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The variable temperature 'H NMR spectra of
[RungO)G(nG-CloHn}] (CioH 2 = bicyclo[6.2.0]-
deca-2,4,6-triene) shows that this molecule undergoes
the fluxional behaviour previously reported for
[M{CO)e(m5-polyolefin)] complexes (M = Fe, Ru)
which have in the solid an asymmetric skew-type
structure. The use of *C NMR techniques, employed
for the first time for a diruthenium complex of the
above type, allows a comparison of the mechanism of
the fluxional process with that of the diiron analog.
Although the observed line shape changes of the car-
bonyl resonances in the two complexes are somewhat
different the processes are basically the same. In the
case of the diruthenium complex, however, the
simple twitching process, the local scrambling of the
carbonyl groups on the allyl bound ruthenium atom,
and the local scrambling on the other ruthenium
atom, are all well separated and allow a direct proof
of the correctness of the predicted changes. The acti-
vation energies of the three processes have a higher
value than those of the diiron analog and this appears
to be a general trend.

Introduction

Several camplexes of the type [M,(CO)e(nC-poly-
olefin)]* (M = Fe, Ru, Os) have been synthesized and
an impressive number of articles have appeared
dealing with their characterization both in the solid
state and in solution [1].

These complexes may be classified in three
cathegories [2] : the first differentiation can be made

*In this paper the discussion of [M2(C0)6(n6-polyolefin)]
is limitated to those complexes having the two carbonyl
metal groups linked together and coordinated to the same
polyolefinic ring.

on the basis of their X-ray structure. The two
different configurations are reported in Scheme 1; the -
symmetric structure (A) was found in cycloheptatrie-
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ne)hexacarbonyldiiron [3] and it is likely to be pre-
sent in the diruthenium analog [4]. The skew-type
structure (B) was established for all the other comple-
xes investigated. It is worth noting that no bis-allyl
configuration has been reported so far for complexes
having a Cg polyolefinic ring.

Variable temperature NMR techniques support the
above distinction between A and B type complexes
and introduce a new effect in the derivatives of type
B. Although most complexes B show fluxional beha-
viour some do not*. The latter group occur with
asymmetric substitution in the Cg ring. This elimina-
tes the two energetically equivalent forms which is
necessary for the fluxional behaviour (Scheme 2)
[5-7] to be possible.

*Cationic complexes of the type {[Feg(CO)s(nG-Cg-
HgN)]*} (N = pyridine or phosphine) are also known [5].
They show a mutual rearrangement of the enantiomers a and
b, via a 1,3 shift of N (Scheme 1°).
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In some cases complexes of the type B, are obtained
as racemates [5]. The interconversion of compounds
of type B; can be completely rationalized in terms of
metal-olefin bond change by 'H NMR techniques,
which however can give no information about the
mechanism of interconversion. The direct consequen-
ce of this is the impossibility of discrimination
between the most plausible mechanism pathways of
the fluxional behaviour, considered by Cotton et al
[8, 9] : the twitching and the gliding processes (Sche-
me 3). The twitching process involves only a partial
rotation of the (OC);M-M(CQO); moiety while the

Scheme 2

| |

Scheme 3

8. The 6liding Process

two carbonyl metal groups maintain their 7°- and 1!,
n*-type of coordination to the polyolefin, respective-
ly. The gliding process involves a complete rotation of
the (OC);M-M(CO)s moiety about the axis
perpendicular to the M—M bond and the mean plane
of the C,, C¢ atoms. The two basic processes can be
distinguished by variable temperature '*C NMR spec-
troscopy*. So far the following complexes have been
investigated by this technique: [Fe,(CO)e(n®-C,Hg]
[11] [C4Hg = Cycloheptatriene), [Fe,(CO)g(n®-
CsHio)] [8] (CgHyo = Cycloocta-1,3,5-triene), [Fe,-
(CO)s(n°-CoHyo)] [12] (CoHyo = Bicyclo[6.1.0]
nona-2,4,6-triene), and [Fe,(CO)¢(n%-C1oH12)] [9]
(CioH12 = Bicyclo [6.2.0] deca-2,4,6-triene). In each
case the carbonyl groups appear to move, and changes

*The gliding process has been ruled out in favour of the
twitching one, on the basis of 14 NMR spectra, in the case of
[Rh2(7)5-C5H5)2(776'C8H10)] [10], which can be related
to the complexes of type B, in having a Rhy(n’-CsHs),
unit replacing M, (CO)g. In that case indeed the two cyclo-
pentadienyl signals remain sharp and never coalesce.
However, the fact that M;(CO)g is not isostructural with
ha(ns-CsHs)z must be considered.
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in the metal-olefin bonds occur in all complexes
except for the cycloheptatriene derivative [11].

