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dinates were refined with a constraint on the isotropic thermal 
parameter shift until a criteria for a satisfactorily completed 
analysis were met. 
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Relative metal-alkyl and metal-hydride bond strengths are analyzed in terms of the electronegativity 
differences between the metal center and carbon or hydrogen. The greater strength of transition met- 
al-hydride bonds in most complexes reflects a high effective electronegativity of the metal center. Arguments 
are presented that as the effective electronegativity of the metal center decreases (i.e. as the metal center 
becomes more electropositive), D(M-H) - D(M-CH3) also decreases. 

There has been considerable recent interest in estab- 
lishing trends in metal-ligand bond with a 
primary goal of developing predictive power for assessing 
the viability of catalytic reaction cycles. A question of 
primary importance is the relative strengths of the L,M-H 
and L,M-C bonds, a crucial factor in the energetics of 
processes such as hydrogenation and the activation of the 
C-H and C-C, bonds of hydrocarbons. It is generally 
recognized that the L,M-H bond is stronger than the 
L,M-alkyl bond by an amount estimated to fall within the 
range of 15-25 kcal-mol-’. The reason for this difference 
is not clear. Halpern has suggested that steric factors 
contribute to weakening the metal-alkyl bond2 and points 
to the fact that for the binary, ligand-free neutral or cat- 
ionic species [M-R]O/+ (R = H, CH3, etc.), the metal-alkyl 
bond is generally as strong as or stronger than M-H., 

An observation which at first sight appears to be con- 
sistent with the above is the apparent one-to-one corre- 
spondence between L,M-X and H-X bond energies: for 
a variety of transition-metal compounds (L,M-X = (q5- 
C5Me5)(PMe3),Ru-X, (Ph2PCH2CH2PPh2)(CH3)Pt-X, 
(q5-C5Me5)$3c-X, etc.) good linear correlations are obtained 
for plots of the bond energies for H-X against those for 
the corresponding L,M-X (in the absence of M-X mul- 
tiple bonding), with t h e  exception of t h e  point for X = 
H ,  which consistently falls off the line in the direction of 
stronger L,M-Ha4 In these cases the implied “extra” 
stability of the L,M-H bond is 5-10 kcal-mol-l, again 
suggesting that there is some factor which makes the M-H 
bond particularly strong in such complexes. On the other 
hand, plots of the bond energies for H-X versus those for 
R-X show exactly the same trend (see Figure 1 for R = 
CH,); the point for X = H is displaced in the direction of 
stronger R-H from an otherwise linear correlation for a 
range of different R’s (hydrocarbyl, halogen, etc.). Since 
it is difficult to justify that the R-H bond is anomalously 
strong for all such Rs, it occurred to us that the correlation 
may fail a t  X = H because the H-H bond strength is in 
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fact anomalously weak! H-H is the only homonuclear 
bond in these plots, so that a possible explanation is that 
all other bonds enjoy a larger ionic contribution due to 
electronegativity  difference^,^ causing H-H to be weaker 
relative to R-H than all other H-X relative to R-X. A 
closer examination of the data reveals that the difference 
in R-X (R = alkyl) and H-X bond energies increases with 
increasing electronegativity for X. 

We have thus attempted to relate L,M-H and L,M-C 
bond strengths to effective electronegativity differences. 
The original Pauling equation relating bond strength and 
electronegativity is given in (1).6 When this formula is 

D(A-B) = 1/,(D(A-A) + D(B-B)} + ~ ( X A  - X B ) ~  (1) 
applied to the difference between A-H and A-CH3 bond 
strengths (A), the expression in (2) is obtained. Thus a 

‘/,PW-H) - D(CH3-CHs)J + ~ { ( x H ) ’  - (XC)’} (2) 
plot of A versus X A  should be linear, with A-H becoming 
relatively stronger than A-CH, as A becomes more elec- 
tronegative. This conclusion follows from the fact that the 

A E D(A-H) - D(A-CH,) = 2 ~ ( x c  - x H ) x A  + 

(1) Bulls, A. R.; Manriquez, J. M.; Thompson, M. E.; Bercaw, J. E. 
Polyhedron, in press and references cited therein; see also other articles 
in this issue which is devoted to this topic. 

