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Figure 1. Linear free energy relationship of rate constants for aquation
of Br~ from M(L,XBr"") complexes. Points are (1) trans-M-
(en),(NCS)Br*, (2) M(NH;)sBr?*, (3) trans-M(en),Br,* corrected
for statistical difference, (4) cis-M(en),Br,* corrected for statistical
difference, (5) trans-M(en),(OH)Br*, (6) cis-M(en),(OH)Br*, and
(7) M(NH,),(NH,)Br* for the range of acidity constants of M-
(NH;)sBr?* of 1071% to 107'¢,

complexes is considerably larger than those for Co(III)
complexes, but by the point for cis-M(en),OHBr*, the reverse
order of rate constants prevails. The slope of the line drawn
through these data is about 0.6, indicating this change in
reactivity order.

We began this study anticipating that we would observe a
change in slope in the curve in the figure. We reasoned that
since Cr(NH;)sBr?* presumably substituted by an I, pathway'
and since the conjugate base path for this complex is pre-
sumably Iy,' then at some “directing” group intermediate in
labilizing ability between NH; and NH;,, a mechanism change
would occur. This change would cause a difference in slope.
Clearly the data do not support the prediction.

There are three interpretations for the straight line behavior
of the log-log plot and the value of the slope. If all of the
Cr(IIT) and Co(III) aquations are assumed to be Iy and the
activating pathway for these ligands is presumed to be their
ability to = donate to relieve charge buildup in the dissociative
transition state, then the lower demand for this donation in
Cr(I11), the least polarizing of the two cations, could account
for the slope of less than 1. This view would presumably be
endorsed by Ramasami and Sykes.”® Alternatively, we could
assume the mechanism for substitution at all the Cr(III)
centers is associative interchange, whereas that at the Co(III)
center is I4. In this case the Cr(IIT) complexes have bond
formation aiding in bond rupture and therefore have less
requirement of charge supply by the “directing” groups.
Thirdly, it is possible that both of the above mentioned
phenomena are active, and the slopes generated by each
coincide within the scatter caused by other properties of the
complexes and the experimental error.
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Registry No. trans-Cr(en),OHBr", 60933-53-1; cis-Cr(en),OHBr*,
60886-01-3; cis-[Cr(en),H,0OBr]Br,, 30172-32-8; cis-[Cr-
(en),CL]CIO,, 15654-71-4.
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We have recently determined the crystal structure of
H,0s;(CO),, and have accurately redetermined (Rr = 3.35%;
3040 reflections) the structure of the isomorphous species
0s;(CO),,.! These results show (inter alia) that the axial
Os-CO bonds in Os;(CO),, are lengthened relative to the
equatorial Os—CO linkages (average values are 1.946 (6) and
1.912 (7) A, respectively). This result is completely in accord
with the accepted model for M—CO bonding and occurs as a
result of competition for d, electron density between the
(mutually trans) axial carbonyl ligands.

The published crystal structure of Ru;(CO);,* is of relatively
low precision (R = 7.9%; 936 reflections) and the reported
Ru—CO bond lengths are such that the average Ru—CO (axial)
distance of 1.89 (2) A is slightly shorter than the average
Ru-CO (equatorial) distance of 1.93 (2) A.

As a result of this discrepancy, and with a firm belief that
accurate molecular dimensions for all archetypal “binary”
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Table I. Experimental Data for the X-ray Diffraction
Study of Ru,(CO),,

(A) Crystal Parameters® at 23 °C
Crystal system: = monoclinic 8=100.667 (10)°
Space group: P2, /n® V=1732.6 (4) &>
a=8.1172 (8) A Z=4
b=14.8627 (15) A o(caled) = 2.450 gcm™
¢=14.6140 (20) A Mol wt 639.33

(B) Measurement of Intensity Data

Radiation: Mo K«

Monochromator: highly oriented graphite (equatorial mode)

Reflections measd: +#4, +k, +/

Scan type: @(crystal) — 26(counter)

20 range: 3-45° .

