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The compound of stoichiometry (Me,PCH,CH,
PMe,),Ru reported in 1965 and formulated as a
mononuclear species containing an Ru—H bond and a
three-membered Ru—P-C ring has been shown by
x-ray crystallography to be a dinuclear species. This
is formed by union of two dmpe,Ru molecules, where
dmpe = Me,PCH,CH,PMe,, so that one C—H bond
of a methyl group in one unit adds oxidatively to the
Ru atom of the other unit. A central Ru—P—C—Ru—P-
ring with a chair configuration is formed and each
metal atom is ociahedrally coordinated by four P atoms,
one C atom and one H atom. Crystal data: Space
group, P1; Z = 4(dmpezRu); a =10.028(4)A; b =
13.880(6)A; ¢ = 15. 018(6)A, a = 9587(3)°; 8 =
101.27(3)°; v = 112.02(3)°; 1865(I)A3. There
are two crystallographically mdependent dinuclear
molecules, each located on an inversion center (at
0,0,0 and 1/2,1/2,1/2). Anisotropic refinement of
all non-hydrogen atoms gave residuals of R, = 0.052
and R, = 0.076. Using data for which 17 'sin©® <0.25 A~
the ligate hydrogen atoms were then located; a mean
Ru—H distance of 1.67(7) A was obtained after refine-
ment of the hydride positions.

Introduction

During the past decade the general importance of
oxidative addition reactions has become increasingly
evident." A type that is of particular importance is the
addition of C-H bonds to form C-M-H products.
What appear to be the earliest examples of such reac-
tions were reported by Chatt and Davidson® in 1965.
An important compound in this work was a substance
with the empirical formula dmpe,Ru, where dmpe =
(CH;),PCH,CH,P(CH,;),. On the basis of ir data for
the solid, it was suggested that instead of the conven-
tional structure a the compound has a Ru—H bond and
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thus the structure b. In our view this structure appeared
improbable.
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Despite an earlier report® that the structure had
resisted solution, with the difficulties being attributed
to apparent disorder, we considered the problem of
sufficient interest to warrant another attempt. We
describe here the complete structure of the compound
(which is neither @ nor b), including the approximate
location of the ligate hydrogen atom.

Experimental

Preparative Studies

Essentially all of the chemical operations reported
by Chatt and Davidson were repeated and results
essentially identical to theirs were obtained throughout.
At the time we were attempting to grow crystals Dr.
J. N. Davidson was consulted about how best to do
this and he offered to supply crystals from his labo-
ratory. Our work was then continued with crystals he
supplied.

Collection of X-Ray Data

A white, well-formed crystal 0.40 X% 0.30x 0.20 mm
was selected for the investigation and mounted in an
argon-filled capillary in a random orientation. Pre-
liminary examination of the crystal suggested P1 as
the space group. Crystal data are given in Table I.
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TABLE 1. Crystal Data for [Ru(dmpe)]..

a = 10.028(4)A a = 95.87(3)

b = 13.880(6)A g = 101.27(3)
¢ = 15.018(6)A y = 112.02(3)
V = 1865(1)A? Z =2

U = 11.9cm™ deaicg = 1.431

Data were collected at 21£1°C on a Syntex PI
autodiffractometer using Mo Ka radiation as described
previously,* in the range 0° < 2@ =48°. The ©/20 scan
technique with a variable scan rate of 4.0-24.0 deg/min
and a scan range of 20(K,,) ~1.0° to 20(K,,) + 0.7°
was used. The orientation matrix and cell dimensions
were obtained by least-squares refinement of the
settings for 15 reflections chosen in the range 28°<
20 <30°. A total of 5032 unique data were collected
of which 3877 reflections having F,?>30(F,?) were
used in the refinement of the structure. The parameter
p used in the calculation of standard deviations was
set equal to 0.06. Three standard reflections were
measured every 100 reflections to check on crystal
and electronic stability. No trends in the standards
were observed. An absorption correction was not made
in view of the small linear absorption coefficient of
11.9 e,

Solution of the Structure®

Two ruthenium atoms were located from a three-
dimensional Patterson map. Two cycles of least-squares
refinement of these positions resulted in R, of 0.482
and R, of 0.582.° A difference Fourier map revealed
the positions of four phosphorus atoms; isotropic re-
finement of the six atoms now located reduced R; to
0.177 and R, to 0.272. The remaining non-hydrogen
atoms were then located in a difference Fourier. Two
cycles of isotropic refinement yielded agreement
indices of R; = 0.079 and R, = 0.113. One further
cycle of refinement, in which the two ruthenium, eight
phosphorus and two ruthenium bound carbon atoms
were varied anisotropically and the remaining non-
hydrogen atoms refined isotropically, produced an R,
= 0.058 and R, = 0.089. It was at this stage that our
preliminary report of the structure was published.”

