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Abstract — The cis- and transyP-C;H,Me)Mo(CO),(P(OPr);)l complexes undergo a bi-directional thermal ligand isomerization
reaction to yield an equilibrium mixture of isomers (30/70 cis/trans ratio, 9&®D, min) in the solid state. The activation
energy barrier for the cis-trans isomerization reaction (80-100 °C) was found to bd BR8] motL. In benzene (reflux, 2 h)

this isomer ratio was found to be 70:30 cis/trans. DSC and powder XRD studies have revealed reactions that occur in the sc
state entailing decomposition and isomerization. DSC experiments did not reveal the presence of the cis—trans isomerizal
reaction.To cite this article: O.G. Adeyemi et al., C. R. Chimie 5 (2002) 387-394 © 2002 Académie des sciences / Editions
scientifiques et médicales Elsevier SAS

isomerization / solid state/ XRD powder diffraction / molybdenum

Résumé— Les complexestis- et trans-(n5>-CsH,Me)Mo(CO),(P(OPr),)l subissent a I'état solide une réaction d'isomérisation
thermique bidirectionnelle, qui conduit a [I'équilibre, & un mélange des deux isomeéres (rapport cis/trans =30 :70,
90 °C,<80 min). Il a été déterminé que I'énergie d'activation de la réaction d'isomérisation cis—trans (80-100 °C) est de
68+ 10 kJ mot™. Dans le benzéne (a reflux, 2 h), le rapport entre les isoméres cis et trans atteint 70 :30. Des études de DSC et
de diffraction RX de poudres ont mis a jour des réactions se produisant a I'état solide et occasionnant la décomposition et
isomérisation. Les analyses DSC ne révelent pas l'existence de la réaction d'isomérisation cifduanesiter cet article:

O.G. Adeyemi et al., C. R. Chimie 5 (2002) 387-394 © 2002 Académie des sciences / Editions scientifiques et médicales
Elsevier SAS

isomérisation / état solide/ diffraction RX de poudres/ molybdéne

[2,3]. Extensive studies of these complexes have
included thermal [4-8], photochemical [9,10] and
induced[11-13] substitution reactions (of CO, L, X),
matrix isolation studies[14], isomerization studies
[10,15,16] etc. A significant breakthrough in this area
of chemistry was the physical separation of the pure
cis and trans isomers of){-CsHs)Mo(CO),(PPh)I in

1. Introduction

Cyclopentadienyl molybdenum carbonyl halide
complexes, CpMo(CQJL)X, have been extensively
investigated since their first preparation (L =CO) in
the early 1950'9q1]. Since then modification of com-
plexes of this type has been achieved by replacing the

ring protons with other substituents or modifying the
ligand set (CO, L, X), and this has resulted in the
synthesis of many hundreds of complexes of this type

* Correspondence and reprints.
E-mail address: ncoville@aurum.chem.wits.ac.za (N.J. Coville).

1975[17].

We recently reported the synthesis of a series
of related rhenium piano stool complexesn®~(
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C.H,R)Re(CO)(L)X, (R=Me, Et, 'Pr, 'Bu, SiMe,;
L =CNCgH;Me,, P(OR);, PPh;; X =Br, 1) [18-20].
Of particular importance was the finding that these
complexes underwent isomerization reactions in the
solid state. Other than a short comment on the solid-
State  isomerization  reaction of = (n>-CgHy)
Mo(CO),(PBug)l [15] and a description of the
cidtrans interconversion of Cp'M(CO),(PMe;)GeX4
(Cp' = CgHs, CsMe;; M = Mo, W) [21] no other solid-
state isomerization reactions of four-legged piano stool
complexes have been reported in the literature. Here
we report results of the thermal solid-state isomeriza-
tion reactions of (n>-CsH,Me)Mo(CO),(P(O'Pr),)l to
further explore the generality of the reaction.