In our opinion two further experiments are ne-
cessary to obtain a general picture of these
complexes: the '3C NMR study of a diruthenium
derivative of type B, and of a dimetal derivative of
type B,*. We present here the variable temperature
'H and 3C NMR studies of [Ru,(CO)e(n-C1oH12)]
[13] and compare its behaviour with those of
previously investigated diiron complexes [8,9, 12].

Experimental

The compound [Ruz(CO)s(n®-CioHyz)]  was
prepared as previously described [13].

"H NMR spectra were recorded on a Varian NV-14
60 MHz spectrometer and the temperature was moni-
tored by a Varian 60 HO temperature control. The
sample was dissolved in a mixture of CS,/TMS
(95/5 v/v), degassed in vacuum line, and purged with
nitrogen.

The solubility of the compound was insufficient
for recording good *C NMR spectra in the carbonyl
peaks region. Attempts to exchange the carbonyl
groups with *CO were unsuccessful since decomposi-
tion of the sample occurred both in the thermal as
well as in the photochemical reaction. Therefore
the sample was prepared directly by reaction of *CO
enriched Ru,(CO),, and bicyclo[6.2.0]deca-2,4,6-
triene. Procedures as in ref. 13 were used for the se-
paration and purification of the sample which
resulted in a 10—-15% '3CO enrichment. About 20 mg
of this sample were dissolved in CD,Cl, for the spec-
tra recorded between —90 °C and —50 °C. The sample
was dissolved in CD3;C¢Ds for the spectra between
—40°C and +90°C, and in 1,3,5-triethylbenzene
(with a d®DMSO insert for locking) for the spectra
between +100 °C and +170 °C. A small amount of Cr-
(acac); was added as relaxation agent in the —40 C—
+170 °C experiments. Less than 2,000 pulses were
necessary for low temperature experiments whilst up
to 4,000 and 7,000 pulses were used for the —40 Cc-
+90 °C and +100 °C—+170 °C spectra, respectively.
Chemical shifts were referenced against a peak of the
solvent and then calculated (in ppm) downfield from
TMS.

Results and Discussion

Variable Temperature 'H NMR and '3C NMR Spectra
of the Ring Carbon Atoms of [Ruy(CO)e(n°-Cio-
Hy)l

The occurrence of a fluxional process in [Ru,-
(CO)e(n°-C1oH12)] has been reported in a preliminary

*A variable temperature Bc NMR study of the complex
{[Fe2(CO)6(CsHoN)] '(BF4) } (N = pyridine) [S] appears
also to be of interest.
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Figure 1. The 60 MHz variable temperature 'H NMR spectra
of [Ru(CO)¢(n®-CoH )] in CS,.

communication [13], At room temperature the 'H
NMR spectrum is consistent with that of a molecule
having a plane of symmetry bisecting the metal—metal
bond and the C;—Cs, C,—Cg, and Cy—Cyo bonds
(Figure 1). Consequently the signals of the room tem-
perature spectrum are assigned in the following
sequence: 7 = 5.49 (H,s), 5.84 (Hjg), 7.48 (H,p),
7.56 (Hz5: J = 8.2 Hz), 8.05 (Hgy', Hyg,0) in CS,.
On coohng down the doublet due to Hy, begms to
broaden at =—10°C and collapses at =_60 °C. At
-75 C the peaks due to HI,B and H9‘9, HlO,lO
broaden, followed shortly after by the other signals.
At —100°C a new spectrum originates which is
resolved at =—110°C. The assignments in the
“frozen” configuration are considered to be 7
5.50 (Haas), 5.85 (He), 6.4 (H,), 7.3-83 (H,g,
Hoo, Hig 10') and 8.83 (H,;) These assignments,
however, must be considered as tentative owing to
superimposition of several peaks (Figure 1). The
—110 °C spectrum is consistent with the skew-type
structure found for the analogous diiron derivative
[14] and is similar to the “frozen” spectrum register-
ed at —129 °C for that complex. Therefore it is rea-
sonable to suggest that the skew-type configuration
is also pertinent to the complex in the crystal, analo-
gously with all the other complexes of type B;.
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Figure 2. The variable temperature B¢ NMR spectra of
[Ru,(CO)g(n®C1oH 2)] in the ring carbon atoms region. In
the right part of the spectra the solvent is CD3CgDs; peak
marked x is an impurity of the solvent. In the left part of the
spectra the solvent is CD,Cl,. The chemical shifts are express-
ed in ppm from TMS and differ in the two solvents by less
than 0.3 ppm.,

TABLE 1. Chemical shifts (in ppm from TMS) for the Ring
Carbon Atoms of [Ruz(CO)g(n®CioHyz)].

