) 
5.45(5) 

5*40(5) 
5 -32 (5) 
5.39, 5.48, 
5.51 
5-36, 5.47 
5-42 

5.46, 5.49, 
5.55, 5.58 
5.43, 5.54 
5-43 

5.32 (5) 

540(  5) 

.;(MeO) r(iLIe) 
7.49(3), 7*73(3), 
7*82(3), 7.86(3) 
7-49(3), 7.80(9) 
7- 7 2 ( 12) 
7-48(3), 7.71(3), 
7*81(3), 7.85(3) 
7-49(3), 7-80(9) 
7.71 (12) 

6.11, 6.27, 7.46, 7.70, 7.79, 
6-40, 6.45 7.86 
6.12, 6.37 7.47, 7.78 
6.33 7.71 

565 
651 

597 

537 
781 

867 

7.52, 7.75, 7.84, 
7-88 
7.53, 7.82 
7- 74 

62-23 (3), 62-79 (3), 
62.90(3), 63*44(3) 
62.67( 6), 63.01 (3) 
63.56(3) 
62*95(12) 
62*58(3), 63*06(3), 
63-21(3), 63*76(3) 
62*86(6), 63*20(3) 
63.76 (3) 
63.1 0 ( 12) 

(1 CS, Solution. b Toluene solution, p.p.m. values rel. to CFCI,. e Centre of inultiplet. 

Our n.m.r. studies of a series of aza-allyl/allene com- 
plexes [(x-C5H5)M(CO),(R,CNCR,}] (M = Mo or W) 
(R = aryl groups) show that at low temperatures, an 
asymmetric x, or G-TC, aza-ally1 structure is adopted and 
that the averaging processes observed occur via the 
' x--0 ' mechanism. 

RESULTS AND DISCUSSION 

The complexes studied in this work, their carbonyl 
stretching frequencies and mass spectroscopic data are 
recorded in Table I,  and limited lH n.m.r. data are given 

7 K. Vrieze, A. P. Praat, and P. Cossee, J. Organometallic 
Chem., 1968, 12, 533. 

complex of this type, [ (x-C,H,)Mo(CO),(Ph,CNCPh,)], 
was a derivative of diphenylketimine, but since the most 
useful technique to investigate the precise nature of the 
bonding is undoubtedly n.m.r. spectroscopy, the phenyl 
substituents were not amenable, unfortunately, to this 
type of study. Use of But2C:NLi in the preparative 
reaction resulted only in the formation of [(x-C,H5)M- 
(CO) ,N:CBut,] ,lo and indeed only aza-allyl/allene com- 
plexes with aryl substituents have been so far prepared. 

8 P. W. N. M. van Leeuwen and A. P. Praat, J .  Organometallic 

9 H. R. Keable and &I. Kilner, J.C.S. Daltola, 1972, 153. 
10 M. Kilner and C.  Midcalf, J .  Chem. SOC. (A),  1971, 292. 

Chem., 1970, 21, 501. 
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We chose therefore to study complexes in which the aryl 
groups have suitable n.m.r. probes as para-substituents. 

Several bonding modes of the ligand may be envisaged 
as shown in Figure 4. The symmetric x-aza-ally1 

Linear or bent d - Z  Form 
aza-ally\ form 

( A )  (B)  
M 
If 

Aza-allene figand Az irid i no- form 
(C 1 (0) 

( E l  
FIGURE 4 

Possible structures for (x-C,H,)M(CO) ,(R,CNCR2) 

group (Figure 4A) may be linear or bent depending on 
the extent to which the nitrogen lone pair is utilised in 
the bonding. All R groups would be in the same plane. 
The asymmetric x-aza-ally1 group (Figure 4B) would 
have one end of the ligand co-ordinated more strongly 
to the metal than the other end, the structure shown 
representing an extreme. Again all four R groups lie 
in the same plane. Bonding of the x-aza-allene ligand 
(Figure 4C) would be expected to be of the mono-olefin 
type through one of the double bonds (as is found in 
many of the known x-allene complexes) , with the unco- 
ordinated CR, group bent away from the metal.ll Here 
the R groups would be in perpendicular planes. X-Ray 
crystallographic data show the complex [ (x-C,H,)Mo- 
(CO) 2( (p-tolyl) ,CNC (@-tolyl),)] to  have an organo- 
nitrogen group with the fi-tolyl substituents in per- 
pendicular planes and a CNC angle of 128".12 Although 
the ligand in this complex may be considered as a x-aza- 
allene group (Figure 4E), alternatively the bonding may 
be represented as in Figure 4F involving a-bonding of the 
carbon atom to the metal and bonding to nitrogen 
through the lone pair of electrons. This represents the 
extreme situation in which carbon-nitrogen bonding is 
reduced to a bond order of 1. The aziridine structure 
(Figure 4D) may be ruled out for all the complexes due 
to the lack of a diagnostic i.r. absorption in the 850- 
900 cm-l region l3 and on the basis of the n.m.r. data. 