2. Experimental section

(m>-CsH,Me)Mo(CO),l was prepared by the stan-
dard procedure [22]. Trimethylamine N-oxide dihy-
drate (Aldrich) was used as received. All reactions
were carried out using standard Schlenk techniques
under nitrogen. Solvents were dried by conventional
methods, distilled under nitrogen, and used immedi-
ately. Melting points were recorded on a Kofler hot
stage melting point apparatus. Solution infrared spec-
tra were measured on a Bruker Vector 22 FTIR spec-
trometer, in KBr cells. NMR spectra were measured
on a Bruker AC200 spectrometer operating at
200 MHz. DSC profiles were measured on a Du Pont

911 DSC instrument and TGA data were measured on
a Perkin Elmer Pyris 1. Powder X-ray diffraction data
were collected on a Phillips PW 1710 diffractometer
using a Cu tube anode. Microanalyses were carried
out at the CSIR, Pretoria, South Africa.

2.1. Preparation of cis- _
and trans-(n>-CH M €)M o(CO),(P(O'Pr),)l

The complex was prepared (70% total yield) by
adapting the method developed by Blumer et al. [11]
for the synthesis of the related unsubstituted com-
pounds. Isomer separation was achieved by dissolving
the crude material in CH,Cl,, followed by mixing with
a small quantity of silica gel. The yellow powder left
after removing the CH,Cl, was chromatographed on a
slica gel column (2x60cm) with a 110
CH,Cl,/hexane mixture. The isomer ratio and total
product yield (both isomers) of the new (n®
complexes obtained are summarized in Table1l. The
spectroscopic and analytical data of the molybdenum
complexes are given in Table 2.

2.2. Solid-state isomerization of cis- _
and trans-(n>-CH M €)M o(CO),(P(O'Pr),)l

2.2.1. Reactionsin NMR tubes

Reactions were carried out using 5-20 mg of the
isomers packed into sealed NMR tubes under nitrogen
and immersed in an oil bath at a pre-set temperature.
Care was taken to ensure that the reactant was fully

Table 1. Solid-state isomerization reactions of cis- and trans-(n5-CgH,Me)Mo(CO),(P(O'Pr);)l complexes.

Complex Yield DSC m.p. Reaction temperature (Trang/cis)

(%)2 (°C)P (°C)© and time equilibrium ratio (%)¢
cis-(n®-CsH,Me)Mo(CO),(P(O'Pr),)l 70 113%, 124°,135°" 122-124 90 °C, 100 min 70:30
trans-(n®-CsH,Me)Mo(CO),(P(O'Pr),)l 70 138*" 126-128 90 °C, 100 min 70:30

2|solated yield. ® Melting point determined by DSC (10 °C min): ex = exothermic. en = endothermic. € Melting point determined by melting

point apparatus. @ Determined by *H NMR spectroscopy.

Table 2. Spectroscopic and anaytical data for (n>-CsH,Me)Mo(CO),(P(O'Pr);)l complexes.

Compound Veo 1H NMR Analysis (%)
(cm™)? (ppm)°
Cp Me Ligand C H
1964  526(m, 1H);  2.16(s 3H) 4.58-4.68 (septet, 3H);

_ 1881 522 (m, 1H);
Cis-(M®-CsH,Me)Mo(CO),(P(O'Pr),)l

5.14-5.15 (d, 1H,

128133 (m, 18H) ~ cded 3606 4.99

Jun =2 H2);
SFE)FS') (m, 1H) found 35.98 4.81
_ 1966 5.14-5.16 (m, 225 (s, 3H)  4.54-4.68 (septet, 3H);  calcd 36.06 4.99
trans- (n°-CsH,Me)Mo(CO),(P(O'Pr),)l 1884 2H); 5.00-5.04 1.31-1.34(d, 18H)
(m, 2H) found  36.12 5.08

aRecorded in CH,Cl,. P Recorded in CDCl,, relative to TMS: s, singlet; d, doublet; m, multiplet.
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Fig. 1. *H NMR spectra of MeCpMo(CO),P(O'Pr),l after reaction
in the solid state at 90°C. Spectra of the cis isomer at (a)
t=0min, (b) t=100min. Spectra of the trans isomer at (c)
t=100 min, (d) t=0min.

covered by the oil. Temperatures between 80 and
100 °C were chosen and the reaction was monitored
a 20min intervals. The product was anayzed by
TLC, solution IR and *H NMR spectroscopy. Because
both isomers had similar red colors, the solid-state
isomerization reactions of the complexes could not be
monitored visually.