~90 °C +20°C Calculated
84.5
75.0 74.3 73.7
73.6
724
67.5 67.55
56.9
50.6
49.3 47.65
48.9 47.6
38.4
23.0
21.6 21.8 214
198 —
The '>C NMR spectra in the ring carbon atoms

region show some drastic changes between —90 °C
and —50 °C (Figure 2). The original ten signals (spec-
trum at —90 °C) which are consistent with an asym-
metric configuration of the molecule in the “frozen”
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Figure 3. The variable temperature 13C NMR spectra of [Ru,-
(C0)6(n6-CmH12)] in the carbonyl region. Spectra from
~90°C to ~50°C are in CD,Cly; spectra from —40 °C to
+90 °C are in CD3CgDs with a small amount of Cr(acac)s;
spectra from +100 °C to 170 °C are in 1,3,5-triethylbenzene
with a small amount of Cr(acac)3. Chemical shifts are in ppm
from TMS (see note in Table Il for solvent dependence).

state progressively collapse and at —50 °C practically
all have disappeared in the base line except for two
peaks at 74.3 and 21.8 ppm from TMS. At 0 °C a new
spectrum corresponding to a time averaged intercon-
version is resolved. At +10 °C all the new five peaks
expected for a symmetric molecule are sharp (Figure
2). Table I presents a possible pairing of the ten peaks
at —90 °C to give the five peaks at +20 °C. The com-
parison between the calculated (from the —90°C
spectrum) and the observed values (at +20 °C) is rea-
sonably good once the shift due to the change of the
temperature is considered. It is too speculative with
these data to attempt an assignment to the signals
which is anyway not essential to the discussion. The
13C NMR data for the ring carbon atoms and those
previously obtained from 'H NMR spectra are com-
pletely in agreement with a fast exchange at higher
temperatures between two enantiomorphs (Scheme 4).
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(OC);Ru— Ru{CO}, (0C),Ru— RulCO);

Scheme 4

A part from activation parameters which will be
discussed later no further information can be ob-
tained by variable temperature NMR spectra of the
organic ligand.

Variable temperature 3C NMR Spectra of the
Carbonyl Groups of [Ru,(CO)e(1°-CioH 12/

The ¥C NMR spectrum of [Ruy(CO)e(n°-Cio-
H;)] at —90 °C shows six distinct signals for the
carbonyl groups, as anticipated for a structure of type
B (Figure 3). Although we have not registered spectra
at temperatures lower than —90 °C, it is reasonable to
suppose that at about —110 °C all the peaks should
have a relative intensity 1. On raising the temperature
four carbonyl signals broaden and eventually collapse
at about —60°C. The four collapsed peaks then
emerge as two very close singlets which are detectable
at —60 °C and more clearly at —80 °C. The second
and fourth peaks (from the left in the —80 °C spec-
trum) at higher temperature rapidly collapse and at
—10°C disappear in the base line. At +10 C a new
singlet grows and progressively sharpens up. At
+50 °C the other two peaks of the original four-line
spectrum at —30 °C start to collapse and the process
is complete at about 115 °C. At 130 °C a new singlet
appears which is still growing at +170 °C, the highest
temperature reached in this study.

In principle the twitching process, starting from
the limiting spectrum of six lines, should give collapse
of four signals, namely ¢, f, d, and e to give a
spectrum of two lines due to b and a; then ¢ and f,
and d and e, should emerge as two singlets of
intensity 2, so that the spectrum should appear as a
sequence of four lines of relative intensity 1(b):
2(c, ):2(d, e):1(a). All the data so far available on
the diiron derivatives [8, 9, 12] never reach this
spectrum since rotation around the allyl bound iron
atom starts to occur before, thus complicating the
interpretation of the spectra. In the case of the diru-
thenium complex the pure twitching process can be
followed almost completely before the above
mentioned rotation takes place, as shown by the four
signal spectrum at —30°C (Figure 3). The four
signals, however, are not in the anticipated 1:2:2:1
intensity ratio. This finding is in agreement with the
'H and !'3C NMR spectra registered for the ring car-
bon atoms region, in which the interconversion of the
two enantiomorphs (Scheme 4) or the twitching
process (Scheme 3) are observed in their fast
exchange limit only at about 0 °C. It is therefore
reasonable to expect that the above correct relative
intensity 1:2:2:1 should be found at about 0 °C.
The fact that already at —30 °C four signals are evi-
dent is just a fortuitous circumstance and represents
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TABLE II. Observed and Calculated (in parenthesis) Chemical Shifts for the Carbonyl Peaks of [Ruj (CO)5(n CioH12)] from