l1 T. G. Hewittand J. J. DeBoer, J.  Chenz. Sm. ( A ) ,  1971, 817; 
J. A. Osborne, Chem. Comm., 1968, 1231. 

Our n.m.r. results suggest that all the complexes have 
a significantly different structure in solution from that of 
[ (x-C,H5) Mo (CO) 2( @-tolyl) ,CNC@-tolyl),)] in the solid 
state. 

Variable-temperature studies between -20 and 
+70° showed the molecules to be fluxional. Relevant 
data are shown in Figure 5 for [(x-C,H,)W(CO),{($- 
to1y1),CNC($-to1y1),)]. At low temperature there are 
four signals of equal intensity due to the CH, protons, 
indicating that all four methyl groups are non-equivalent 
and that the terminal skeletal carbon atoms are un- 
equally bound to the metal. Warming to 10" caused two 
signals (T 7.71 and 7.85) to broaden, whilst the other two 
remained fairly sharp, before coalescing to a signal which 
is superimposed on the signal originally at T 7430. Thus 
two signals of intensity ratio 1 : 3 result. At 70" these 
signals coalesce to a broader time averaged signal at the 
mean (T 7.71) of the four original signals, indicating that 
all four methyl groups are equivalent on the n.m.r. 
time scale. All these changes are completely reversible. 
This type of temperature dependence is very similar to 
that found for the asymmetric x-ally1 compounds de- 
scribed above '3 and we conclude therefore that our low- 
temperature results are consistent only with an aza- 
allyl group with non-equivalent skeletal carbon atoms 

70' 2.92 A u 
2.5 34 3-5 

1 7.71 5-32 

u 
7.0 7-5 8.0 

5.2 5 

FIGURE 5 1H n.m.r. spectra for (x-C,H,)W(CO) ,[ (fi-3IeC6H4),- 
CNC(fi-MeC,H,),] in CS, 

(Figure 6A and B). Coalescing of signals at 3-10' is 
interpreted as detachment of the C=N n-system from the 
metal and rotation of the -N=C(tolyl), moiety about the 
C-N single bond (Figure 6C), thus causing R3 and R4 to 

12  H. M. M. Shearer and J. D. Sowerby, personal communic- 

l3 T. B. Jackson and J. 0. Edwards, Inorg. Chem., 1962, 1, 
ation. 

398. 
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be equivalent. Construction of reasonable models based 
upon the available crystallographic data for the molyb- 
denum complex indicates that such a rotation is 

(C) 
FIGURE 6 

sterically possible as the planes containing the phenyl 
rings can be twisted to any suitable angle, allowing free 
rotation to occur. 

On warming to  70” interchange of 6-r bonding is 
thought to  occur (Figure 6A and B) together with the 
rotation process, producing four equivalent groups. 
Confirmation of this latter mechanism has been obtained 
by studying the variable temperature n.m.r. spectrum 
of [ (x-C,H,)Mo(CO),((p-MeOC,H,) ($-MeC,H,)CNC($- 
MeC,H,)($)-MeOC,H,))] for which the n.m.r. probes are a 
methoxy and a methyl group at each end of the ligand. 
At higher temperatures two broad time averaged signals 
are observed, one arising from the methoxy- and one 
from the methyl groups. The low-temperature spectrum 
is shown in Figure 7, the methoxy-resonances being to 

3 
I 5 

I I I I I I  1 1  1 1 1 1  
6.0 6 5  74 7-9 

p -Me0 p-Me 

FIGURE 7 IH N.m.r. spectrum for (x-C,H,)Mo(CO),[R’R’’- 
CNCR’R’’] in CS, at -40” ( R  = p-MeOC,H,, R” = p- 
MeC,H*) 

lower field. Four distinct signals are observed for both 
the methyl and methoxy-groups, the integration indicat- 
ing six protons of each type. At low temperatures all 
four possible orientations of the aza-ally1 ligand are 
therefore frozen out. Thus, each end of the ligand must 

become free from the metal at some stage to allow the 
rotational process to occur a t  each end, i.e. we have 
interchange of 6-x bonding as postulated. 