(2) Halpern, J. Inorg. Chim. Acta 1985, 100, 41-48. Data presented 
in this review show strong evidence for steric weakening of Co-C bonds 
involving bulky, substituted alkyl groups. 

(3) Schilling, J. B.; Goddard, W. A., 111; Beauchamp, J. L. J .  Am. 
Chem. SOC. 1987, 109, 5573-80 and references cited therein. 

(4) Bryndza, H. E.; Fong, L. K.; Paciello, R. A.; Tam, W.; Bercaw, J. 
E. J .  Am. Chem. SOC. 1987, 109, 1444-56. 

(5) Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Cornel1 
University: Ithaca, NY, 1960; pp 88-91. 

(6) The value of the empirical constant (a) is 23 kcalemol-’ in the 
original Pauling relationship. Revised values of electronegativities uti- 
lized a geometric mean of homonuclear bond energies and a constant of 
30 kcalmol-’, but these values do not differ substantidy from the original 
ones (see ref 5). A reviewer has pointed out that Pauling’s approach to 
bond strengths is an approximation which in some cases can fail com- 
pletely (see, for example: Pearson, R. G. J. Chem. SOC., Chem. Commun. 
1968, 65). While this criticism has some validity, the good correlation 
represented by Figure 2 demonstrates that in the present case this me- 
thod is applicable a t  least to some degree. 
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Figure 1. Plot of D(H-X) versus D(H,C-X) (kcal-mol-') for X 
= C H ,  CH2CH3, CH2C6H5, C6H5, F, C1, Br, I, OCH,, SCH,, 
N(CH& (filled), and H (open). 
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Figure 2. Plot of A versus Pauling electronegativity for main- 
group (open squares) and transition-metal (open triangles) com- 
pounds; data from Table I. The least-squares line corresponds 
to  the main-group compounds only. 

coefficient of xA is positive (CH, is more electronegative 
than H). Indeed, as shown in Table I and Figure 2, a 
reasonably good linear correlation does obtain for main- 
group A, with A largest for A = F and near zero for A = 
SiMe,. 

Why, then, are L,M-H bonds so much stronger than 
L,M-C, even for compounds of the electropositive early 
transition metals such as (q5-C5Me5)&-R and (v5- 
C5Me&(H)Hf-R?' One might answer that the effective 
electronegativity of metal centers in such complexes is in 
fact quite high. Such a conclusion has been reached from 
ab initio calculations which point to a quite nonpolar Sc-H 
bond in C12Sc-H (and by extension in (Q~-C,M~,)~SC-R; 
R = H, alkyl,  et^.),^ in contrast to the strongly polarized 
Sc+-C- usually assumed for early-transition-metal alkyls. 
From the value of A = 13 kcal-mol-l in the Sc system,' we 
conclude that the [(q5-C5Me,),Sc] fragment is similar in 
electronegativity to a methyl group! Although this likeness 
would a t  first sight seem absurd, the nonpolar character 
of the S e C  bond may be understood on the basis that the 
two electronegative (q5-C5Me5) ancillary ligands* bond 
principally via the 4s valence orbital of Sc, relegating the 
scandium orbital of the Sc-R bond to essentially pure 3d 
character. Bare M-R neutrals or cations (e.g. [Sc-H]+ and 
[SC-CH,]+),~ in this picture, are quite different, since these 
mono- or divalent metal centers use principally their 4s 
valence orbitals in M-R bonding. Hence these metal 
centers are extremely electropositive, as the various 
methods for estimating electronegativity imply: and ex- 
hibit low or negative values for A (i.e. the M-CH, bond 

(7) Steiaerwald. M. L.: Goddard, W. A., I11 J.  Am. Chem. SOC. 1984, 
106, i o s i i .  

(8) The electron affinities of cyclopentadienyl radical and C1' are 
comparable, so that the Se(q6-C5Me5) bond, like the Sc-CI bond, is 
expected to be very polar. 

(9) Huheey, J. E. Inorganic Chemistry, 2nd ed.; Harper & Row: News 
York, 1978; pp 162-4. 