NMR spectroscopy was used to monitor the reac-
tion. An example of the NMR spectra obtained for the
cis and trans isomers and the equilibrium mixtures
(from solid state reactions) of the isomers are shown
in Fig. 1 and the intensity data as a function of time
(Me resonance) plotted in Fig. 2.

2.2.2. Reactions monitored by DSC

The isomers (2-4 mg) were loaded into an alumi-
num pan and the amorphous reactant and pan were
heated under nitrogen in the DSC apparatus. The trans
isomer (scan rate, 10 °C min™t) gave a sharp endother-
mic (melting) peak at 138 °C (Figs. 3 and 4), while
the cis isomer gave more complex behavior (Figs. 3
and 5); this will be discussed below.

To further explore the DSC data the cis and trans
isomers were heated to 70-90 °C (1 h) in an oil bath,
cooled to room temperature and the DSC profiles
recorded (Fig. 3). NMR spectra were recorded on the
samples after the DSC reactions.
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70 . A ¢js —» trans (90 °C)
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Fig. 2. Therma solid-state isomerization reactions of

MeCpMo(CO),P(O'Pr)l.

d trans heated at 80 °C (1 hr)
c cis heated at 80 °C (1 hr)

b trans - no heating

a cis - no heating

W

0 40 80 120 160 200
Temperature/ C

Fig. 3. DSC profiles of MeCpMo(CO),P(O'Pr),l: (a) cis isomer, (b)

trans isomer, (c) cis isomer after pre-heating to 80 °C for 1h, (d)

trans isomer after pre-heating to 80 °C for 1 h.

The DSC profiles obtained at different heating rates
were also recorded (Figs. 4 and 5) and are discussed
below.

2.2.3. Reactions monitored by powder XRD measurements

Samples (40 mg) of (n°-CsH,Me)Mo(CO),(P(O'PY),)l
(either isomer) were packed into NMR tubes and
completely immersed in an oil bath set at 90 °C. The
samples were removed from the tubes after 20 min
intervals. Powder diffraction data were then obtained
by spreading all of the fine amorphous material,
mixed with silicone grease, onto a silicon disc. After
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Fig. 4. DSC profiles as a function of scanning rate (°C min™):
trans-MeCpMo(CO),P(O'Pr),l (scanning rates indicated in the fig-

ure).
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Fig. 5. DSC profiles as a function of scanning rate (°C min2):
cis-MeCpMo(CO),P(O'Pr),l (scanning rates indicated in the figure).

data collection the samples were removed from the
sample holder, together with the grease and loaded
into NMR tubes for analysis. Powder diffraction data
for the cis and trans isomers as a function of time are
shown in Figs. 6 and 7, whereas a comparison of the
data at times t=0 and 100 min, for both isomers, is
highlighted in Fig. 8.
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Fig. 6. Powder XRD patterns of cissMeCpMo(CO),P(O'Pr),l
(heated at 90 °C); (a) 0 min, (b) 20 min, (c) 40 min, (d) 60 min, (€)
80 min, (f) 100 min.
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Fig. 7. Powder XRD patterns of trans-MeCpMo(CO),P(O'Pr),l
(heated at 90 °C); (a) 0 min, (b) 20 min, (c) 40 min, (d) 60 min, (€)
80 min, (f) 200 min.

3. Results and discussion

3.1. Preparation of cis- _
and trans-(n>-C;H M €)M o(CO),(P(O'Pr),)l

Cis and trans-(n®>CsH,Me)Mo(CO),(P(O'Pr),)l
were prepared in good yield (70%) by reaction of
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Fig. 8. Powder XRD patterns of MeCpMo(CO),P(O'Pr),l at 90 °C.