An additional point of interest to note from Figure 7 
is that the signals within each group are not all of equal 
intensity. This implies that at low temperatures 
certain orientations of the CR, groups with respect to the 
rest of the molecule are preferred, and allows assignment 
of each of the four signals to a particular R group on the 
ligand to be made. The four possible orientations of the 
ligand are shown in Figure 8. 

Construction of suitable models, based on the crystal 
structure described earlier shows that the para-sub- 
substituents do not interact sterically with the (x-C,H,)- 
M(CO), part of the molecule during the rotational process. 
Any possible steric interaction between the ligand and the 
(x-C,H,)M(CO), moiety would involve the phenyl rings. 

(m (IY) 
R’ = P-MeOC,H,, R” = p-JfeC,H, 

FIGURE 8 

The models also show that during the rotational process 
significant interaction is possible between the @-Me0 
groups at each end of the ligand. Thus, the structure 
most likely to be adopted in the absence of rotation is 
the one in which $-Me0 groups are furthest away, both 
from each other and the $-Me groups (Figure 81). The 
lH  n.m.r. results indicate that rotation of the -N=CR, 
unit causes signals due to R groups on C(2) (Figure 8) to 
coalesce, and these are peaks 2 and 4,6 and 8 in Figure 7. 
On the basis of these data and the relative intensities of 
the signals, assignment of each signal to a substituent at 
a particular position on the ligand can be made. We 
therefore assign peaks 3 and 5 (Figure 7) to R’ and R” 
respectively on C( l )  (Figure 81) peaks 2 and 6 (Figure 7) 
to R’ and R” respectively on C(2) (Figure 81). Hence 
peaks 1 and 4 (Figure 7) refer to R’ on C( l )  and C(2) 
respectively (Figure 8IV) and peaks 7 and 8 (Figure 7) to 
R” on C(l) and C(2) respectively (Figure 8IV). The 
signals arising from the substituents in the various 
positions in the structures of Figure 8 are indicated by 
numbers in parentheses referring to signals in Figure 7. 

If these assignments, based upon steric arguments, 
are correct, then by putting R’ = C,H, in Figure 8, i.e. 
replacing the +-Me0 substituents by H, the most favour- 
able structure at low temperature would be Figure SIV, 
with p-Me groups furthest away from each other, re- 
ducing any steric interactions between them. Thus we 
would expect the new intensity pattern of the methyl 

http://dx.doi.org/10.1039/DT9720001535
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resonances at low temperature to be qualitatively very 
similar to the pattern observed for the $-Me0 resonances 
in Figure 7. If there is no steric interaction between the 
p-Me groups, then four peaks of equal intensity should 
result. The spectrum obtained at -40” for R’ = C,H5 
and R” = p-MeC,H, is shown in Figure 9, and indeed 
the intensity pattern of the methyl resonances is in 
excellent agreement with the predictions. 

The lH n.m.r. results have been interpreted on the 
basis of a 0-n type of bonding mode (Figure 4B) for the 
aza-ally1 ligand, and the first coalescence of signals 
arising from detachment of the C=N x-system from the 
metal and rotation of the -N=CR, unit about the C-N 
single bond. The strength of the interaction between 
the metal and what would effectively be a lateral C=N- 
system will be reflected in the activation energy for the 

methods, the peak separation method of Gutowsky l4 
and the intensity ratio method described by Rogers and 
Woodbrey l5 (see Experimental section). Good agree- 

- 4 0 .  1 5’ 

rotational process, and consequently attempts have been 
made to determine the kinetics of the process. 

Inspection of the spectra of all the complexes described 
showed that (a)  the separation between the coalescing 
peaks was too small (ca. 8 Hz) to allow accurate measure- 
ments to be made, and (b)  the presence of a third methyl 
signal between the two, made measurements impossible. 
Introduction of CF, groups into the para-positions of all 
four R groups however solved both problems. The 
separation at  low temperature between the coalescing 
signals increased, as expected, to ca. 30 Hz and fortu- 
itously neither of the remaining CF3 signals interfered. 