Table I. Pauling Electronegativities, Bond Energies, and A 
Values 

A X A ~  D(A-H)b" D(A-CH3)bvc Ab 
2.2 104 
2.55 105 
1.90 90 
2.01 
1.96 
2.33 
3.04 92 
2.19 
3.44 104 
2.58 91 
3.98 135 
3.16 102 
2.96 87 
2.66 70 
1.36 
1.3 
1.3 
2.24 
2.36 

105 
90 
89 

76 

83 
77 

110 
85 
71 
57 

-1 
15 

1 
6d 
9d 

13d 
16 
1 l e  
21 
14 
25 
17 
16 
13 

a13f 
=lSr 
=138 
a238 
=238 

"Pauling electronegativity of bonding atom, from ref 9. It might 
appear more appropriate to use a group electronegativity value for 
CH, rather than the Pauling value for carbon; since group electro- 
negativities are not available for the other polyatomic substituents 
in this table, it seemed better to use the latter for consistency. In 
any case, as the electronegativities estimated for CH3 are all 
greater than that for H (ref 9, p 156), the conclusions reached 
would not be altered. In kcalemol-'. Data from: McMillen, D. 
F.; Golden, D. M. Annu. Rev. Phys. Chem. 1982, 33, 493-532. 
dData from: Jackson, R. A. J. Organomet. Chem. 1979,166, 17-9. 
eApproximate value from mean bond energies; cf.: Maier, L. In 
Organic Phosphorus Compounds; Maier, L.; Kosolapoff, Eds.; Wi- 
ley: New York, 1972; Vol. 1, p 95. Experimental data for direct 
comparisons, e.g., AHf of PMe2H, are not available (Frenking, G.; 
Goetz, H.; Marschner, F. J. Am. Chem. SOC. 1978, 100, 5295-6). 
fBased on the measured relative bond energies of M-H versus 
M-propyl, 18 (Sc) and 23 (Hf) kcal-mol-' (ref l), and the fact that 
A-Me bonds are typically about 5 kcal-mol-' stronger. BThese are 
not true single bond dissociation values but are based on the mean 
bond strengths in L,MH2 and L,M(CH,), species. M = Th: Bru- 
no, J. W.; Marks, T. J.; Morss, L. R. J. Am. Chem. SOC. 1983, 105, 
6824-32. M = Mo and W: data from ref 13. 

energies may even exceed the M-H bond energ ie~) .~  By 
contrast, [L,M] fragments with strong .Ir-acceptor ligands 
behave as though they are quite electronegative; the values2 
of A i= 25 kcal-mol-1 for A = [Mn(CO),]'O and [Co(CO),] 
suggest that they resemble fluorine! Such an analogy 
would be consistent with (i) the strongly acidic nature of 
these "hydrides"'l and (ii) the large values of l J C H  in 
CH,Mn(CO), and related species, which are more typical 
of electronegatively substituted methanes such as CH30H 
than of methyl-metal species such as (CHJ4Si.12 

One might contend that these arguments border on 
being circular, since according to the Pauling relationship 
electronegativity and bond energies are interdependent. 
Nonetheless, to the extent that the two properties of the 
L,M-R bond (R = H, hydrocarbyl) are accurately related 
by eq 1, we assert that one can be used to infer the other. 
Hence, the polarity of metal-alkyl and metal-hydride 

(10) An experimental value of A = 15 kcal-mol-' has been reported for 
R-Mn(CO)5 (R = H, CH3) (Connor, J. A.; Zafarani-Moattar, M. T.; 
Bickerton, J.; El Sayed, N. I.; Suradi, S.; Carson, R.; A1 Takhin, G.; 
Skinner, H. A. Organometallics 1982,1, 1166-74); however, this result 
has been somewhat controversial, with larger values for both D(Mn-H) 
and A considered more appropriate.* A reviewer notes that use of a 
revised value for AH; for MII(CO)~ based on gas-phase studies (Martinho 
Simoes, J. A.; Schultz, J. C.; Beauchamp, J. L. Organometallics 1985,4, 
1238-42) would indeed result in a higher calculated value for D(Mn-H) 
(and D(Mn-R); A would remain unchanged). 