Spectra of the trans isomer at (a) t=0min, (b) t =100 min. Spectra
of the cis isomer at (c) t =100 min, (d) t=0min.

(n°-CsH,Me)Mo(CO),l with a five-fold excess of
P(O'Pr); and trimethylamine N-oxide in dichlo-
romethane at room temperature [11,13]. The reaction
proceeded slowly to completion if only a stoichiomet-
ric amount of ligand or trimethylamine N-oxide was
used. The separation of the cis and trans isomers was
achieved by silica gel column chromatography. The
isomers were stable at room temperature in the solid
state and had good solubility in organic solvents,
including hexane.

The assignments of the cis and trans isomers of
(n°-CsH,Me)Mo(CO),(P(O'Pr),)l (Table 2) were based
on well-established infrared and proton NMR criteria
[15,16,20]. The NMR spectrum of the cis isomer
shows four complex non-equivalent resonances
between 5-5.5ppm corresponding to the four non-
equivalent protons on the cyclopentadienyl ring. The
trans isomer shows the expected two resonances for
the four ring protons [18]. At equilibrium (90 °C,
100 min) the ratio of the two isomers can readily be
determined (30:70, cis/trans) from the intensity of the
resonances associated with the ring Me groups situ-
ated at about 2.3 ppm. This data has been re-plotted
in Fig. 2 and it can be seen that the same equilibrium
isomer ratio is obtained starting from either isomer.
Data for the reaction performed at 80°C are aso
shown in Fig. 1.

Decomposition was observed after 150 min reaction.
It is pertinent to note that at 70 °C little isomerization
was noted (60 min, < 5%) and also that the complexes

decomposed rapidly at temperatures above 100 °C, as
confirmed by both NMR spectra and TGA analyses.

3.2. Solution state isomerization of cis- and trans-
(n®-CsH M e)Mo(CO),(P(O'Pr),)I

The cis- and trans-(n°-C5H,Me)Mo(CO),(P(O'Pr),)!
isomers studied are stable in solution (e.g. CHCls,
benzene) at room temperature for a period of hours.
However, when either isomer is refluxed in benzene
they quickly isomerized (<2h) to a thermodynamic
equilibrium of isomers ([cis)/[trans] ratio, 70:30). This
result shows that the solution state isomerization is
bidirectional. Similar equilibrium studies on (n®°-
CsHz)MO(CO),(L)X (L = PPhg, PBug; X =Br, 1) [15]
and (n°>-C;H,RM(CO),(L)I (R=Me, tBu, SiMe;
L =isonitrile, phosphine, phosphite) [12] in refluxing
benzene have also been reported.

3.3. Solid state isomerization of cis- and trans-
(n®-CsH,Me)Mo(CO),((O'Pr),)l

Both cis and trans isomers were tested for solid-
state isomerization behavior (Table1). It was found
that the thermal solid-state isomerization reaction is
also hidirectional — with an equilibrium ratio estab-
lished from either isomer (equilibrium ratio:
[cig]/[trans] = 30:70). This ratio differs from the solu-
tion (benzene) data, thus revealing phase-dependent
isomerization isomer ratios.

The k values for the reaction were calculated
assuming first order kinetics and the Arrhenius plot
yielded an activation energy for the
reaction = 68 + 10 kJmol=2. This is to be compared to
the value of 100+ 9kJmol™, found for the (n°-
CsH,Me)Re(CO)(P(OPh);Br, complex [23].

XRD data for the conversion of the cis to the trans
isomer of (1°>-CgH,Me)Mo(CO),(P(O'Pr)5)l (90 °C)
were recorded and reveal dramatic changes in the
peak positiong/intensities as a function of time
(Fig. 6). Particular peaks associated with the cis iso-
mer are reduced in intensity, while new peaks grow
(eg. a 11° and 13°, see §2.2). The XRD data for the
trans isomer were also monitored as a function of
time and spectra showing the changes in peak
intensity/position are shown in Fig. 7. Two key obser-
vations from the figures are (i) the XRD patterns after
100 min reaction are identica in the two spectra
(Figs. 6 and 7) and (ii) the XRD pattern of the origi-
nal cis and trans isomers are no longer present. This
is more clearly seen in Fig. 8.