7 4  fi 4 p - W t  

FIGURE 9 
CNCR’R’’] in CS, a t  -40” (R’ = C,H5, R” = $-MeC,H,) 

’H n.m.r. spectrum for (x-C5H5)1Llo(CO),[R’R’’- 

Relevant spectral details are shown in Figure 10. A 
similar temperature dependence to that already de- 
scribed for the 9-tolyl derivative is observed, indicating 
that we are considering similar rotational processes. 
Activation energies were calculated by two independent 

l4 H. S. Gutowsky and C. H. Holm, J .  Chem. Phys., 1956, 25, 
1228. 

l5 M. T. Rogers and J. C. Woodbrey, J .  Phys.  Chem., 1962, 66, 
640. 

M. A. Bush and P. Woodward, J .  Chem. SOC. ( A ) ,  1968, 
1221. 

FIGURE 10 19F n.m.r. spectra for (T;-C~H~)MO(CO),[(~- 
CF,C,H,) ,CNC(P-CF,C,H,) ,] in toluene 

ment between the methods was obtained and the results 
are summarised in Table 3. 

TABLE 3 
Activation parameters for (x-C6HJM(CO) 2[(P-CF,C6H,) 2- 

CNC(P-CF,C,HJ,] (M = Mo, 11’) 
M = Mo: E, = 11.6 f 1.2 kcal/mol 

it1 = W: E, = 6-8 & 0.6 kcal/mol 
log,,A = 10.8 f 1.0 

logl& = 7.2 0.4 

Comparable activation energy values for similar pro- 
cesses in related x-ally1 systems are in the range 7-20 
kcal/mol.3a 

The values for the aza-derivatives are consistent with 
the contention that the activation energy results pre- 
dominantly from metal-ligand interaction, rather than 
steric inhibition of rotation. If the latter were opera- 
tive, then similar activation energies would be expected 
for the molybdenum and tungsten compounds, owing to 
the similarity in size of the two central atoms-covalent 
radii have been estimated as 1.61 A for molybdenum l6 
and 1.58 A for tunsten 17-resulting in similar molecular 
dimensions. It would appear therefore that the inter- 
action between the metal and the C=N x-system is con- 
siderably stronger for molybdenum. Unfortunately no 
appropriate bond-energy data are available for molyb- 
denum- or tungsten-nitrogen bonds, but the order 
observed is in notable contrast to the observed trend for 
metal-carbonyl bond energies, i.e. W-CO > h10-CO.l~ 

EXPERIMENTAL 

x-Cyclopentadienyltricarbonyl-molybdenum and -tung- 
sten halides were prepared by standard methods.lg Hydro- 
carbon solvents and diethyl ether were dried over extruded 

l7 V. A. Semion, Y .  A. Chapovskii, V. T. Struchkov, and A. h-. 
Nesmeyavov, Chem. Comm., 1968, 666. 

lS R. B. King, Organometallic Chem. Rev. B ,  1968, 4, 35. 
T. S. Piper and G. Wilkinson, J .  Inorg. and Nitclear Chem., 

1956, 3, 104. 
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sodium and monoglyme freshly distilled froin lithium 
aluminium hydride. Carbon disulphide for n.m.r. measure- 
ments was distilled on to P205 and freshly distilled when re- 
quired. All solvents were pumped to remove dissolved air, 
stored under nitrogen, and transferred by syringe against 
a counter flow of nitrogen. All reactions were performed 
with rigorous exclusion of oxygen. 

Spectra.-1.r. spectra in the range 4000-250 cm-1 were 
recorded with a Perkin-Elmer 457 spectrophotometer and 
mass spectra obtained with an A.E.I. MS9 instrument a t  
70 eV and an accelerating potential of 8 kV. Samples 
were inserted directly into the ion source at  temperatures 
between 80 and 220”. lH and 19F N.m.r. spectra were re- 
corded at  60 or 56.4 MHz respectively with a Varian A56/60D 
spectrometer equipped with the Varian variable-temperature 
controller, Temperature calibration was by means of the 
standard Varian methanol sample. Spectra were obtained 
in CS, solution except for the fluorine-containing com- 
plexes which were obtained in toluene. 

A naZyses.-Carbon, hydrogen, and nitrogen were deter- 
mined with a Perkin-Elmer 240 Elemental Analyser. 

