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The X-ray crystal and molecular structure of the complex [Ru(q3-C8Hl3)(P(0Me)Ph,J 3 [PF,] has been 
determined. The crystals are orthorhombic of space group Pna2, with a = 20.510 (5) 1, b = 12.992 (3) 
A, and c = 16.954 (4) A; R = 0.0478 for 3257 unique reflections. The structure reveals the existence of 
an agostic Ru...H...C interaction that contains a R w H  distance of 2.08 (7) A and a lengthened C-H bond 
of 1.14 (7)  A. The hydrogen atom occupies the sixth coordination site of a distorted octahedron; the other 
sites being taken up by the q3-enyl portion of the cycloodenyl ligand and the three phosphorus donor ligands 
(Ru-P bond distances = 2.350 (2), 2.302 (2), and 2.223 (2) A.) The shortest Ru-P bond is situated trans 
to the R w H  interaction. A discussion of the structure in comparison with analogous structures containing 
an agostic q3-enyl ligand is presented. 

Introduction 
We have recently reported' the sterically controlled 

isomerization of the hydrido-diene complexes [RuH- 
(cod)L3][PF6] which gave a series of v3-enyl cations [Ru- 
(q3-C8H13)L3]+ analogous with the species [Fe(q3-C8H13)- 
(P(OMe)3j3]+.2 As with the iron complex, the 'H NMR 
spectra of the ruthenium compounds all contain a feature 
characteristic of an agostic Ma-H-C interaction, viz., an 
exchange-broadened high field signal due to the two endo 
hydrogen atoms adjacent to the q3-enyl functional group, 
either of which can interact with the metal at any one time. 
For the complex [Ru(q3-C8H13)(P(OMe)Ph2)31 [PF,] (1) it 
was possible to  reach the slow-exchange region of this 
process at -90 "C using a 500-MHz instrument, indicating 
that the barrier to  exchange is higher for this compound 
than for the other ruthenium compounds studied. We 
decided to determine the structure of 1 in order to obtain 
some insight into the factors giving rise to the higher ex- 
change barrier for 1; e.g., whether it is a function of a 
stronger M-H-C interaction or of steric repulsions be- 
tween the bulky P(OMe)Ph, ligands and the atoms of the 
cyclooctenyl ligand. Although there are now a number of 
structural studies of M-H-C in te ra~t ions ,~  only two are 
relevant to complex 1. The structures of [Fe(q3-C8H13)- 
(P(OMe)3)31 [BF41 M4 and [ M ~ ( T ~ - C , H ~ ~ ) ( C O ) ~ I  (3P have 

(1) Ashworth, T. V.; Chalmers, A. A.; Meintjiea, E.; Oosthuizen, H. E.; 
Singleton, E. Organometallics 1984,3, 1485. 

(2) Ittel, S. D.; Van-Catledge, F. A.; Jesson, J. P. J. Am. Chem. SOC. 
1979, 101, 6905. 

(3) Brookhart, M.; Green, M. L. H. J. Organomet. Chem. 1983,250, 
396. 

(4) Brown, R. K.; Williams, J. M.; Schultz, A. J.; Stucky, G. D.; Ittel, 
S. D.; Harlow, R. L. J.  Am. Chem. SOC. 1980,102,981. 

(5 )  Brookhart, M.; Lamanna, W.; Humphrey, M. B. J. Am. Chem. SOC. 
1982,104, 2117. Schultz, A. J.; Teller, R. G.; Beno, M. A.; Williams, J. 
M.; Brookhart, M.; Lamanna, W.; Humphrey, M. B. Science (Washing- 
ton, D.C.) 1983, 220, 197. 

been thoroughly studied by both X-ray and neutron dif- 
fraction methods. In this paper the X-ray structure of 1 
is presented and, by comparison with the structures 2 and 
3, an estimate of the structural effect of the Rw-H-C 
interaction is made. 

Experimental Section 
Orange-brown multifacetted crystals suitable for X-ray exam- 

ination were grown from dichloromethaneethanol solution. Unit 
cell dimensions were determined by least-squares fit to the dif- 
fracting pit ions of 25 reflections measured on a Philips PW 1100 
four-circle diffractometer. The intensities of 3557 reflections with 
3 5 8 5 23" in the octant +h,+k,+l were measured by using the 
w-26 scan mode with a scan width of 1.00O in w and a scan speed 
of 0.04' s-*. Backgrounds were measured for 12.5 s at each end 
of the scan. Three reference reflections were measured every 60 
min and showed no significant deviations from their mean in- 
tensities. No absorption corrections were applied. 