(11) For a discussion of metal hydride acidity in terms of electroneg- 
ativities see: Pearson, R G. Chem. Reu. 1985, 85, 41-9. 

(12) Labinger, J. A. J. Organomet. Chem. 1980, 187, 287-96. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Ju
ly

 2
4,

 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

09
4a

02
2



928 Organometallics 1988, 7, 928-933 

bonds of transition-metal compounds could possibly be 
deduced from the magnitude of A. Similarly, differing 
ligand sets and metal oxidation states (even for the same 
transition metal) may result in greatly different relative 
metal-hydride and metal-alkyl bond strengths due to  
variations in the effectiue electronegativity of the metal 
center.I3 Standard values of electronegativity will not 
generally give accurate pictures of bond polarity and 

(13) Limited data demonstrate that this is also true for main-group 
compounds; e.g. for A = SiMe3, SiMezC1, and SiMeCl,, A = 1, 2, and 7 
kcal mo1-l respectively (calculated from data in: Pilcher, G.; Skinner, H. 
A. In The Chemistry of the Metal-Carbon Bond; Hartley, F. R., Patai, 
S., Eds.; Wiley: New York, 1982; Vol. 1, pp 43-90). 

consequent relative bond strengths for transition-metal 
complexes, as is readily apparent from Figure 2. The most 
commonly cited values around 25 kcal-mo1-l should only 
be ascribed to L,M fragments with strongly n-withdrawing 
ligand sets and, hence, are probably at  the upper end of 
the range. One might also infer a strategy for designing 
an alkane-activating metal center: relatively strong M-C 
bonding should be favored by a relatively electropositive 
[L,M] which by inference uses much metal s character in 
the M-C bonding. 

Acknowledgment. J.E.B. acknowledges financial 
support from the Shell Company Foundation. We thank 
W. A. Goddard for stimulating discussions. 

Syntheses of the Ruthenium(V1) Alkyl Complexes 
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Anionic nitridoruthenium(V1) alkyl complexes [Ru(N)Me4]- and [RU(N)(CH~S~M~~)~]-  have been prepared 
by the alkylation of [Ru(N)(OS~M~,)~]- with A1Me3 or with Mg(CH2SiMe3)2, respectively. The structure 
of one of these, [N-n-Bu4][Ru(N)Me4], was determined by single-crystal X-ray diffraction: a = 9.359 (3) 
A, b = 18.368 (4) A, c = 15.193 (5) A; V = 2519 (1) A3; 2 = 4; fi  = 105.31 (2)O; p d d  = 1.101 g/cm3, monoclinic 
space group E 1 / n .  Mixed alkyl-chloro complexes, [Ru(N)R4,C1,]- (R = CH2SiMe3, x = 1-2; R = Me, 
x = 1-3), result from the reaction of HCl(g) with the alkyl complexes. The gold(1) chloro complex Au(PPh3)C1 
reacts in a manner analogous to HC1 and converts [Ru(N)Me4]- to [Ru(N)C1Me3]- with formation of 
Au(PPh,)Me. In contrast to the related osmium complexes, both Lewis acid adducts of the ruthenium 
nitrides and (alky1imido)tetraalkylruthenium complexes are thermally unstable. 

Introduction 
Alkyl complexes of early transition elements in high 

oxidation states are now well-known but only recently have 
similar complexes of the platinum metals in high oxidation 
states been prepared. The homoleptic osmium(1V) alkyl 
complexes 0S(C-C&1)4 and O S ( O - M ~ C ~ H ~ ) ~  were prepared 
and structurally characterized.' The first ruthenium(1V) 
alkyl complexes, ( 1-3:6,7:10-12-~-C12H18)RuIMe and (1- 
3:6,7:10-12-~-C,2H18)RuMe2, were reported in 1985.2 
Cyclopentadienylrhodium and -iridium alkyl complexes 
in the +4 and +5 oxidation states were ~ r e p a r e d . ~ . ~  Series 
of nitride5 and (alkylimido)60smium(VI) alkyl complexes 
were synthesized and the oxoosmium(V1) alkyl complexes 
Os(O)(CH2SiMe3),,7 Os(0)R4 (R = Me, CH2SiMe3, CH2Ph, 
and Ph)? and Oso2(2,4,6-Me3C6H2)~ were also prepared. 
Prior to this work, however, no ruthenium(V1) alkyl com- 
plexes had been reported. 