Scattering factors for neutral ruthenium phosphorus
carbon and hydrogen were obtained from Cromer.?
Anomalous dispersion effects were included in the
calculated structure factors for ruthenium and phos-
phorus using Af' and Af"’ values given by Cromer and
Liberman.®

The further refinement of this structure was con-
ducted using the PDP-11/45 computer and additional
software of the Molecular Structure Corporation.
Complete anisotropic refinement of all non-hydrogen
atoms was carried out to convergence and resulted in
agreement factors of 0.052 and 0.076. To locate the
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ligate hydrogen atoms a difference Fourier map was
calculated using only data for which A™%sin@ < 0.30A°%.
The map showed no clearly defined peaks that could
be assigned to the ligate hydrogen atoms, although
there was evidence of diffuse residual electron density
in the region of the vacant coordination site. However,
from a difference Fourier map using only the 425 data
for which A7sin@ <0.25A~", the twelfth and seven-
teenth peaks could unambiguously be assigned to the
hydride ligands on each metal. The latter peak had a
height that was 68% of that belonging to the highest
peak in the map. The coordinates of these two peaks
were included in further least-squares refinement;
isotropic thermal parameters of 5.0A? were assigned
to each atom and were not refined. In addition the
twenty hydrogen atoms whose positions were fixed by
the remainder of the structure (i.e., all except the
methyl hydrogen atoms) were included in the structure
factor (B = 5.0 A%) but were not refined. The final
refinement results for 3870 observations (I>3a(I))
and 313 variable parameters are: R; = 0.047; R, =
0.072; error in an observation of unit weight = 1.56;
largest parameter shift = 0.7 times its esd.

Results and Discussion

The fractional coordinates and thermal parameters
for the anisotropically refined atoms are given in
Table 11, and the fractional coordinates of the hydrogen
atoms in Table III. Tables 1V and V present data on
bond distances and bond angles. Table VI lists the
final valucs of |F,| and |F,|.* The coordination about
the ruthenium atom is shown in Figure 1, which also

* Table VI is available from the Editor upon request.

Figure 1. A drawing of the coordination about the ruthenium
atoms, showing the basis of the numbering scheme. An addi-
tional number, 1 or 2, is added to distinguish between atoms
in the two crystallographic, centrosymmetric molecules.
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Figure 2. A stereo pair view of the molecular structure. The ligate hydrogen atoms are shown, but all others are omitted

for clarity.

TABLE I1I. Positional and Thermal Parameters and Their
Estimated Standard Deviations.

Atom X y z B

H(1) 0.167(8) —0.336(6) 0.536(5) 5.0
H(2) 0.090(8)  0.130(6) -0.058(5) 5.0
H(1,3) 0.1770 —0.4985 0.3813 5.0
H(1,4) 0.0049 -0.5471 0.3615 5.0
H(1,5) -0.0914 -0.2903 0.6165 5.0
H(1,6) -0.2477 -0.3349 0.5482 5.0
H(1,7) -0.1686 -0.2300 0.4531 5.0
H(1,8) —0.0945 —0.1579 0.5504 5.0
H(1.9) 0.2632 —0.3698 0.2421 5.0
H(1,10) 0.3472 -0.2493 0.2474 5.0
H(1,11) 0.1409 -0.2214 0.2385 5.0
H(1,12) 0.0928 -0.3223 0.1640 5.0
H(2,3) 0.1753 —0.0502 0.0307 5.0
H(2,4) 0.2484 -0.0043 —0.0461 5.0
H(2,5) —(.0763 0.1797 0.2014 5.0
H(2,6) -0.0894 0.2155 0.1067 5.0
H(2,7) 0.0895 0.3546 0.2026 5.0
H(2,8) 0.1616 0.2859 0.2506 5.0
H(2,9) 0.6644 0.2320 0.0456 5.0
H(2,10) 0.5559 0.1147 0.0345 5.0
H(2,11) 0.6404 0.1785 0.1918 5.0
H(2,12) 0.6105 0.2791 0.1811 5.0

TABLE 1V. Table of Bond Distances in Angstroms.?

illustrates the numbering scheme. A stereoview of the
dimer is depicted in Figure 2.

In the unit cell there are two crystallographically
independent binuclear molecules each lying at a
crystallographic center of inversion. They do not
ditfer in any chemically significant way.