Crystal data: C47H62FB03P4R~; M, = 1003.9; orthorhombic; 
space group Pm12~; a = 20.510 (5 )  A, b = 12.992 (3) A, c = 16.954 
(4) A, U = 4517.7 A3, Ddd = 1.476 Mg m-3 for Z = 4, F(000) = 
2064; Mo Ka radiation, h = 0.71069 A, ~ ( M o  Ka) = 0.482 mm-'. 
The structure was solved by Patterson and difference electron 
density synthesis methods and was refined by using SI-IELX.~ The 
z coordinate of the Ru atom was fiied at 0.25 to defiie the origin. 
The H atoms of the cyclooctenyl ligand and the methyl groups 
were located by using a subsequent difference electron density 
synthesis and were refined. All other H atoms were added in 
calculated positions (C-H = 0.95 A). Isotropic temperature factors 
were refined for the phenyl C atoms, and anisotropic temperature 
factors were refined for all other non-H atoms. Five common 
isotropic temperature factors were refined for the H atoms. 
Least-squares refinement using a weighting scheme w = 1/u2(F,,) 
and with the matrix blocked so that in each group of three cycles 
Ru refined in cycles 1 and 2, the atoms of the ligands containing 
P(1) or P(2) refined in cycle 1, the atoms of the ligand containing 

(6) Sheldrick, G. M. "Computing in Crystallography"; Delft University 
Press: Delft, Holland, 1978; pp 34-42. 
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Figure 1. A perspective view of the cation of 1 showing the atom 
numbering scheme. 

v a 

Figure 2. The unit cell of 1 viewed perpendicular to the B face. 

P(3) and the C8HI3 ligand refined in cycle 2, and the PF6 anion 
refined in cycle 3 converged to give R [= C A / X F , ,  A = llFol - 

xwA2/CwF:] = 0.0411 for 3257 unique observed reflections. The 
reductions in RG at all stages of the refinement were significant 
at the 99.5% level.' Complex neutral atom scattering factors 
were used for all atoms! In the final cycles of refinement 440 
parameters were varied comprising 248 positional parameters, 
150 anisotropic temperature factor components, 41 isotropic 
temperature factors, and 1 overall scale factor. 

Results and Discussion 

V 0 

lFcll] = 0.0478, R ,  [= ~ : w A / C s F , ]  = 0.0397, and RG [= 

The final atom coordinates and isotropic or equivalent 
isotropic temperature factors are given in Table I. Se- 
lected bond lengths, bond angles and non-bonded distances 
are given in Table 11. (Tables of structure factors and 
anisotropic temperature factors have been deposited.) 
Figure 1 is a perspective view of the cation showing the 
atom numbering scheme, and Figure 2 is a view of the unit 
cell. 

The crystal structure consists of discrete cations and 
anions (Figure 2) with no unusually short intermolecular 
distances. The shortest intermolecular distance not in- 

(7) Hamilton, W. C. Acta Crystallogr. 1965, 18, 502. 
(8)  Cromer, D. T.; Waber, J. T. "International Tables for X-ray 

Crystallography"; Kynoch Press: Birmingham, England, 1974; Vol. IV, 
pp 71-147. 

Figure 3. Part of the cation of 2 showing selected bond lengths 
(A) taken from the X-ray structure determinati~n.~ 

volving an H atom is F(2) .4(3)  ( -x ,  +y, +z)  of 3.12 (1) 
A and that involving an H atom is H(213)-H(13) (+x,  -y, 
z )  of 2.27 (8) A. The PF, anion has a normal geometry and 
is reasonably well ordered; however, a number of somewhat 
large anisotropic temperature factor components for the 
F atoms indicate either limited disorder or high thermal 
motion of the anion. A final difference synthesis showed 
no evidence of gross disorder in this anion. 

The coordination geometry around the ruthenium ion 
is irregular square pyramidal-if only non- hydrogen atoms 
are considered-with P(3) occupying the axial site, P(1) 
and P(2) situated in basal sites cis to each other, and the 
v3-enyl portion of the cyclooctenyl ligand coordinated 
across the two remaining basal sites. The bond distances 
from ruthenium to the basal phosphorus atoms P( 1) and 
P(2) are different, being 2.350 (2) and 2.302 (2) A, re- 
spectively. Both lengths are in the range normally foundg 
in ruthenium complexes containing phosphorus donor 
ligands, and the different values result probably from a 
combination of steric repulsion and the unsymmetrical 
coordination of the q3-C$I13 group (vide infra). In contrast, 
the Ru-P(3) bond distance of the axial phosphorus ligand 
is much shorter a t  2.223 (2) A. This value is typicallo of 
axial Ru-P lengths in a square pyramidal configuration 
with 16 valence electrons available for bonding. The co- 
ordination geometry is thus broadly similar to that found* 
in the iron complex 2, which is given for comparison in 
Figure 3 together with pertinent bond distances and angles. 