Scan speed: 2.0°/min

Scan length: from [26(Ka,)— 1.0]° to [26(Ka,) + 1.0]°

Background measurement: - stationary crystal, stationary counter
at beginning and end of each 26 scan; each for half the time
taken for the 26 scan

Std reflections: three remeasured every 47 reflections; no signifi-
cant changes in intensity were observed

Reflections collected: 2759 total, yielding 2281 independent re-
flections

@ Unit cell parameters were derived from a least-squares fit to the
setting angles of the unresolved Mo Ka components (X 0.710 730
A) of 24 reflections of the forms {613}, {464}, {355}, {318},
{0,10,1}, and {294}, all with 26 between 25 and 31°. b Equiv-
alent positions are +(x, ¥, z) and +(*/; + x, Y/, — ¥, Y/, +2). This

represents a nonstandard setting of space group P2, /c [No. 14;

Czhsl-

Table II. Final Positional Parameters, with Esd’s, for Ru,(CO),%
Atom Xx ¥y z
Ru(l) 0.44215 (4) —0.023 22 (2) 0.223 02 (2)
Ru(2) 0.441 83 (4) 0.168 53 (2) 0.206 98 (2)
Ru(3)  0.694 33 (4) 0.080 59 (2) 0.338 23 (2)
C(11) 0.58321(83) -—0.02986 (29) 0.129 04 (30)
O(11) 0.658 75 (42) —0.04182(24) 0.07198 (22)
C(12) 0.30467(52) —0.01354(28) 0.31706 (30)
0(12) 0.2172142) -0.016 30 (26) 0.369 91 (23)
C(13) 0.51908(56) —0.13923(32) 0.270 11 (30)
O(13) 0.56592(47) —0.20711(24) 0.298 48 (26)
C(14) 0.246 69 (58) —0.04944 (34)  0.129 97 (32)
0O(14) 0.13196 (44) —0.06577(29) 0.076 51 (26)
C(21) 0.588 24 (5%5) 0.160 38 (28) 0.11525 (31)
0(21)  0.666 56 (45) 0.163 80 (24)  0.058 94 (24)
C(22) 0.297 80 (56) 0.17506 (32)  0.298 29 (33)
0(22) 0.208 47 (46) 0.187 08 (30)  0.348 08 (26)
C(23) 0.24939(57) 0.18210(32) 0.107 93 (32)
0(23) 0.137 38 (45) 0.191 61 (29)  0.051 16 (25)
C(24) 0.51787 (5D 0.288 27 (33)  0.237 40 (32)
0(24) 0.56382 47 0.358 22 (25) 0.25812(28)
C(31) 0.83583(52) 0.071 46 (26)  0.244 36 (30)
0(31) 0.93083(39) 0.067 65 (21)  0.197 05 (23)
C(32) 0.55004 (52) 0.095 50 (28)  0.429 46 (30)
0(32) 0.482 05 (40) 0.106 45 (22)  0.489 39 (22)
C(33) 0.82136(53) 0.18212(32) 0.39101 (30)
0(33) 0.89529 (44) 0.242 66 (24)  0.423 24 (26)
C(34) 0.80959(52) —0.01968(30) 0.40561 (28)
0(34) 0.876 25 (43) —0.078 32(22) 0.444 80 (24)

2 Esd’s shown in parentheses are right-adjusted to the last digit
of the preceding number.

metal carbonyls should be available, we have undertaken a
redetermination of the crystal structure of Ru;(CO);,. Our
results are reported below.

Experimental Section

A crystal of approximate dimensions 0.3 mm X 0.15 mm X 0.15
mm was selected from a sample purchased from Ventron Corp. The
crystal was mounted with its extended ¢* direction close to the
goniometer ¢ axis; the quality of the diffraction pattern was checked
photographically and found to be satisfactory. The crystal was then
transferred to a Syntex P2, diffractometer. Crystal alignment,
determination of cell parameters, and data collection were carried
out as described previously.® Details appear in Table I.

