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Reactions of Rh2(CO)4Cl2 with 1,5-cyclooctadiene (COD) and tetramethylallene (TMA) were performed
separately in anhydrous hexane under argon atmosphere. Multiple perturbations of Rh2(CO)4Cl2, COD
and TMA were also performed during the reactions. These two reactions were monitored by in-situ FTIR
(FIR and MIR) and/or Raman spectroscopies and the collected spectra were further analyzed with BTEM
family of algorithms. DFT calculations were performed to identify the organometallic species present. The
known diene complex Rh2(CO)2Cl2(h4-C8H12) and a new allene complex Rh2(CO)3Cl2(h2-C7H12) were
formed as the two primary organo-rhodium products. Their pure component spectra were reconstructed
in the three characteristic regions of 200e680, 800e1360, and 1500e2200 cm�1. Their relative
concentrations were also obtained by the least square fitting of the carbonyl region 1500-2200 cm�1. The
present contribution shows the usefulness of combining in-situ spectroscopic measurements, BTEM
analysis and DFT spectral prediction in order to analyze organometallic reactions at high dilution and
identify the reaction products.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The coordination chemistry of Rh2(CO)4Cl2 with simple ligands
(L) has been the subject of a number of investigations. Ligands such
as ethylene and phosphine can react with Rh2(CO)4Cl2 to form
substituted dinuclear complexes Rh2(CO)4-mCl2Lm (m ¼ 1e4) as
well as mononuclear complexes Rh(CO)3-nClLn, (n ¼ 1e3) [1,2]. A
cis-mononuclear complex Rh(CO)2Cl(py) was formed when pyri-
dine(py) was used [3].

The dinuclear complex Rh2(CO)2Cl2(COD) is usually prepared
from the reaction of (1) Rh2(CO)4Cl2 with 1,5-cyclooctadiene
directly [4]; or (2) Rh2Cl2(COD)2 with Rh2(CO)4Cl2 (1:1 molar ratio)
in toluene [2]. Its crystal structure has been reported by Smith et al.
in 2001 [5]. The structure consists of two dichloro-bridged rhodium
atoms. The inter-conversion of Rh2(CO)4Cl2, Rh2(CO)2Cl2(COD) and
Rh2Cl2(COD)2 can be described as shown in Scheme 1.

Reactions of sterically hindered tetramethylallene (TMA) with
transition metal complexes have also been studied. In 1967, Pettit
and Ben-Shoshan described the reaction of TMAwith Fe2(CO)9 upon
ao), marc_garland@ices.a-star.

All rights reserved.
heating to form Fe(CO)4(h2-C7H12) as well as the intramolecular
rearrangement to forma diene complex Fe(CO)3(h4-C7H12) [6]. Later
on, the molecular structures of (C5H7O2)Rh(h2-C7H12)2 and [Cl2Pt-
(C7H12)]2∙2CCl4weredeterminedbysingle-crystal XRD [7,8]. Inmost
cases, the tetramethylallene ligand coordinates to the metal center
in amanner similar to h2-bondedmono-olefin [6e10].With respect
to the coordination chemistry of TMA with the precursor
Rh2(CO)4Cl2, no detailed studies have been reported so far.

In-situ vibrational spectroscopies have been successfully used in
combination with band-target entropy minimization (BTEM)
spectral analysis and density functional (DFT) calculations to better
understand the detailed chemistry of many organometallic and
homogeneous catalyzed reactions, particular those involving
rhodium carbonyl complexes [11,12]. BTEM [13,14] is essentially
a self modeling curve resolution (SMCR) approach to obtain the
pure component spectra of species without any a priori informa-
tion. The algorithm searches for the simplest underlying patterns in
a data set regardless of its origin. The simplest patterns are usually
those which possess the lowest signal entropy.
Rh2(CO)4Cl2 Rh2(CO)2Cl2(COD) Rh2Cl2(COD)2
COCO