To detect the R w H - C  interaction, the positions of the 
hydrogen atoms in the cycloodenyl ligand were considered. 
They were directly observable in the difference electron 
density syntheses (see Experimental Section) and were 
refined by least squares. The Ru-H(442) distance of 2.08 
(7) A together with the close RwC(44)  distance of 2.592 
(9) A c o n f i i  the existence of a two-electron, three-center 
bonding interaction in the complex. This hydrogen atom 
occupies the sixth coordination site of an octahedral con- 
figuration as is evident from the bond angles P(l)-Ru-H- 
(442) = 91 (2)O, P(2)-Ru-H(442) = 94 (2)O, and P(3)- 
Ru-H(442) = 171 (2)". The Ru-H(442)-C(44) angle of 103 
(5)' is comparable to the corresponding angles of 99.42 (2) 
and 100 ( 1 ) O  found in 2 and 3, respectively. 

Terminal Ru-H bonds are usually in the range 1.60-1.70 
AgJ1 whereas hydrides bridging a ruthenium-ruthenium 
bond are reported12 to have longer bonds to ruthenium, 

(9) Guggenberger, L. J. Inorg. Chem. 1973, 12, 1317. 
(10) Hoffman, P. R.; Caulton, K. G. J. Am. Chem. SOC. 1975,97,4221. 
(11) Cotton, F. A.; Hunter, D. L. Inorg. Chim. Acta 1975, 15, 155. 
(12) (a) Churchill, M. R.; De Boer, B. G.; Rotella, F. J. Inorg. Chem. 

1976,15, 1843. (b) Humphries, A. P.; Kaesz, H. D. B o g .  Inorg. Chem. 
1979,25, 145. 
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Table I. Fractional Coordinates (x104; x105 for Ru; X103 for H) and Isotropic Temperature Factors (A', X103; X104 for Ru) 

x la  y / b  Z / C  u, A =  x la  y l b  2 lc u, A' 
Ru 18844 (2) 22347 (4) 25000 (0) 252 (2)" C(311) 2614 (3) 1242 (6) 4178 (5) 34 (2) 

2317 (1) 2455 (2) 31 (1)" C(312) 3056 (4) 491 (7) 3930 (5) 56 (2) 
3406 (4) 2805 (3) 45 (3)" (3313) 3649 (5) 374 18) 4335 (61 71 (3) 

P(1) 
O(1) 
C(1) 
H(11) 
H(12) 
H(13) 
C(111) 
C(112) 
C(113) 
C(114) 
C(115) 
C(116) 
C(121) 
C( 122) 
C( 123) 
C( 124) 
C( 125) 
C( 126) 
P(2) 
O(2) 
C(2) 
H( 21 1 
H(22) 
H(23) 
C(211) 
C(212) 
C(213) 
C( 214) 
C( 21 5) 
C( 21 6) 
C( 221) 
C( 222) 
C( 223) 
C( 224) 
C(225) 
C( 226) 
P(3) 
O(3) 
C(3) 
H(31) 
H(32) 
W33) 

741 (1) 
510 (2 j  

-9 (4) 
-6 (4)  

-191 (4)  

-132 (5) 
-38 (3) 

203 (3)  
236 (4)  

-651 (4) 
-676 (4) 
-242 (4) 

399 (4)  

-53 (5)  
171 (4)  

-41 (5) 
169 (5)  
402 (4) 

2028 (1) 
1364 (2) 
1286 (5) 
116 (4) 

98 (4) 
162 (4) 

2602 (3)  
3269 (4)  
3649 (4) 
3471 (4) 
2808 (4) 
2372 (4)  
2285 (4) 
2815 (4)  
2960 (5) 
2577 (5)  
2053 (5) 
1902 (4) 
1850 (1) 
1634 (2) 
1686 (8) 

186 (6)  
212 (6) 
163 (9) 

3866 ( 8 j  

394 (6) 
449 (5) 

1385 (6) 
349 (6) 

-335 (7) 
16 (7) 

1046 (7) 
1738 (7) 
2353 (6) 
1493 (7) 
1546 (8) 
2455 (8) 
331 5 (9) 
3290 (7) 

810 (1) 
177 (4)  

336 (5) 

-469 (8)  
-13 (6) 
-98 (6) 
-70 (7) 

-216 (5) 
-26 (6) 

-837 (6) 
-1796 (7)  
-1996 (6) 
-1205 (6) 

1179 (5)  
734 (7)  

1043 (6) 
1726 (8) 
2144 (7) 
1889 (6) 
1346 (2) 

178 (4) 
-670 (9) 
-37 (10) 
-99 (11) 

-100 (13) 

2707 (sj 
335 (5) 
248 (6) 

233 (5) 
2957 (5) 
2808 (4) 
3163 (5) 
3698 (5) 
3869 (5) 
3518 (5) 
1463 (5) 
1068 (5) 
294 (6) 

274 (7) 
1061 (5) 
1712 (1) 
1532 (3) 

861 (6) 
34 (5) 
91 (5) 
71 (6) 

2012 (5) 

-90 (7) 

1969 (4) 

21 94 (5) 
2301 (5) 
2258 (5) 
2104 (5) 
721 (4) 
336 (6) 

-451 (7) 
-826 (7) 
-452 (6) 

316 (5) 
3620 (1) 
3480 (3) 
4022 (8) 

463 (9)  
406 (9) 
380 (11) 

Equivalent isotropic temperature factor. 