Notes

024 oll

Figure 1. Ru;(CO),,, viewed from a direction 75° from the normal
to the Ru; plane [ORTEP2 diagram; 50% ellipsoids].

Figure 2. Distribution of equatorial ligands in the Ru; plane of the
Ru3(CO),, molecule [ORTEP2; 50% ellipsoids].

All crystallographic computations were performed using the Syntex
XTL system* [NOVA 1200 computer with 24K, 16-bit word memory;
disk unit of 1.2 million words; XTL conversational program package,
as modified at SUNYAB].

Data were corrected for absorption by an empirical method. Seven
close-to-axial reflections, distributed over the range of 26 values used
in data collection, each of fairly strong intensity, were measured at
36 points around the diffraction vector (from ¢ = 0° to ¢ = 350°,
Ay = 10°). Each reflection was used to define a normalized absorption
curve vs, ¢, corrected for w and x. The curves bracketing the 26 value
of the reflection under consideration were interpolated both in 26 and
in ¢ to derive the absorption correction for the intensity of that
reflection. Reflections used for the absorption curves® were 004 [26
= 11,34°, (minimum intensity)/(maximum intensity) = 0.762], 015
[14.45°, 0.773], 008 [22.79°, 0.739], 109 [25.23°, 0.725], 0,1,11
[31.65, 0.762], 1,0,13 [36.82°, 0.769], and 0,0,14 [40.45°, 0.757].
All curves were mutually consistent—i.e., maximum and minimum
corrections were observed at essentially the same values of ¢ and all
curves had similar profiles.

Redundant and equivalent data were averaged [R,, = (2 |I -
LJ/2D) = 0.019 for 188 averaged pairs of data] and were converted
to unscaled |F,] values after correction for Lorentz and polarization
effects. A value of {F,] = 0.0 was assigned to any reflection with
measured 7 < 0. The esd’s, o.(|F,|), were based on the larger of (i)
counting statistics or (ii) the internal esd obtained by averaging
symmetry-equivalent reflections.

The structural analysis was begun using the positional and isotropic
thermal parameters from our study on Os3(CO);,."*7 Full-matrix
least-squares refinement of all positional and isotropic thermal pa-
rameters converged after 4 cycles with Ry = 5.3%, R,r = 6.5%, and
GOF = 2.39.8 Continued refinement, using anisotropic thermal
parameters for all atoms, converged in 3 cycles with Rp = 3.4%, R,r
= 3.9%, and GOF = 1.41. At this stage it became apparent that
secondary extinction was affecting the very strong low-order reflections.
|F.| values were corrected using the approximate eq 1, derived from

lFo]cor = 'Foluncor(l'o +gl,) 9]