The geometry about each ruthenium atom is octa-
hedral with the four phosphorus atoms occupying
adjacent facial sites. The ruthenium-bound carbon and
the ligating hydrogen atom are cis to each other.

The dimeric structure is realized through a chair-
shaped six-membered ring. The two carbon atoms in
the ring are shared by ruthenium and phosphorus
atoms, where the phosphorus is in a ligand on the
adjacent ruthenium atom.

The geometry about the individual ruthenium atoms,
as well as the distances and angles for the dimeric
structure discussed herein, compare favorably with
those of the parent complex (see later) RuH(naphthyl)
(dmpe),.*> The average Ru—H distance for the dimer
is 1.65(7) A compared to 1.7 A for the naphthyl com-
plex. The Ru—C bond lengths of 2.211(5)A in the
present case and 2.160(10) A in the naphthyl complex
agree very well when allowance is made for the fact
that the covalent radius of an sp? hybridized carbon

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
Ru(1) P(1,1) 2.325(2) P(1,1) C(1,9) 1.863(7) P(2,2) C(2,4) 1.856(9)
Ru(1) P(1,2) 2.286(2) P(1,2) C(1,3) 1.851(8) P(2,2 C(2.11) 1.833(10)
Ru(1) P(1,3) 2.269(2) P(1,2) C(1,4) 1.846(8) P(2,3) C(2.5) 1.832(8)
Ru(1) P(1,4) 2.312(2) P(1,2) C(1,11) 1.844(10) P(2,3) C(2,6) 1.830(11)
Ru(1) C(1,1) 2.203(6) P(1,3) C(1,5) 1.857(8) P(2,3) C(2,10) 1.797(16)
Ru(1) H(1) 1.47(7) P(1,3) C(1,6) 1.864(8) P(2.4) C(2,7) 1.834(10)
Ru(2) P(2,1) 2.318(2) P(1,3) C(1,10) 1.866(8) P(2.4) C(2,8) 1.865(8)
Ru(2) P(2,2) 2.277(2) P(1.4) C(1,7) 1.854(8) P(2.4) C(2,12) 1.888(12)
Ru(2) P(2,3) 2.255(2) P(1.4) C(1,8) 1.845(8) C(1,9) C(1,10) 1.477(11)
Ru(2) P(2.4) 2.307(2) P(1.4) C(1,12) 1.819(9) C(1,11) C(1,12) 1.492(13)
Ru(2) C(2,1) 2.219(6) P(2.1) C(2,1) 1.792(7) C(2,9) C(2,10) 1.49(2)
Ru(2) H(2) 1.83(7) P2,1) C(2,2) 1.827(9) C(2.11) C(2,12) 1.535(17)
P(1,1) C(1,1) 1.814(7) P(2,1) C(2,9) 1.867(10)

P(1,1) C(1,2) 1.845(7) P(2,2) C(2,3) 1.842(10)

# Numbers in parentheses are estimated standard deviations in the least significant digits.
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Structure of Dimer of (Me,PCH,CH,PMe,),Ru
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atom is normally about 0.04 A shorter than those for
sp? hybridized carbon atoms.

The only other structurally characterized six-mem-
bered ring containing para transition metal atoms,
with which this structure may be compared, is that
recently reported'® for (OC),Cr(AsMe,AsMe,),Cr
(CO),. The two structures have many similarities. In
the present case the two possible chair conformations
are not equivalent, and the one actually adopted is the
one which places the ligand H rather than Me,P in the
most crowded position.

In conclusion, it should be noted that the compound
studied here is not necessarily to be considered a prod-
uct of oxidative addition of a C-H bond to Ru® in a
direct sense, but perhaps only in an indirect sense. The
compound is obtained by pyrolysis of Ru(dmpe),
(C10H,)H. We do not know whether this reaction
proceeds by mechanism (1), in which case the direct
sense is appropriate, or by mechanism (2), in which

v,
‘P/r ¢, H ¢ 4
- e N
\Ru/ i&. ( Ru —— dimer (1)
2NN VAN
/P\' H h P
Pe (a)
\W4 »
P NN
o I Gy -P ( CHp
N ~CioHg N ,
RU _-o78 | Ru ——— dimer (2)
\P/ \H /P/ \H
p /

(b)

casd the indirect sense is appropriate. Still other
mechanisms for this solid state reaction can be en-
visioned. Chatt and Davidson did, however, indicate
that some of the reactions of the compound correspond
better with structure a than with a structure having
an Ru-H bond. Thus actual, direct interconversion of

F. A. Cotton, D. L. Hunter and B. A. Frenz

a and the dinuclear structure may actually occur in
solution.
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