Table 11. Bond Lengths (A ) 

Ru-P( 1) 2.350 (2) Ru-C(41) 
Ru-P( 2) 2.302 (2) Ru-C(42) 
Ru-P( 3) 2.223 (2) Ru-C(43) 

P(1)-0(1) 1.606 (5) C(41)-C(42) 
P( 2)-0( 2) 1.621 (5) C(42)-C(43) 
P(3)-0(3) 1.599 (5) C(43)-C(44) 
P( 1 )-C( 111) 1.846 (8) C(44)-C(45) 
P( 1 )-C( 121) 1,822 (8) C(45)-C(46) 
P( 2)-C( 211) 1.830 (7) C(46)-C(47) 
P( 2)--C( 221) 1.825 (8) C(47)-C(48) 
P( 3)-C( 311) 1.834 (7) C(48)-C(41) 
P(3)-C(321) 1.830 (8) C(41)-H(41) 
0(1)-C(1 1 1.45 (1) C(42)-H(42) 
O( 2)-C( 2) 1.42 (1) C(43)-H(43) 
O( 3 )-C( 3 1 1.44 (1) C(44)-H(441) 

C(44)-H(442) 

C( 45)-H(4 52) 

Ru-H( 442) 

C(nml)-C(nm2) 1.38 (1)" C(45)-H(451) 

C(nm2)-C(nm3) 1.40 (2)" C(46)-H(461) 
C( nm5)-C( nm6) C( 46)-H( 462) 
C(nm3)-C(nm4) 1.36 (2)" C(47)-H(471) 

C-H( methyl) 0.95 (10)' C(4 8)-H( 482) 

C( nm 1 )-C( nm6) 

C( nm4 )-C( nm 5) C(47)-H(472) 
C(48)-H(481) 

66 ( 6 p  
59 (11) 
59 (11) 
59 (11) 
35 (2 )  
39 (2) 
50 (2) 
57 (2) 
57 (3) 
48 (2) 
43 (2) 
50 (2) 
67 (3) 
86 (3) 
89 (4) 
61 (3) 
29 (0)" 
33 (2)" 
55 (6)" 
59 (11) 
59 (11) 
59 (11) 
31 (2) 
45 (2) 
52 (2) 
57 (3) 
50 (2) 
46 (2) 
34 (2) 
63 (3) 
82 (3) 
77 (3) 
65 (3) 
51 (2) 
30 (1)" 
37 (2)Q 
66 (7)" 

169 (37) 
169 (37) 
169 (37) 

2.246 (7) 
2.216 (8) 
2.197 (8) 
2.08 (7) 
1.44 (1) 
1.40 (1) 
1.50 (1) 
1.54 (1) 
1.49 (1) 
1.52 (1) 
1.52 (1) 
1.52 (2) 
0.59 (8) 
0.95 (8) 
1.18 (8) 
0.97 (7) 
1.14 (7) 
0.88 (8) 
0.82 (7) 
0.89 (8) 
0.86 (7) 
0.93 (7) 
1.04 (8) 
0.95 (7 )  
1.04 (7) 

Mean bond lengths (n = 1,  2, or 3 ;  m = 1 or 2). 

in the range 1.70-1.85 A. Since these values were deter- 
mined from X-ray data that result in an undere~timationl~ 

c(314 j 
C(315) 
C(316) 
C(321) 
C(322) 
C(323) 
C(324) 
C(325) 
C(326) 
(341) 
C(42) 
(743) 
(744) 
C(45) 
C(46) 
C(47) 
C(48) 
H(41) 
H(42) 
H(43) 
H(441) 
H(442) 
H(451) 
H(452) 
H(461) 
H(462) 
H(471) 
H(472) 
H(481) 
H(482) 
P(4) 
F(1) 
F(2) 
F(3) 
F(4) 
F(5) 
F(6) 

3783 (5 j  
3362 (4)  
2770 (4) 
1312 (4) 
1203 (4) 
808 (5) 
534 (5) 
601 (5) 

1016 (5) 
2942 (3) 
2569 (4) 
2024 (4) 
1937 (4)  
2425 (5) 
3086 (5) 
3546 (4) 
3232 (4) 