The preparation and characterisation of (x-C,H,)M(CO) 2- 

[(p-tolyl),CNC(p-tolyl),] (M = Mo, W) have been described 
in an earlier paper.9 For the other complexes a similar 
method was employed, differing only in the preparation of 
the lithio-ketimine solutions which previously had been 
prepared from the ketimine and n-butyl lithium. The 
following method was devised for the preparation of lithio- 
ketimine solutions from readily available starting materials, 
utilising the method of metal-halogen exchange. Typically, 
an aryl bromide (R’Br) (4 mmol) was dissolved in diethyl 
ether (50 ml) and cooled in liquid nitrogen. A solution of 
BunLi (4 mmol) in hexane (1.25 ml) was added by syringe 
and the solution was warmed to room temperature with 
stirring. Change of colour indicated reaction to be occur- 
ring, and the solution was stirred for 30 min to ensure 
complete equilibration (for aryl bromides and n-butyl- 
lithium the equilibrium position favours almost complete 
formation of the aryl-lithium compound). The solution 
was cooled again in liquid nitrogen and a solution of an aryl 
nitrile (R”CN) (4 mmol) in diethyl ether (5-10 ml) was 
added by syringe. An orange or red colour developed 
rapidly indicating formation of the lithio-ketimine ; the 
solution was warmed to room temperature and stirred for 
ca. 20 min. Reaction with [(x-C,H,)M(CO),Cl] a t  room 
temperature, and the initial work-up procedure are as 
described in ref. 9. Crystallisation at 0” from hexane or 
ether-hexane mixtures gave the following products of the 
type (x-C,H,)M(CO),[R’R”CNCR‘R”] : (i) R’ = 9- 
MeOC,H,, R” = $-MeC,H,, M = Mo: m.p. 86-88” 
(Found: C, 68-35; H, 4.9; N, 2.2%. C,,H,,MoNO, re- 
quires C, 68.1; H, 5.1; N, 2.15%); (ii) R’ = C,H,, R” = 
p-MeC,H,, M = Mo: m.p. 183-184” (Found: C, 71.4; 

2O J. D. Roberts, Chem. inBri tah,  1966, 2, 529; R. Cramer, 
J. B. Kline, and J. D. Roberts, J .  Amev. Chem. SOC., 1969, 91, 
2519. 

H, 4.95; N, 2.25%. C,5H,,MoN0, requires C, 71.0; H, 
4.9; N, 2.35%); (iii) R’ = R” = fi-CF3C6H4, lVl = Mo, 
m.p. 163-164” (Found: C, 52.9; H, 2 . 5 ;  N, 1.7; F, 26.8y0. 
C,,H,,F,,MoNO, requires C, 53.2; H, 2.5; N, 1.7; F, 
27.3%); (iv) R’ = R” = fi-CF3CsH4, M = W: m.p. 153- 
154” (Found: C, 48-0; H, 2.5; N, 1.52%. C37H,,Fl,N0,W 
requires C, 48-1; H, 2.3; N, 1.52%). 

Activation energies, Ea,  were obtained from measure- 
ments of the rate of internal rotation (&) at  a series of 
temperatures by fitting the data to the Arrhenius equation : 

Values of Ea and the frequency factor, log,, A ,  were de- 
rived from linear plots of log,, (87) vs. 103/2.303RT by the 
method of least squares. Values of z at  individual tempera- 
tures were obtained by two independent methods. That 
described by Rogers and Woodbrey l5 relates T to the ratio 
(Y) of maximum to central minimum v-mode intensities 
of the coalescing doublet by the equation 

lOg,o(+T) = log1oA -- Ea/2.303 RT. 

where dv is the chemical shift difference (Hz) between the 
two signals, and the effect of overlap of the components of the 
doublet is negligible, in the absence of rotational averaging. 
The method developed by Gutowsky and Holm l4 relates 
7 to the separation (Hz) between the components of the 
coalescing doublet a t  various temperatures, by the 
eauation : 

due = ( 1 - - T2:v2)’. dv for T dv > 2/2 

where dv is as above and the same conditions as to overlap 
apply. 

A major drawback of this latter method becomes apparent 
when the value of dv is not constant with respect to  tem- 
perature, i.e. the separation in the absence of rotation in- 
creases with decreasing temperature with no further de- 
crease in linewidth.20 This has the effect of increasing the 
range in which the rate appears to be changing and results 
in correspondingly smaller values of the activation energy. 
Such a problem was encountered in our measurements and 
the initial calculations showed large discrepancies between 
the two methods, owing to the value of dv being taken at  
too low a temperature. However, use of the value of dv 
obtained from the temperature a t  which no further line 
narrowing was apparent, gave results from the two methods 
which agreed within experimental error. The limits of E, 
and log,, A were calculated for 90% confidence using con- 
ventional statistical methods. 

due Is the experimentally observed separation. 
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