COD COD

Scheme 1. The inter-conversion of Rh2(CO)4Cl2, Rh2(CO)2Cl2(COD) and Rh2Cl2(COD)2.
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Fig. 1. DFT predicted spectra of the precursor Rh2(CO)4Cl2 and its corresponding references in the regions of 200e650 (FIR, RheCl, RheC vibrations), 1500e2200 (MIR), and
1600e2200 (Raman) cm�1. Top: References (a,c: BTEM estimates; b, Experimental reference); Bottom: DFT predicted spectra.
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Fig. 2. BTEM estimates and DFT predicted spectra of the complex Rh2(CO)2Cl2(h4-C8H12) in the IR regions of 200e680, 800e1360, and 1500e2200 cm�1. Top: BTEM estimates;
Bottom: DFT predicted spectra.
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Fig. 3. The optimized geometry of Rh2(CO)2Cl2(h4-C8H12).
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Fig. 5. Relative concentration profiles for the organometallic species present in the
system. (a) Rh2(CO)2Cl2(h4-C8H12); (b) Rh2(CO)4Cl2; (c) the minor species 2. Five
perturbations performed: region 1 involved the addition of 152.3 mg Rh2(CO)4Cl2;
regions 2e4 involved the injection of 250 mL COD stock solution (20 mL COD dissolved
in 1 ml hexane) each; and region 5 involved the injection of 300 mL COD.
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In the present contribution, both FIR and low wavenumber MIR
measurements were used, in addition to MIR and Raman in the
carbonyl range, in order to better understand the coordination
chemistry of COD and TMAwith Rh2(CO)4Cl2. The BTEM analysis of
the data provided spectral estimates of five carbonyl complexes,
namely, the precursor Rh2(CO)4Cl2, one known complex
Rh2(CO)2Cl2(h4-C8H14), one new complex Rh2(CO)3Cl2(h2-C7H12)
and 2 minor and presently un-assigned species. DFT calculations
allowed the assignment for the newcomplex Rh2(CO)3Cl2(h2-C7H12)
without the separation or purification of the species from the
solution.

2. Experimental

2.1. General information

All solution preparations and transfers were performed with
Schlenk techniques [15] under argon (99.999%, Soxal, Singapore).
The solvent hexane (99.6%þ, Fluka) was refluxed for ca. 5 h over
sodium-potassium alloy under argon. Rhodium carbonyl chloride
(99%, Strem), 1,5-cyclooctadiene (99%, SigmaeAldrich) and TMA
(97%, SigmaeAldrich) were used as received.

2.2. Equipment setup and in-situ spectroscopic measurements

A Bruker FTIR spectrometer (Vertex 70) with deuterated tri-
glycine sulfate (DTGS) detector was used. Spectral resolution was
2 cm�1 for the MIR region of 400e5000 cm�1. Spectral resolution
was 4 cm�1 for the FIR region of 30e700 cm�1 and a cell with
diamond windows was used for these measurements. Purified
compressed air was used to purge the FTIR spectrometer system.
In-situ Raman spectra in the region of 100e2400 cm�1 were
recorded with a dispersive-type Raman microscope (InVia Reflex
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Fig. 4. BTEM estimate of the minor species (species 2) in the region of
1500e2200 cm�1.
Renishaw, UK). The laser source used was a 785 nm near-infrared
diode laser with 100% power (ca. 100 mW on the sample) and an
exposure time of ca. 30 s. The in-situ spectroscopic measurements
were performed at room temperature (ca. 24 �C).

The general experimental system has been reported elsewhere
[11,12]. The reaction of COD/TMA with rhodium carbonyl chloride
was performed under argon with multiple perturbations. Reaction
was initiated by the injection of a certain amount of COD/TMA
solution through the rubber septum. At pre-determined times,
various perturbations of COD/TMA solution and rhodium carbonyl
chloride solution were performed. It is well documented that
multiple perturbation experiments greatly improve the quality of
spectral reconstructions via BTEM.

2.3. Spectral reconstruction via BTEM family of algorithms

The original band-target entropy minimization algorithm has
been extensively used to reconstruct the pure component spectra
from various spectral data. Recently, multi-reconstruction entropy
minimization (MREM) [16] was developed in order to first survey
the underlying spectral patterns. Subsequently, based on these
initial local spectral estimates via MREM, the pure component
spectral estimates can be further refined using either BTEM or
tBTEM [17]. In the present study, a combination of MREM and
BTEM/tBTEM were used.

2.4. Density functional calculations

Gaussian 03 [18] was used for all the calculations in this study.
The geometric optimizations were performed using PBEPBE
density function with DGDZVP basis set plus solvent effect of
heptane and the FIR/MIR/Raman vibrational frequencies were
calculated afterwards. The appropriateness of this density func-
tion and basis set as a predictive tool for the terminal and
bridged C]O vibrations of rhodium carbonyl chloride complexes
was verified with the precursor Rh2(CO)4Cl2. The FIR
(200e650 cm�1) and Raman BTEM estimates (1600e2200 cm�1),
MIR experimental reference (1500e2200 cm�1) as well as the
DFT predicted spectral estimates for the precursor are plotted in
Fig. 1. These DFT predicted FTIR and Raman spectra were
normalized after they were exported through GaussView 3.0.9
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Fig. 6. BTEM estimates and DFT predicted spectra of the complex Rh2(CO)3Cl2(h2-C7H12) in the regions of 200e650, 800e1300, and 1500e2200 cm�1. Top: BTEM estimates;
Bottom: DFT predicted spectra.
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and cut into the three corresponding regions. The optimized
geometry and the DFT predicted vibrational wavenumbers were
consistent with the available experimental references [19,20].
The predicted four equivalent bond lengths of RheCl in
Rh2(CO)4Cl2 are 2.45 Å and this can be compared to the experi-
mental value of 2.384 Å from the crystal structure. The distance
between the two Rh atoms is 3.18 Å for the DFT predicted
structure while the distance is 3.138Å for the crystal structure.
The Rh2Cl2 core is obviously non-planar, the predicted dihedral
angle about the Cl/Cl hinge is ca. 121� while it is ca. 128.6� in the
crystal.