310 (4) 
258 (3) 
171 (3) 
150 (3) 
196 (3) 
249 (4) 
218 (4) 
316 (4)  
324 (3)  
388 (3) 
368 (3) 
358 (4) 
287 (3)  

4251 (1) 
4189 (4) 
4047 (3) 
4466 (3) 
4268 (4) 
3520 (3) 
4961 (2)  

io09 (7 j 
1720 (7) 
1850 (7) 
1860 (6) 
2896 (7) 
3312 (9) 
2686 (8) 
1645 (8) 
1217 (8) 
2683 (6) 
3355 (6) 
3881 (6) 
4051 (7) 
4794 (8) 
4909 (7) 
4015 (7) 
2957 (6)  

236 (6) 
336 (6) 
435 (6) 
430 (6) 
327 (5) 
469 (6) 
529 (5) 
501 (5) 

403 (5) 
421 (5) 
248 (5) 
289 (5) 

1720 (2) 
831 (6) 

2519 (5) 
923 (4) 

2583 (6) 
1543 (6) 
1869 (5) 

547 (5) 

4945 (6j  63 (3j  
5197 (6) 60 (3) 
4808 (5) 50 (2) 
4386 (5) 38 (2) 
4428 (6) 63 (3) 
5027 (6) 78 (3) 
5561 (6) 74 (3) 
5525 (7) 79 (3) 
4916 (6) 71 (3) 
2536 (8) 37 (4)' 
3034 (5) 32 (4)" 
2742 (5) 35 (4)" 
1871 (5) 37 (4)" 
1482 (7) 55 (6)" 
1839 (7) 51 (5)a 
1691 (6) 50 (5)" 
7141 (6) 42 (4)" 

270(5) 42(6)  
359(4) 42(6)  
320 (4) 42 (6) 
lSO(4) 42(6)  
157 (4) 42(6)  

97(5)  42 (6 )  
153 (5) 42(6)  
235(4) 42 (6 )  
165 (4) 42 (6 )  
205 (4) 42 (6) 
112(5)  42 (6 )  
163 (4) 42(6)  
131 (4) 42(6)  

7552 (2) 43 (l)a 
8152 (5) 126 (5)" 
8199 (4) 83 (3)" 
6895 (3) 72 (3)" 
6935 (5) 118 (6)" 
7347 (5) 135 (5)a 
7765 (5) 114 (5)" 

of metal-hydride bond lengths, it is reasonable to consider 
a "truen value for a bridging hydride of between 1.80 and 
1.95 A. On the other hand, the distance between ruthe- 
nium and H(442) is likely to be overestimated (or, alter- 
natively, an upper limit) because the electron density as- 
sociated with the hydrogen atom will reside mainly be- 
tween the C(44) and H(442) atoms. Thus the C(44)-H- 
(442) distance would be underestimated and any length- 
ening to the "true" value would lead to closer approach of 
the hydrogen atom to the ruthenium. This phenomenon 
has been described previously by Cotton14 and is well il- 
lustrated in the case of 2 for which both X-ray and neutron 
diffraction data are available. The relevant bond lengths 
are Fe-H (1.95 and 1.874 A) and C-H (1.07 (3) and 1.164 
(3) A) for the X-ray and neutron data, respectively. The 
conclusion which must be drawn is that the position of 
H(442) is consistent with a bonding interaction between 
the metal and this particular endo-hydrogen atom. An- 
other structural feature that substantiates the agostic in- 
teraction is the observation that the C(44)-H(442) bond 
length (1.14 (7) A) is probably longer than the other ali- 
phatic C-H bonds that range from 0.84 to 1.04 (7) A even 
though the observed difference is not significant. Although 

(13) Reference 12b, p 187. 
(14) Cotton, F. A.; La Cow, T.; Stanislowski, A. G. J.  Am. Chem. SOC. 

1974,96, 754. 
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Table 111. Bond Angles (deg) 
P( l)-Ru-P( 2) 98.4 (1) P(l)-Ru-C(41) 162.4 (2) P(l)-Ru-H(442) 
P( l)-Ru-P( 3) 91.2 (1) P(l)-Ru-C(42) 128.0 (2) P(2)-Ru-H(442) 
P( 2)-Ru-P(3) 94.7 (1) P( l)-R~-C(43) 95.3 (2)  P(3)-Ru-H(442) 