Notes

Inorganic Chemistry, Vol. 16, No. 10, 1977 2657

Table III. Final Anisotropic Thermal Parameters,® with Esd’s, for Ru,(CO),,

Atom By, B, By, B, By, B,
Ru(l) 2.29(2) 2.34 (2) 2.38(2) ~0.28 (1) 0.27 () -0.17 (1)
Ru(2) 2.38(2) 2.38 (2) 2.76 (2) 0.32 (1) 0.35 (1) 0.35(1)
Ru(3) 1.97 (2) 245 (2) 2.18(2) -0.09 (1) 0.13 (1) -0.02 (1)
c1n 3.20 (20) 3.06 (20) 3.05(19) —0.45 (16) 0.30 (17) -0.21 (16)
oan 5.02017 4,83 (17) 3.88 (16) -0.40 (14) 1.90 (14) —-0.85 (14)
c12) 2.90 (20) 3.15 20) 3.13 (20) —0.42 (15) 0.34 (17 ~-0.19 (15)
0(12) 4.10(17) 6.59 (22) 3.96 (16) -1.05 (14) 1.44 (14) —0.46 (14)
C(13) 3.63 (20) 3.01 (23) 3.50 20) -0.32(17 0.69 (16) -0.09 (17)
o13) 6.67 (22) 3.02(17 6.66 (21) 0.48 (15) 1.34 (16) 0.87.(15)
C(14) 292 (2D 4.81 (24) 3.29 (20) ~0.49 (18) 0.75 (17) -0.76 (18)
0(14) 3.69 (18) 10.01 29) 4.61 (18) -1.34 (17) ~0.24 (15) -2.16 (18)
CQ2D) 3.38 21) 2.88 (20) 3.18 (20) 0.67 (15) 0.23 (18) 0.45 (16)
oQn 5.11 (18) 5.71 (20) 3.88 (16) 1.38 (14) 1.65 (15) 1.10 (14)
C(22) 3.23(22) 421 (23) 3.86'(21) 09517 0.62 (18) 0.83 (18)
0(22) 4.69 (19) 7.59 (24) 5.73(19) 2.15 (16) 2.53(17) 1.49(17)
C(23) 3.27.(22) 3.93(22) 3.69 (21) 0.46 (17) 0.53(19) 0.74 (18)
0(23) 3.96 (17) 8.55(25) 4.96 (18) 0.76 (17) ~1.00 (15) 1.23 (18)
C(24) 3.86 (22) 3.16 (23) 4,05 (22) 0.18 (18) 127347 0.46 (18)
0(24) 6.93 (23) 3.31(18) . 7.56 (23) ~0.70 (16) 2.20 (18) -1.03(17)
C(31) 2.40 (18) 2.71-(19) 2.88 (19) -0.03 (14) -0.09 (16) ~0.12 (14)
o3l 3.18(15) 4.81 (18) 3.94 (15) 0.20 (12) 1.26 (13) 0.02 (12)
C(32) 2.74 (19) 3.24 (20) 2.94 (20) -0.25 (15) 0.34 (16) 0.09 (15)
0(32) 4.24 (16) 5.23(18) 3.56 (15) 0.21 (14) 1.48 (13) -0.01 (14)
C(33) 2.93 20) 3.65 (22) 3.33 (19) -0.27 (17) 0.73 (15) -0.60(17)
0(33) 4.73(17) 4.79 (18) 6.34 (19) -1.99 (15) 1.18 (15) —2.26 (16)
C(34) 2.88 (19) 3.23 (2D 2.86 (19) -0.05 (16) 0.47 (15) 0.17 (17)
0(34) 4.66 (17) 4.51:(17 4.62 (18) 1.21 (14) 0.42 (14) 1.39 (14)

2 These anisotropic thermal parameters are analogous to the usual form of the isotropic thermal parameter and have units of A*.

ter the expression for the structure factor in the form exp[—0.25(B, h%a*? + B,,k*b** + B, I"c*? + 2B, hka*b* + 2B, hia*c* +

2B,,kib*c*)).

Zachariasen’s treatment.” The value of g (2.0 X 1077) was determined
graphically. Continued refinement led to final convergence [(A/¢) ygax
= 0.05 for a positional and 0.09 for a thermal parameter] in 2 cycles
with R = 2.6%, R,r = 2.8%, and GOF = 1.04.. The correctness of
the structure was confirmed by means of a final difference-Fourier
synthesis on which the highest peak was of height 0.48'¢ A~
Throughout the analysis, the analytical scattering factors of Cromer
and Mann for reutral atoms were used;'® both-the real and imaginary
components of anomalous dispersion were included for all atoms,!%®
The weighting scheme used was that of eq 2, with p = 0.02. All 2281

= [(oIFo1)* + (1F, 1™ @

unique data were included in the refinement.
Final positional and anisotropic thermal parameters are collected
in Tables II and III.

Discussion

Figure 1 shows a general view of the Ru;(CO),, molecule.
Interatomic distances and angles are listed in Tables IV and
V. Deviations of atoms from the Ru; plane are given in Table
VI; the distribution of equatorial ligands in this plane is il-
lustrated in Figure 2.

Estimated standard deviations in our present study are
approximately one-tenth to one-fifteenth of those reported in
the determination of Mason and Rae.> The increased precision
allows the following conclusions to be reached.