In general, the DFT calculations tend to underestimate the
vibrational wavenumbers by ca. 0e2% for the CeH, CeC and C]O,
ca. 1e7% for the RheC and ca. 10% for RheCl. Therefore, it appears
Fig. 7. The optimized geometry of Rh2(CO)3Cl2(h2-C7H12).
that the present density functional method can be used as
a predictive tool in this study.

The assignment of the species observed in this study was made
based on consistency between the DFT predicted spectra and the
BTEM spectral estimates as well as the consideration of the
potential solution chemistry.
3. Results and discussion

3.1. Coordination chemistry of Rh2(CO)4Cl2 with 1,5-cyclooctadiene
(COD)

The experimental spectra from the reaction of Rh2(CO)4Cl2 with
1,5-cyclooctadiene (COD) were cut into three regions, namely
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Fig. 8. BTEM estimate of the minor species 3 in the region of 1500e2200 cm�1.
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200e680, 800e1360, and 1500e2200 cm�1, and further processed
with the BTEM family of algorithms. The FIR/MIR BTEM estimates of
Rh2(CO)2Cl2(h4-C8H14) in three regions as well as their corre-
sponding DFT predicted spectra are shown in Fig. 2. It can be seen
from this figure that the DFT predicted and the BTEM estimated
wavenumbers show a systematic deviation of 0e2% in the MIR
region and ca. 1e10% in the FIR region. Therefore the DFT predicted
spectra are fairly consistent with the BTEM estimates in the three
regions.

The optimized geometry of Rh2(CO)2Cl2(h4-C8H14) is plotted in
Fig. 3. The structure consists of two square-planar Rh atoms bridged
by two Cl atoms. The distance between two Rh atoms is 3.11 Å for
the DFT predicted structure while the distance for the crystal
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Fig. 10. Raman BTEM estimates of Rh2(CO)4Cl2 and Rh2(CO)3Cl2(h2-C7H12) and their correspo
Rh2(CO)3Cl2(h2-C7H12).
structure is 3.284 Å. The Rh2Cl2 core is obviously non-planar, the
dihedral angle about the Cl/Cl hinge is ca. 121� while the dihedral
angle for the crystal structure is ca. 139.6�. Accordingly, the bond
lengths and angles predicted by DFT are similar, but not exactly
equal to the experimentally determined solid state structure.

In addition, one other pure component spectrum (species 2,
Fig. 4) with maxima at 2016, 2054, 2061, 2086 cm�1 was obtained
from BTEM analysis. The signal contribution of this pure compo-
nent spectrum is low and accordingly, the BTEM estimate corre-
sponds to aminor species in the system. The band pattern shown in
Fig. 4 suggests that species may be a dinuclear with low symmetry
and 4 carbonyl groups.

The BTEM estimates of Rh2(CO)2Cl2(h4-C8H12) and species 2 as
well as the experimental references of cell plus hexane and
Rh2(CO)4Cl2 were used in the least squares fit of the reactions
spectra obtained in the region 1500e2200 cm�1. The calculated
relative concentrations are plotted in Fig. 5. Almost 100% signal
recoverywas obtained. It can be seen from this figure that at the end
of the reaction there was ca. 18% of Rh2(CO)4Cl2 left in the reaction
system. Therefore Rh2(CO)2Cl2(h4-C8H12) was the predominant
species during the whole reaction time.
3.2. Coordination chemistry of Rh2(CO)4Cl2 with tetramethylallene
(TMA)

The experimental spectra from the reaction of Rh2(CO)4Cl2 with
TMAwere cut into three regions, namely 200e650, 800e1300, and
1500e2200 cm�1, then further processed with the BTEM family of
algorithms. The FIR/MIR BTEM estimates of the new complex as
well as the DFT predicted spectra of Rh2(CO)3Cl2(h2-C7H12) are
shown in Fig. 6. It can be seen from this figure that the DFT pre-
dicted wavenumbers and the BTEM estimated wavenumbers show
a systematic deviation of 0e2% in the MIR region and ca. 1e10% in
the FIR region. Therefore, there is considerable consistency
between the BTEM spectral estimates and the DFT predicted
spectra in the MIR, as well as reasonable consistency in the FIR.
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Similar differences between the BTEM estimated spectra and the
DFT predicted spectra of Rh2(CO)2Cl2(h4-C8H12) were observed.