Ru-P( 2)-O( 2) 114.1 (2) Ru-P(3)4(311) 116.9 (2) O( 3)-P( 3)-C( 311) 
Ru-P( 3)-O( 3)  112.0 (2) Ru-P(3)-C(321) 115.8 (3)  0(3)-P(3)-C(321) 
Ru-P( 1 )-C( 11 1 ) 123.5 (2) O( l)-P( 1)-C( 111) 103.4 (3)  C(lll)-P(l)-C(121) 
R~-P(l)-C(121) 114.5 (2)  O(1)-P( 1)-C( 121) 101.8 (3) C(211)-P(2)-C(221) 
Ru-P(2)-C(211) 122.0 ( 2 )  0(2)-P(2)-C(211) 102.5 (3)  C( 31 l)-P( 3)-C( 321) 
P( 2)-Ru-C( 41) 95.7 (3) P(3)-Ru-C(41) 98.2 (3) C(41)-Ru-H(442) 
P( 2)-R~-C(42) 133.2 (2) P(3)-Ru-C(42) 90.7 (2)  C(42)-R~-H(442) 
P( 2)-Ru-C( 43) 151.0 (2)  P(3)-Ru-C(43) 110.5 (2)  C(43)-R~-H(442) 
C( 48)-C( 41)-C( 42) 126.1 (7) C(43)-C(44)-C(45) 115.9 (7)  C(46)-C(47)-C(48) 
C( 41)-C( 42)-C( 43) 120.9 (8) C(44)-C(45)-C(46) 118.6 (9)  C(47)-C(48)-C(41) 
C(42)-C(43)-C(44) 120.9 (7) C(45)-C(46)-C(47) 114.9 (8) 
C( 43)-C( 44)-H( 441) 106 (5) C( 45)-C(44)-H(441) 110 (5) H(441)-C(44)-H(442) 
C( 4 3 )-C( 4 4 )-H( 44 2) 108 (4) C(45)-C(44)-H( 442) 110 (4) C( 44)-H( 442)-Ru 
P(1)-O(1)-C(1) 126.0 (6) P( 2)-O( 2)-C( 2) 122.9 (5)  P(3)-0(3)-C(3) 
P-c-c 
C(r")-C(nml)-C(nmG) 118.9 (6)' C(nm2)-C(nm3)-C(nm4)~ 120.2 C-C-H (sB))' ,~ 
C(nm1)-C( nm2)-C( nm3) C(nm4)-C(nm5)-C(nm6) H-C-H 
C(nml)-C(nmG)-C(nm5) 1 119.9 C(nm3)-C(nm4)-C(nm5) 120.8 (12)" C-C-H ( S P ' ) ~  

ring. Excluding angles at C(44). 

Ru-P( 1 )-O( 1 ) 108.8 (2)  Ru-P(2)-C(221) 111.1 (2) 0(2)-P(2)-C(221) 

{ 122.5 (14)"2b 
118.6 ( 1 2 ) " ~ ~  

Mean bond angles ( n  = 1, 2, or 3; m = 1 or 2) .  For each phenyl group the two P-C-C angles are asymmetric. 

Table IV. q 3-Enyl Ligands Bonded to Ru 

91 (2) 
94 (2) 

171 (2) 
101.7 (3)  
104.1 (3) 
106.5 (3) 
102.3 (3)  
103.0 (3)  
100.2 (3) 
77 (2) 
81 (2) 
60 (2) 

114.8 (7) 
115.4 ( 8 ) '  

106 (6) 
103 (5) 
127.7 (6) 

108 (7)" 
108 (6)" 
1 1 7  (5)' 

' C8 

compd Ru-C(enyl), A ref 

[Ru(~3-C,H5)(NO)(PPh3), 1 2.214 2.130 2.258 16 
[Ru(q3-C3H5)(q6-C6H6)I 1 2.205 2.133 2.207 17 

[Ru(Q '-C3H5 )(q6-C6H6 )CN 1 2.188 2.130 2.188 17 
[ Ru {1-3;6,7-q-C8H,-8-( SiMe,)} (SiMe,)( CO), ] 2.305 2.195 2.229 18 

2.205 2.143 2.209 

[ Ru( 1-3 ;5,6-~-c,H, )(q6-C6H,BF3)] 2.24 2.17 2.29 19 
[ Ru,-~c- { 2' ,3',7',8'-q ;4'-6'-.rl-(4-C,H,SiMezC,H,SiMe,)( CO), ] 2.263 2.187 2.24 2 20 
[Ru,(C16H16 )(")5 1 2.27 2.21 2.29 21 

2.29 2.18 2.19 
[RU(.rl 3-C8H,3 1 {P( OMe)Ph,} I' 2.246 2.216 2.197 this work 

the estimated error is relatively large compared to the 
room-temperature X-ray structure of 2 for which the 
pertinent C-H bond length was 1.07 (3) A, it is nevertheless 
an intriguing possibnity that the C-H bond may be weaker 
in 1 than in 2. 
Since the estimated error in the hydrogen atom positions 

is relatively large (f0.08 A), i t  seemed appropriate to va- 
lidate ow assertion by considering other structural aspects 
that arise because of the R w H - C  interaction. These are 
obtained by considering the unsymmetrical coordination 
of the q3-enyl moiety and distortions within the cyclo- 
octenyl ring. 