(1) Tooze, R. P.; Stavropoulos, P.; Motevalli, M.; Hursthouse, M. B.; 

(2) Nagashima, H.; Ohshima, T.; Itoh, K. Chem. Lett. 1984,789-792. 
(3) Vazquez de Miguel, A.; GBmez, M.; Isobe, K.; Taylor, B. F.; Mann, 

(4) Isobe, K.; Vazquez de Miguel, A,; Nutton, A.; Maitlis, P. M. J .  

(5) Belmonte, P. A.; Own, Z.-Y. J. Am. Chem. SOC. 1984, 106, 

(6) Shapley, P. A.; Own, Z.-Y.; Huffman, J. C. Organometallics 1986, 

(7) Alves, A. S.; Moore, D. S.; Andersen, R. A.; Wilkinson, G. Poly- 

(8) Shapley, P. A.; Marshman, R., manuscript in preparation. 
(9) Stavropoulos, P.; Behling, T.; Edwards, P. G.; Wilkinson, G.; Mo- 

Wilkinson, G. J. Chem. SOC., Chem. Commun. 1985, 1139-1140. 

B. E.; Maitlis, P. M. Organometallics 1983, 2, 1724-1730. 

Chem. SOC., Dalton Trans. 1984, 929-933. 

7493-7496. 

5, 1269-1271. 

hedron 1982, I ,  83-87. 

tevalli, M.; Hursthouse, M. B., unpublished results. 

An investigation of the reaction chemistry of rutheni- 
um(V1) alkyl complexes has implications to the catalytic 
oxidation and ammoxidation of organic molecules. Ru- 
thenium tetraoxide and other complexes of ruthenium 
have been used as stoichiometric and catalytic oxi- 
d a n t ~ . ' ~ ' ~  It has been proposed that some of these oxi- 
dants form intermediate high oxidation state organo- 
metallic complexes in their reactions with unsaturated 
organic mole~ules . '~J~ 

An investigation of reactions occurring at  the heteroatom 
ligand are especially important. There is a possibility for 
protic acids and other electrophiles to react with nitrido- 
tetraalkylruthenium(V1) complexes at  the nitrido nitrogen 
atom, at  the d2 metal center, or a t  a metal-carbon bond. 
There is precedent for each of these reactions. Molyb- 
denum nitrides can be protonated17Js the do alkyl com- 
plexes of metals of the titanium triad are directly cleaved 

(10) Djerassi, C.; Engle, R. J .  Am. Chem. SOC. 1953, 75, 3838. 
(11) Berkowitz, L. M.; Rylander, P. N. J. Am. Chem. SOC. 1958, 80, 

6682. 
(12) Lee, D. G.; van den Engh, M. In Oxidation in Organic Chemistry; 

Trahanovsky, W. S., Ed.; Academic, New York, 1973; Part B, Chapter 4. 
(13) Gore, E. S. Platinum Met. Rev. 1983,27, 111-125. 
(14) El-Hendawy, A.; Griffith, W. P. Abstract 0-27, Royal Society of 

Chemistry, 3rd International Conference on the Chemistry of the Plat- 
inum Group Metals, July 12-17, 1987. 

(15) Sharpless, K. B.; Teranishi, A. Y.; Backvall, J. J.  Am. Chem. SOC. 

(16) Rappe, A. K.; Goddard, W. A., I11 J .  Am. Chem. SOC. 1982, 104, 

(17) Bishop, M. W.; Chatt, J.; Dilworth, J. R.; Hursthouse, M. B.; 

(18) Chatt, J.; Dilworth, J. R. J .  Indian Chem. SOC. 1977, 54, 13-18. 

1977, 99, 3120-3128. 

3288-3294. 

Motevalle, M.; J. Less-Common Met. 1977, 54,  487-493. 
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