(1) In agreement with our ‘previous study on Os;(CO),,'
and in contradistinction to the Mason/Rae study of
Ru,(CO),,,” the axial Ru-CO bond lengths are, indeed, longer
than the equatorial Ru-CO linkages. Axial Ru-CO bonds
range in length from 1.929 (4) to 1.953 (5) A, averaging 1.942
[4] A; equatorial Ru~CO distances range from 1.908 (5) to
1.934 (5) A, averaging 1.921 [5] A. The significance of this
result is conflrmed by the observation that the axial Rus-O
vectors are also longer [range 3.060 (4)-3.078 (4) A; average
3.071 [3] A] than the equatorial Ru-+O vectors [range 3.035
(4)-3.055 (3) A; average 3.048 [3] AJ, notwithstanding the
fact that the axial Ru—C—O systems are bent whereas the
equatorial Ru—-C-O systems are linear (see (2)).

Table IV.

Ru(1)-Ru(2)
Ru(1)-Ru(3)

Ru(1)-C(11)
Ru(1)-C(12)
Ru(2)-C(21)
Ru(2)-C(22)
Ru(3)-C(31)
Ru(3)-C(32)

(C) Ru-C and Ru- -

They en-

(A) Ruthenium~Ruthenium
Ru(2)-Ru(3)

2.8595 4)
2.8512 (4)

(B) Ru-C and
1.947 (4)
1.929 (4)
1.953 (5)
1.932 (5)
1.950 (4)
1.943 (4)

Av 1,942 [4]¢

Ru(1)-C(13) 1.918 (5)
Ru(1)-C(14) 1.929 (5)
Ru(2)-C(23) 1.934 (5)
Ru(2)-C(24) 1.909 (5)
Ru(3)-C(33) 1.908 (5)
Ru(3)-C(34) 1.930 4)

C(11)-0(1)
C(12)~0(12)
C21-0@21)
C(22)-0(22)

Av 1.921 [5]¢

Ru: - O (Axial)

Ru(1) -

011
Ru(l) -0
Ru(2) -
Ru(2) -
Ru(3) -
Ru(3) -

0(12)

‘0(21)
‘0(22)
-0(31)
-0(32)

Interatomic Distances (A) with Esd’s for Ru,(CO),,

2.8518 (4)

3.078 (3)
3.067 (3)
3.078 (4)
3.060 (4)
3.073(3)
3.067 (3)

Av3.071 {3]°

O (Equatorial)
Ru(l) -
Ru(1)- -
Ru(2) -
Ru(2)- -
Ru(3) -
Ru(3) -

‘0(13)
-0(14)
-0(23)
*0(24)
*0(33)
-0(34)

3.047 4)
3.054 (4)
3.054 (4)
3.035 (4)
3.042 (4)
3.055 (3)

(D) C-0O (Axial)

Av 3.048 [3]@

1.137(5)  C(31)-0(31) 1.128 (5)
1.142 (5)  C(32)-0(32) 1.130 (5)
1.130 (6) Av 1.133 [2]@
1.133 (6)

(E) C-0 (Equatorial)

C(13)-0(13) 1.130 (6) C(33)-0(33) 1.134 (6)
C(14)-0(14) 1.126 (6) C(34)-0(34) 1.125 (8)
C(23)-0(23) 1.121 (6) Av 1.127 {2]¢
C(24)-0(24) 1.127 (6)
(F) C: - :C and O - -O (Axial, Nonbonding)

C(11) - -C(21) 2.835(6) O(11)---0(21) 3.063 (5)
C(11) - -C(31) 2.834 (6) O(11)---0(31) 3.061 (5)
C(21)---C(31) 2.818 (6) 0(21) - -0(31) 3.019(5)
C(12) - -C(22) 2.816 (6) 0(12)- - -0(22) 3.039(6)
C(12) - -C(32) 2.843 (6) 0(12) - +-0(32) 3.100(5)
C(22)-+C(32) 2.795 (6) 0(22) - -0(32) 2.989 (5)

@ Error estimates shown in brackets for average distances, d, are
the exterior estimates of the precision of the average value given

by [Zn(d - d)?/(n?