NMR spectra of al the above samples were
recorded after the XRD experiment by solution NMR
spectroscopy and the data indicated that both the cis
and the trans isomers were present in the samples
(similar NMR results were also obtained from the
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solid state reaction performed in NMR tubes, see
above). The implication from the XRD and NMR data
is that the cis isomer has either converted to a new
cis (and trans) polymorph [24] or to a new crysta
form in the solid-state reaction. Heating of the trans
isomer also yields similar changes (see Figs. 7 and 8).
This contrasts with an earlier study on (n°-
CH,MeRe(CO)(L)Br, (L=CO, CNCgHsMe,,
P(OR);, PPhg) complexes [18-20], in which the
isomerization reaction was unidirectional and no poly-
morphs or new crystal forms could be detected.

A DSC study was carried out to obtain further
information on the reaction and data are shown in
Figs. 3-5.

Trans isomer (Figs.3 and 5). An initia interpreta-
tion of the DSC profile recorded at 10°C min?
(Fig. 3b) would suggest that the pure trans isomer
melts at 138 °C. However, the NMR spectrum of the
material recorded after DSC experiments were termi-
nated (between 120 and 140 °C), reveals that in al
cases the material comprises of a 30:70 cis/trans mix-
ture (some decomposition was aso noted in the NMR
spectrum when the reaction was performed at the
higher temperatures). The NMR data imply that
isomerization has taken place in the solid state even
though no exotherm is to be seen in the DSC profile!
Samples were also preheated to 80°C for 1 h in an
NMR tube and the DSC profile (Fig. 3d) and NMR
spectra then recorded. The NMR spectra revealed a
30:70 cisltrans isomer ratio and the DSC profile
revedled that the endotherm had moved to a lower
temperature suggestive of the presence of a mixture.

The above data (together with the XRD data) are
entirely consistent with an isomerization occurring
between 80 and 100 °C, but the event is not reflected
in the DSC profiles.

DSC profiles were aso measured as a function of
heating rate (Fig. 4). At low heating rates of 1 °C (and
5°Cmin ), more complex behavior is detected with
the endotherm (melting point) situated on top of an
exotherm. A TGA profile recorded at 1 °C min™ (not
shown) indicates 50% mass loss that commences at
about 100 °C, indicating that the endotherm is due to
a decomposition reaction. At heating rates of
10°C min and above, only the melting point of the
mixed isomer mixture and a decomposition endotherm
(T>140°C) is to be seen.

Cis isomer (Figs. 3 and 5). The DSC profile of the
cis isomer (at a heating rate of 10°C min) shows
complex behavior. Of note is the endotherm at 135 °C
which is similar to that observed for the trans isomer.
Also of note are the exotherms to be seen at 113 and
124 °C.

Samples of the cis isomer were heated at 80 °C for
1 h and analyzed: (i) solution NMR spectra of a
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sample indicated that it was comprised of a mixture
of cig/trans isomers (ratio: 30:70) and (ii) a DSC pro-
file revealed that most of the peaks below 130 °C had
been eliminated (compare Fig.3a and Fig.3c) and
only a single endotherm similar to that observed for
the trans isomer (Fig. 3d) was to be seen.

DSC data were recorded on the cis isomer as a
function of DSC heating rate. At 1°C min the pro-
file is similar to that recorded for the trans isomer
(exotherm superimposed on an endotherm), again sug-
gesting that the isomerization is bi-directional and not
detected in the DSC profiles. Interestingly, the DSC
profiles at 15 and 20 °C min~! show a complex behav-
ior that arises from 70% of the cis isomer having to
isomerize, in a cis matrix, to the trans isomer.