The outer carbon atoms of the q3-enyl functionality are 
not symmetrically bound to the ruthenium atom. The 
C(43)-Ru distance of 2.197 (8) A is significantly shorter 
(0.049 A) than the C(41)-Ru distance of 2.246 (7) and 
is slightly shorter than the central C-Ru distance of 2.216 
(8) A, although the latter difference is only 1.7 times its 
esd. A similar, but more prominent, trend was observed 
in the structures of 2 and 3, and it  was noted that, in the 
absence of steric constraints, the allyl ligand in most other 
allyl complexes is symmetrically bound to the metal with 
the shortest M-C bond being to the central carbon.15 
Suitable examples of ~ ~ - e n y l  ligands bonded to ruthenium 
are given in Table IV. 
~~~ 

(15) PutniklC. F.; Welter, J. J.; Stucky, G. D.; D'Aniello, M. J., Jr.; 
Sosinsky, B. A.; Kirner, J. F.; Muetterties, E. L. J. Am. Chem. SOC. 1978, 
100, 4107. Clarke, H. L. J. Organomet. Chem. 1974,80, 155. 

(16) Schoonover, M. W.; Kubiak, C. P.; Eisenberg, R. Znorg. Chem. 
1978, 17, 3050. 

The unsymmetric coordination of the q3-enyl portion of 
the C a I 3  ligand is also shown by the following criteria that 
closely correspond to the distortions found in 2: (1) C(42) 
is not symmetrically located with respect to P(1) and P(2) 

(2) The atoms C(41), C(42), and C(43) are all displaced in 
the same direction from the equatorial plane defined by 
Ru, PO), and P(2). The deviations [C(41), 0.41 A, C(42), 
0.20 A, and C(43) 0.95 A] are larger by ca. 0.15 A than 
found in 2, and this may be a consequence of the greater 
steric crowding in the ruthenium complex. (3) The C- 
(48)-C(41)-C(42) angle of 126.1 (7)O differs significantly 
from the C(42)-C(43)-C(44) angle of 120.8 (7)O. The 
comparable values in 2 are 127.3 (1) and 118.6 (1)O, re- 
spectively. 

These observations, together with the close corre- 
spondence between the structures 1 and 2, can be inter- 
preted only in terms of a substantial interaction between 

[C(42)-Ru-P(1) = 128.0 (2)'; C(42)-Ru-P(2) = 133.2 (2)OI. 

~~~ ~ 

(17) Andrianov, V. G.; Lutsenko, Z. L.; Rubezhov, A. Z.; Struchkov, 
Yu. T. Koord. Khim. 1982, 8, 11. Bond lengths from the Cambridge 
Crystallographic Data Base. 

(18) Harris, P. J.; Howard, J. A. K.; Knox, S. A. R.; McKinney, R. J.; 
Philips, R. P.; Stone, F. G. A.; Woodward, P. J. Chem. SOC., Dalton 
Trans. 1978,403. 

(19) Ashworth, T. V.; Nolte, M. J.; Reimann, R. H.; Singleton, E. J. 
Chem. Soc.. Chem. Commun. 1977,937. Quoted bond lengths derived 
from further refinement (Liles, D. C., unpublished results?. 

559. 

661. 

(20) Goddard, R.; Woodward, P. J.  Chem. SOC., Dalton Trans. 1980, 

( 2 1 )  Goddard, R.; Woodward, P. J .  Chem. SOC., Dalton Trans. 1979, 
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ruthenium and the C-H bond of interest. 
A final consideration is whether steric crowding may 

hinder the interchange of the pertinent endo hydrogen 
atoms a t  the ruthenium coordination site. The X-ray 
structure gives no evidence that this may be the case. The 
site exchange of the endo hydrogen atoms of C(44) and 
C(48) requires movement of these two carbon atoms that 
do not appear to be restricted in any way by close non- 
bonded contacts with atoms of the phosphorus donor lig- 
ands. The closest contact distances are 3.475 A between 
C(44) and P(1) and 3.478 8, between C(48) and C(221) (all 
other nonbonded contacts are 23.60 A). A translational 
motion of C(48) toward the ruthenium coordination site 
will increase this distance, so atom C(221) cannot be 
considered to hinder the fluxional process. In addition, 

the groups attached to the phosphorus atoms appear to 
adopt positions that minimize compressions with the 
q3-cyclooctenyl ligand; thus the Ru-P-C angles of the 
phenyl substituents lying close to the q3-enyl group have 
normal angles [114.5 and 1 1 1 . 1 O  for Ru-P(1)-C(121) and 
Ru-P(2)-C(221), respectively] whereas Ru-P( 1)-C( 111) 
(123.5') and Ru-P(2)-C(211) (122.0O) have large angles 
to minimize steric repulsions between the P(OMe)Ph2 
ligands. 