_n)] 1/1.
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Table V. Interatomic Angles (deg) with Esd’s for Ru;(CO),,

Notes

(A) Within the Ru, Triangle

Ru(2)-Ru(1)-Ru(3)
Ru(1)-Ru(2)-Ru(3)

59.92 (1)
59.90 (1)

(B) Ru~Ru~CO (Equatorial)

Ru(2)~-Ru(1)-C(14) 98.94 (14)
Ru(1)-Ru(2)-C(23) 98.84 (14)
Ru(3)-Ru(1)-C(13) 97.13 (13)

(C) OC-Ru-CO (Equatorial-Equatorial)

C(13)-Ru(1)-C(14)
C(23)-Ru(2)-C(24)

104.01 (20)
104.99 (20)

(D) Ru-Ru-CO (Axial)

Ru(2)-Ru(1)-C(11) 89.11 (13)
Ru(3)-Ru(1)-C(11) 89.56 (13)
Ru(2)-Ru(1)-C(12) 89.56 (13)
Ru(3)-Ru(1)-C(12) 89.18 (13)
Ru(1)-Ru(2)-C(21) 90.17 (13)
Ru(3)-Ru(2)-C(21) 88.88 (13)

(E) OC-Ru~CO (Axial-Equatorial)

C(1DH-Ru(1)-C(13) 90.73 (19)
C(11)-Ru(1)-C(14) 90.39 (19)
C(12)-Ru(1)-C(13) 90.24 (19)
C(12)~Ru(1)-C(14) 90.49 (19)
C(21)-Ru(2)-C(23) 90.15 (19)
C(21)-Ru(2)~C(24) 90.35 (19)

(F) OC-Ru~CO (Axial-Axial)

C(11)-Ru(1)-C(12)
C(21)-Ru(2)-C(22)

178.50 (18)
179.27 (19)

(G) Ru-C-0 (Axial)

Ru(1)-C(11)-0(11) 173.26 (39)
Ru(1)-C(12)~-0(12) 173.03 (38)
Ru(2)-C(21)-0(21) 173.07 (39)

(H) Ru-C-0 (Equatorial)

Ru(1)-C(13)-0(13) 179.22 (41)
Ru(1)-C(14)-0(14) 178.93 (43)
Ru(2)-C(23)-0(23) 178.64 (43)

Table VI. Deviations of Atoms (&) from the Ru, Plane
Equation of Plane:® 0.7188X — 0.0662Y —0.6921Z + 0.0476 =0

camn 1.946 (4) C(13) 0.003 (5)
0O(11) 3.077 (3) o(13) 0.006 (4)
C12) -1.929 (4) C(14) —0.009 (5)
0(12) —3.065 (3) 0o(14) —-0.027 (4)
Cc2n 1.952 (5) C(23) 0.041 (5)
0O@21) 3.075 4) 0(23) 0.053 (4)
C(22) -1.932 (5) c24) —0.036 (S5)
0(22) -3.057 (4) 0(24) -0.083 (4)
C@31) 1.950 4) C(33) 0.014 (4)
o@D 3.070 (3) 0@3) 0.003 (4)
C(32) -1.941 (4) C(34) —-0.029 (4)
0(32) —3.060 (3) 0(34) -0.049 (4)

¢ QOrthonormal (A) coordinates (X, Y, Z) are related to the frac-
tional coordinates (x, ¥, z) by the transformation: X =ax + ¢z-
sing, Y=>by,Z=cz sin .