At a heating rate of 20 °C min™?, two exotherms are
to be seen. It can be speculated that at this heating
rate that the first melting point (endotherm) relates to
the cis (or cis-rich) isomer.

In conclusion, al the data are consistent with a
bi-directional cis-trans isomerization occurring in the
solid state between 70 and 100 °C, followed by prod-
uct decomposition.

Mechanism. We have reported on the solid-state
behavior of over 20 rhenium piano stool complexes
[18-20]. The data suggests, in contrast to the solution
phase studies, that an understanding of the isomeriza-
tion mechanism must entail an understanding of the
intramolecular forces at play in the solid state. The
intermolecular forces that override the intramolecular
forces, which dominate in the solution phase, could be
both steric (phase rebuilding [25], topotatic [26]) and
electronic, in nature. Thus, an understanding of the
reaction will only be possible from the knowledge of
solid-state packing information [27], and crystal struc-
ture studies are presently underway to explore this
reaction in more detail.

We recently proposed that the isomerization of (n°-
CsH,R)Re(CO)(L)X, complexes involved only one
polymorph/crystal form in the reaction [20]. The XRD
data recorded on the Mo complex suggests that a new
crystal form/polymorph has been formed in the reac-
tion, prior to product decomposition. These possibili-
ties are shown in Fig. 9. In this figure, we have indi-
cated that while a separate mixture of cis and trans
isomers is possible, the isomers would have to be
polymorphs.

If indeed polymorphs are generated, these could
relate to the different orientations of the phosphite
ligand. In previous studies we have shown that phos-
phite groups can show different arrangements of the
OR groups in the solid state and that these arrange-
ments for P(OMe); and P(OEt); can be influenced by
intermolecular interactions [28,29]. Presently there are
insufficient structures containing the P(O'Pr); ligand
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Fig. 9. Cartoon showing possible routes for the isomerization reaction in the solid state.

available to propose the specific arrangements of the
O'Pr groups that could give rise to the different poly-
morphs that may have been formed in this study.

Whereas the melting point data for the Re com-
plexes alowed for prediction of the direction of the
isomerization reaction, the use of this measurement is
not as obvious for the Mo complexes. Thus, the melt-
ing point measured on a Kofler melting point appara-
tus (10 °C min™) indicates that the trans isomer has a
marginally higher melting point than the cis isomer
(Table 1). The DSC ‘melting point’ data reveal a more
complex issue. This arises since the Mo complex
isomerizes from both directions on heating and the
endotherms measured (Table1) refer to the melting
points of the equilibrium isomer mixtures. Our data
suggests that many melting point measurements that
have previously been described for this class of orga-
nometallic complexes (and other complexes in gen-
era?) may in actual fact relate to the melting points
of an isomer mixture.

Neither isomer is more stable than the other in the
solid-state environment. The stable environment is the
environment in which an approx 30:70 ratio of
cigtrans isomers is formed in the solid state for this
complex. The solution (refluxing benzene) isomer
ratio involving a dynamic equilibrium is quite differ-

ent to that found in the solid-state. It is not clear as to
whether the solid-state data refer to a dynamic equi-
librium at the high temperature, or whether this is a
static equilibrium determined by the most stable
arrangement of isomers in the solid mixture.

4. Conclusions

Unlike the rhenium complexes (n°-CsH,R)Re(CO)
(L)X, the molybdenum complex (n°>-CsH,Me)Mo(CO),
(P(O'Pr)z)l undergoes a bidirectional thermal solid-
state isomerization reaction. Both the DSC and XRD
powder data are consistent with this view. Two key
findings from this study are:

— DSC data aone do not allow for identification of
cigltrans isomer reactions;
— melting point data recorded on complexes that can
undergo isomerization reactions in the solid state may
relate to isomer mixtures.

Our results further suggest that thermal solid-state
cis-trans isomerization reactions should be a common
reaction type for cyclopentadienyl four-legged piano
stool transition metal complexes and for many other
complexes with geometries that permit for cis/trans
isomers.
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