Registry No. 1, 82641-02-9. 

Supplementary Material Available: Tables of observed and 
calculated structure factors and anisotropic temperature factors 
(15 pages). Ordering information is given on any current masthead 
page. 
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Lithium enolates, e.g., LiOC,H3, prepared by the reaction of BuLi with THF, or LiOCH=CMe2, prepared 
from MeLi and Me3SiOCH=CMe2, react readily with Cp2MXC1 (X = Me, C1; M = Ti, Zr) to give the 
corresponding enolates Cp2M(OCH=CR2)Me and CpzM(OCH=CR2)z (R = H, Me). These complexes 
are thermally quite stable and show no tendency to eliminate aldehyde and form ketene com lexes. The 
crystal structure of C zTi(OC2H3)2 has been determined: orthohombic, Pbcn, a = 14.046 (4) i, b = 6.099 
(2) A, c = 14.709 (5) [ V = 1250.1 (6) A3, Z = 4, "I= 1.39 g/cm3. The molecule has crystallographically 
imposed C2 symmetry. Important bond distances ( ) and angles (deg) are as follows: Ti-Cp(centroid) 
= 2.088 (4), Cp-Ti-Cp = 131.2 (l), Ti-0 = 1.903 (Z), C-0 = 1.329 (4), C=C = 1.306 (5), Ti-0-C 
= 145.5 (Z), 0-C-C = 128.4 (2). 

Introduction 
Enolate complexes of transition metals are a little 

studied class of compounds. The enolate ion is potentially 
ambidentate, capable of binding to metah through oxygen 
or carbon (eq 1). The mode of binding is expected to 

M--O--CH=CH2 or M - - C H 2 - C H = 0  (1) 

depend on the oxophilicity of the metal with M-O bonding 
predominating for the early transition metals and M-C 
bonding possibly being favored by the softer, late transition 
metals. 

Furthermore, hydrogen abstraction from an enolate 
ligand could lead to ketene complexes (eq 2). The ketene 

M+ + (CHz=CH--O- c+ -CH,--CH=O) - 
A B 

- ./g -I- R H  ( 2 )  
NR r 

M\O/C\c/ \ 
\ kc/ 

\ 

ligand is a possible precursor to complexes with a bridging 
methylene functionality whose properties are of interest 
in connection with CO hydrogenation chemistry.' This 

(1) Review: Herrmann, W. A. Ado. Organornet. Chem. 1982,20,160. 

latter possibility is illustrated by the formation of 
Cp*,Co2(p-CH2)(p-CO) from Cp*Li, CoCl,, and LiOC2H3 
(Cp* = C5Me5).2 

Several enolate complexes have been prepared by in- 
direct some of which are illustrated in eq 3-8. 

Since enolate salts are readily prepared according to eq 
g2v9 and l0,loJ1 we undertook to investigate the reactions 
of simple enolate ions with metal halides. We here report 
our results with the metallocene halides Cp2MXC1 (M = 

(2) Halbert, T. R.; Leonowicz, M. E.; Maydonovitch, D. J. J. Am. 

(3) Mauriquez, J. M.; McAlister, D. R.; Sanner, R. D.; Bercaw, J. E. 

(4) Threlkel, R. S.; Bercaw, J. E. J. Am. Chem. SOC. 1981, 103,2650. 
(5) Straus, D. A.; Grubbs, R. H. J. Am. Chem. SOC. 1982,104,5499. 
(6) Gambarotta, S.; Florianai, C.; Chiesi-Villa, A.; Guastini, C. J. Am. 

(7) Moore, E. 3.; Straus, D. A,; Armantrout, J.; Santarsiero, B. D.; 

(8) Lenarda, M.; Ros, R.; Traverso, 0.; Pitts, W. P.; Baddely, W. H.; 

(9) Bates, R. B.; Kroposki, L. M.; Potter, D. E. J. Org. Chem. 1972,37, 

Chem. SOC. 1980,102,5101. 

J. Am. Chem. SOC. 1978,100, 2716. 

Chem. SOC. 1983,105,1690. 

Grubbs, R. H.; Bercaw, J. E. J. Am. Chem. SOC. 1983, 105, 2068. 

Graziani, M. Inorg. Chem. 1977,16, 3178. 

mn ---. 
(10) House, H. 0.; Czuba, L. J.; Gall, M.; Olmstead, H. D. J. Org. 

(11) Stang, P. J.; Mangum, M. G.; Fox, D. P.; Haak, P. J. Am. Chem. 
Chem. 1969,34, 2324. 

SOC. 1974, 96, 4562. 
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