(2) The equatorial Ru—-C—-O moieties are all very close to
linear, individual values of the Ru—C—-O angle varying from
177.91 (43)° t0 179.75 (39)°. In contrast to this, each axial
Ru~C-~O moiety is distorted from linearity by about 7°.
Individual Ru-C-O angles range from 172.28 (38) to0 173.26

(39)°. The cause of this distortion is straightforward—it is
the result of van der Waals repulsions between axial oxygen
atoms. Thus, ruthenium-ruthenium distances range from
2.8512 (4) to 2.8595 (4) A; C(axial)-~C(axial) contacts range
from 2.795 (6) to 2.843 (6) A [i.e., similar to the mean Ru-Ru
distance], but O(axial)-+O(axial) contacts are expanded to
2.989 (5)-3.100 (5) A.

(3) The ruthenium-ruthenium bonds within the Ru; triangle
are not strictly equivalent. The Ru(1)-Ru(2) bond length of
2.8595 (4) A is slightly longer than the Ru(1)-Ru(3) and
Ru(2)-Ru(3) bonds [2.8512 (4) and 2.8518 (4) A; average
2.8515 [4] A]. The difference of 0.0080 % 0.0006 A is slight

Ru(2)-Ru(3)-Ru(l) 60.18 (1)

Ru(3)-Ru(2)-C(24) 96.28 (14)
Ru(1)-Ru(3)-C(34) 96.35 (13)
Ru(2)-Ru(3)-C(33) 100.18 (13)
C(33)-Ru(3)-C(34) 103.28 (18)
Ru(1)-Ru(2)-C(22) 89.14 (14)
Ru(3)-Ru(2)-C(22) 90.57 (14)
Ru(1)~-Ru(3)-C(31) 89.94 (12)
Ru(2)-Ru(3)-C(31) 90.13 (12)
Ru(1)-Ru(3)-C(32) 90.51 (13)
Ru(2)-Ru(3)-C(32) 87.70 (13)
C(22)~-Ru(2)-C(23) 90.20 (20)
C(22)-Ru(2)-C(24) 90.18 (20)
C(31)-Ru(3)-C(33) 89.70 (18)
C(31)-Ru(3)-C(34) 90.69 (18)
C(32)-Ru(3)-C(33) 88.96 (18)
C(32)-Ru(3)-C(34) 92.00 (18)
C(31)-Ru(3)-C(32) 177.21 (18)
Ru(2)-C(22)-0(22) 173.10 (42)
Ru(3)-C(31)-0(31) 173.14 (37)
Ru(3)~C(32)-0(32) 172.28 (38)
Ru(2)-C(24)-0(24) 177.91 (43)
Ru(3)-C(33)-0(33) 179.01 (40)
Ru(3)-C(34)-0(34) 179.75 (39)

and probably of little energetic significance. However, it is
duplicated in Os;(CO),,! [0s(1)-0s(2) = 2.8824 (5) A vs.
Os(1)-0s(3) = 2.8752 (5) A and Os(2)-0Os(3) = 2.8737 (5)
A; difference 0.0079 + 0.0011 A] and presumably results from
crystal forces.

(4) Within the equatorial plane, Ru-Ru-CO angles vary
from 96.28 (14) to 100.18 (13)° [average 97.95°] while
OC-Ru—-CO angles range from 103.28 (18) to 104.99 (20)°
[average 104.09°].

(5) The equatorial carbonyl ligands lie very close to the Ru;
plane, the maximum deviation of a carbon atom being 0.041
(5) A and the maximum deviation of an oxygen atom being
0.083 (4) A.

(6) Based on average Ru—-Ru and Os—Os bond lengths in
Ru;(CO),, and Os3(CO),,,! covalent radii of the zerovalent
metal ions are 1.427 A for Ru(0) and 1.439 A for Os(0). The
closeness of these two values results from the lanthanide
contraction.
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The trimethylenemethane diradical (I) has been the subject
N
IS
¢
! !
I