3¢ NMR Spectra at Various Temperatures

-90°C d,e of
206.6 204.6

-30°C b
203.7
(203.5)

+40 °C b

203.7

(203.5)

+150°C

203.5

fic ed a
198.8 195.7 193.0

of de a
201.9 201.5 193.7
(201.7) (201.1) (193.0)

d e
201.3
(201.1)
a,cf
199.2
(198.8)

b de a,cf
201.6* 199.2*
(202.1) (198.8)

*The observed chemical shifts at 150 °C are corrected. They appear in 1,3,5-triethylbenzene at 199.6 and 197.2, respectively.
Comparison with the chemical shifts at +90 °C in CD3CgDs shows for each signal a downfield shift of 2.0 ppm in triethylbenze-

ne, according to the correction.

[Ru,(CO)y (- C, H,,)]

‘ ‘ [Fe,(CO) b C M)
| H | | [Fo,(COM(PEL )L1-CoHyy)]
ct bée e ot e 2!')0 s

Figure 4. Assignment and comparison of the chemical shifts
of the carbonyl groups in hexahapto-bicyclo [6.2.0]deca-
2,4,6-triene derivatives of carbonyldiruthenium and -diiron
derivatives, by B¢ NMR spectroscopy in the “frozen™ con-
figuration.

the first case in which the twitching process is nearly
not contaminated by other processes.

The rapid collapse of the second and fourth signals
(from the left) in the spectrum at —30 °C and the
singlet coming out at 201.5 ppm on raising the tem-
perature, is that expected for a process which, in

/ [l
M2 1/ t \
( i \M B
! N
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addition to the twitching one, involves rotation of the
carbonyl groups around one ruthenium atom
(Scheme 5). The choice between rotation around
Ru(1) or Ru(2) depends on the assignement of the
carbonyl signals. Once COy) is asmgned to the third
peak in the spectrum at —90 °C the rotation must
occur around Ru(1), i.e. the allyl bound metal atom.
All the complexes of type B, have been shown to
behave similarly and the correct assignment of COy,)
at the peak which is sharp during the two processes
under discussion is demonstrated by the comparative
study carried out by a combination of X-ray struc-
tural analysis and variable temperature 13C NMR
experiments on [Fe,(CO)¢(n®-C1oHy,)] and [Fe,-
(CO)s(PEt3}(n°CioHyy)]  [9]. Only COg) s
substituted by the phosphine. The similar behaviour
of the two complexes of bicyclo[6.2.0] deca-2,4,6-
triene (Fe and Ru) supports our assignment of COp).
Comparison with the carbonyl peaks of the diiron
analog shows in the diruthenium complex a general
shift of all the signals toward the right part of the
spectrum (Figure 4). This is not surprising if one
compares the L.R. spectrum of the two complexes in
the carbonyl stretching region*. The shift toward
higher frequencies in the ruthenium complex may be
an indication of a less strong M—C bond which pro-
duces the shift found in the **C NMR spectra. We
also note that the relative shift is more pronounced
for the b and a carbonyl signals. We have no explana-
tion for this point.

*The I.R. spectrum of the diruthenium derivative in the
carbonyli stretching reglon shows bands at 2072, 2036, 2008,
1997 and 1980 cm~ [13] the diiron analog shows bands at
2063, 2013, 1992, 1978, and 1961 cm™ [15]
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TABLE III. Energies of Activation® for the Twitching Process of [M2(CO)¢ (n6 -polyolefin)] Complexes.

Complex TSK 'H NMR Bc NMR Ref.
(Ha—H7) ()] d, e)
[Fe2(CO)s(CgHyo)] 220 10.3°
238 109 10.8
(11.6) (11.4) 8
[RU2(C0)6(C3H10)] 248 11.3 18
[Fez(CO)e(CoHyo)] 163 7.4 73
158 7.2
163 (7.4) 1.3)
158 (714) 12
163 (1.9) (7.8) 9
[Fe2(CO)6(CioH12)] 183 8.3
185 8.5 8.3
185 (9.0) (8.8) 9
[Ru3(CO)6(CioH )] 215 10.0 10.0 958

8These values have been obtained from the approximate formula [16] AG%c = —RTgIn mwhAv/</2kT¢; data in parenthesis have

been reported by other formulae.

PThe value is tentative since the spectrum is not well resolved [19].