of considerable theoretical speculation.?® It has been detected

only at low concentrations as an unstable intermediate.’* An-

ab initio calculation by Yarkony and Schaefer* indicated that
the central carbon has a charge of +0.62, comparable to the
charge of the carbon atom in CHF;. Although trimethy-
lenemethane itself is too unstable to allow investigation of its
charge distribution by ESCA, we have studied the ESCA
spectrum of the relatively stable complex trimethylene-
methaneiron tricarbonyl.’ For comparison we have also
studied the structural isomer butadieneiron tricarbonyl.
Savariaut and Labarre® reported, on the basis of CNDO/2
calculations, that the bonds between the iron atom and the
three CH, groups of trimethylenemethaneiron tricarbonyl are
much stronger than the bond between the iron atom and the
central carbon. They calculated atomic charges of +0.67 for
the iron atom, +0.09 for the carbonyl carbon atoms, —0.30 for
the CH, carbon atoms, and +0.17 for the central carbon atom
and explained the weak bond between the iron atom and the
central carbon atom in terms of electrostatic repulsion. We
hoped that measurement of the carbon 1s binding energies of
the compound would give enough information regarding the
charge distribution in the molecule to test these calculations.
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Figure 1. Carbon 1s spectrum of trimethylenemethaneiron tricarbonyl,
deconvoluted using Lorentzian curves. The relative intensities of the

three peaks are 2.96:1:5.72.

Trimethylenemethane has been implicated as an intermediate
in several reactions,” and our results will determine whether
ESCA can serve as a tool to search for trimethylenemethane
intermediates on catalyst surfaces.

Experimental Section

Butadieneiron tricarbonyl was prepared as described by King® and
was identified by its infrared spectrum’ and NMR spectrum.
Trimethylenemethaneiron tricarbonyl was prepared by the reaction
of 3-chloro-2-methylpropene with Fe,(CO),.° Both the IR and NMR
spectra were consistent with the literature.’

Both ESCA spectra were obtained in the gas phase. The spectrum
of trimethylenemethaneiron tricarbonyl was recorded on the Uppsala
electrostatic high-resolution spectrometer.’® The C 1s and O Is lines
of carbon monoxide were used as references. We used 296.22 and
542.57 eV for the C 1s and O 1s binding energies of CO, respectively;
these are averages of the values obtained by Smith and Thomas'! and
Perry and Jolly.!? The Fe 2ps;, binding energy of trimethylene-
methaneiron tricarbonyl was measured relative to the F 1s binding
energy of CF,, using 695.55 eV for the latter binding energy (an
average of literature values'>!4). The reference gases and sample
vapors were run simultaneously. The spectrum of butadieneiron
tricarbonyl was recorded on the old Berkeley magnetic spectrometer.}®
Argon was introduced with the sample, and the Ar 2p;, line (Eg =
248.62 eV)'® was used as a reference for all lines of butadieneiron
tricarbonyl. Sample and reference lines were scanned alternately.
The best least-squares fitting of the data was obtained assuming
Lorentzian curves in the case of trimethylenemethaneiron tricarbonyl
and Gaussian curves in the case of butadieneiron tricarbonyl.

Results and Discussion

The C 1s spectra are shown in Figures 1 and 2, and Table
I lists all the binding energies. The smaller line widths obtained
for trimethylenemethaneiron tricarbonyl reflect the better
resolution of the Uppsala instrument. The peaks are easily
assigned by comparison with the binding energies of other
organometallic compounds and by intensity considerations.
The peaks at 293.17 eV in Figure 1 and at 293.03 eV in Figure
2 are in the region typical of metal carbonyls and can be
confidently assigned to the CO groups in the compounds. In
Figure 1, the relatively weak peak at 291.47 eV is undoubtedly
due to the central carbon, and the 290.18-eV peak is due to
the CH; groups. The CO peaks in both spectra and the central
carbon peak in Figure 1 have lost considerable intensity to
shake up bands at higher energy. In the case of butadieneiron
tricarbonyl our results can be compared with those of Connor
et al.,!” who obtained an ESCA spectrum of this compound
in the gas phase. Their reported C 1s and O 1s binding
energies are 0.3-0.4 eV higher than ours, whereas their Fe
2ps; value is essentially the same as ours. The discrepancies
are not unreasonable in view of their estimated accuracy of
£0.2 eV. The intensity ratio of the C 1s peaks due to the CO