TABLE 1V. Energies of Activation® for the Rotation Processes of M, (CO)G(nG—polyolcfin)] Complexes

Complex T K Rotation about M, T K Rotation about M,
[Fe2(COY6(CsH 0)] 238 14.2 298 17.8

(263) (12.8) (373) 17.9)
[Fe2(COY6(CoH o)1 168 103 258 154

(208) (10.1) (313) (15.0)
[Fea(CO)(CroH 2)] 193 11.7 290 17.3

(218) (10.6) (375) (18.0)
[Ruz(CO)6 (CioH12)] 263 15.6 383 23.9

2These values have been obtained from the approximate formula[17] AG-}C= RTIn[(k/hn)(T./Av)X/(1 + AP)]; data in parenthesis

have been reported by Cotton et al. by other formulae [9].

At about +60 °C the spectrum of the diruthenium
derivative consists of three singlets in the ratio 1:2:3,
which represents the expected spectrum at the fast
exchange limit of the two processes. Apart from the
sequence of the signals this three line spectrum was
found in all the studies of the *C NMR of the
complexes of type B, so far investigated [8,9, 12].

On raising the temperature the set of two peaks of
relative intensity 1:2 starts to collapse whilst the peak
of intensity 3 assigned to a, ¢, f carbonyls remains
sharp. This last process is attributed to the rotation
of the carbonyl groups around Ru(2) which adds to
the twitching process and to the roation around
Ru(1) (Scheme 5). At 115 °C the two peaks are
collapsed. At about 130 °C the new peak correspond-
ing to b, d, e carbonyls appear at an intermediate
chemical shift. In Table II comparison between cal-
culated chemical shifts (from the signals at —90 °C)
and experimental chemical shifts shows an excellent
agreement*.

Activation Energies for the Various Processes

A discussion of the activation energies of the pro-
cesses involved in these fluxional molecules cannot
have a general validity, since errors of +2 Kcal/mol
are quite possible. However, the use of the same
method of estimation can give a qualitative compari-
son of the various phenomena, since systematic errors
are likely to be cancelled.

On the basis of chemical shift separation between
H, and H, in the "H NMR spectrum (Av = 145 Hz)
and the coalescence temperature of the doublet at
=60 °C, it is possible to calculate [16] the free
activation energy for the interconversion of the two
enantiomorphs (Scheme 4; Table IIT). This value
(10.0 Kcal/mol) must correlate with that found for
the twitching process in the 1*C NMR spectra. Assum-
ing that the temperature of coalescence of the ¢ and
f carbonyls is —65 °C, we can calculate it on the basis

*The chemical shifts in triethylbenzene appear to be
affected (see Table II).
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of a separation of 145.1 Hz. between ¢ and f. The
same reasoning can be applied to the two peaks d
and e, as shown in Table III. Cotton and Hunter [9]
have suggested a relationship between the activation
energies and the degree of buckling of the cycloocta-
trienyl portion of the polyolefin in each molecule.
The order is [Fe,(CO)¢(n®-CoHyo)] > [Fe,(CO)g-
(7°-CioHy2)] > [Fex(CO)s(n®-CsHyo)] ; in the case of
diruthenium complexes the data available cannot
give the same information. However, the activation
energies calculated for the two complexes studied by
'H NMR spectroscopy, i.e. [Ru,(CO)¢(né-CsHyo)l
[4] and [Ru,(CO)¢(n%-CioH,2)] follow the trend
found in the diiron derivatives series.

Comparison with the spectra reported for the
diiron analog shows that the two rotation processes
also occur at higher temperatures, indicating a larger
activation energy for the diruthenium complex. The
value of AG* has been calculated using a formula
adapted for processes involving collapse of unequal
signals [17] (Table IV). It is also of interest to
compare the role of the two metals (Fe and Ru) in
terms of activation energies in molecules containing
the same polyolefinic ligand. From 'H NMR data on
bicyclo [6.2.0] deca-2,4,6-triene derivatives the activa-
tion energy for the interconversion (Scheme 4) of the
two enantiomorphs is higher for the diruthenium
complex (Table III). Similar results were already
found in the other complexes for which a comparison
was possible ([Mz(CO)g(n®-CsHyo)] [18, 19]. This
consideration is also substantiated by the *C NMR
data for all the three processes in [M,(CO)s-
(m%-CoH2)]. An explanation based on the larger
volume and therefore steric hindrance in the ruthe-
nium case might be an oversimplification of the
problem; orbital influence and availability are
probably more important. The experimental data,
however, show that a higher barrier of activation
energy is necessary for all the processes involving
ruthenium atoms compared with the same complexes
of iron. This finding appears of general validity,
although further data are probably necessary to
support this consideration.
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