The optimized geometry of Rh2(CO)3Cl2(h2-C7H12) is plotted in
Fig. 7. The structure consists of two square-planar Rh atoms bridged
by two Cl atoms. The predicted bond lengths and angles of rhodium
2 are similar to those predicted in the Rh2(CO)4Cl2. The bond length
of Rh2eCl1 is 2.44 Å and the bond length of Rh2eCl2 is 2.44 Å. The
Rh2Cl2 core is obviously non-planar, the dihedral angle about the
Cl/Cl hinge is ca. 121� which is same as that of Rh2(CO)4Cl2.

In addition, one other pure component spectrum (species 3,
Fig. 8) with maxima at 2023 cm�1 was obtained from the BTEM
analysis. The signal contribution of this pure component spectrum
is low and accordingly, the BTEM estimate corresponds to a minor
species in the system.

A combination of BTEM estimates of Rh2(CO)3Cl2(h2-C7H12) and
species 3 and experimental reference of cell plus hexane and
Rh2(CO)4Cl2 were used in the least squares fit of the reaction
spectra obtained in the carbonyl region. The calculated relative
concentrations are plotted in Fig. 9. During the 3rd perturbation,
ca. 72.3 mg of Rh2(CO)4Cl2 was added and a rapid increase of the
concentrations of Rh2(CO)4Cl2 and Rh2(CO)3Cl2(h2-C7H12) was
observed afterwards. Almost 100% signal recovery was obtained.
This figure confirms that Rh2(CO)4Cl2 and Rh2(CO)3Cl2(h2-C7H12)
were the major species present during reaction.

In addition, in-situ Raman spectroscopic measurement was also
performed for this reaction. The obtained spectra were visually
inspected and the region of 1600e2200 cm�1 was selected for the
further BTEM analysis. The Raman BTEM estimates of Rh2(CO)4Cl2
and Rh2(CO)3Cl2(h2-C7H12) in the region of 1600e2200 cm�1 are
plotted in Fig. 10(a & b). Their corresponding relative concentra-
tions are also plotted in Fig. 10(c & d). It can be seen from this figure
that the concentrations of Rh2(CO)3Cl2(h2-C7H12) increase gradu-
ally with time.

4. Discussion

In-situ FTIR and Raman measurements were combined with
signal processing and DFTcalculations in order to better understand
the reactions of Rh2(CO)4Cl2 with COD and TMA. The major species
formed were a known diene complex Rh2(CO)2Cl2(h4-C8H12) and
anewallene complexRh2(CO)3Cl2(h2-C7H12). The assignmentswere
made based on consistency between the DFT predicted spectra and
the BTEM estimates, as well as consideration of the potential coor-
dination chemistry.

One minor species, species 2, was reconstructed during the
reaction of 1,5-COD with Rh2(CO)4Cl2. It has four maxima at ca.
2016, 2054, 2061, 2086 cm-1 in the carbonyl region. The other
minor species with amaximum at ca. 2023 cm�1 was reconstructed
during the reaction of TMA with Rh2(CO)4Cl2. The two BTEM esti-
mates are not consistent with the impurities Fe(CO)5, Ni(CO)4, and
Mo(CO)6 which have sometimes been detected in our other in-situ
spectroscopic studies [21]. Due to the low concentrations of these
two minor species, their FIR and low wavenumber MIR spectra
could not be obtained and therefore their identification is not
presently possible. These two species might be associated with:
(1) species arising from reactions with impurities in the reaction
system or (2) side reactions not considered in this study.

Differences were observed between the DFT predicted
frequencies and the BTEM estimates for all three major organo-
metallic species. Smaller deviations of 0e2% were observed in the
carbonyl and low wavenumber MIR region and larger deviations of
1e10% were observed for the RheCl and RheC vibrations. Devia-
tions were also observed between the DFT predicted bond lengths
and the experimental value for RheCl and RheRh. This difference
may be due to the difficulties in accurately modeling the electron
density associated with the RheCl, RheRh and RheC bonds.
Indeed, even the accurate prediction of the vibrational frequency
and bond length associated with CeCl in organic molecules can
pose difficulties.

In-situ NMR and vibrational studies are the clearly preferred
approaches to identify intermediates in organometallic chemistry
and homogeneous catalysis [22]. The primary advantage of NMR is
that very detailed structural information can be readily obtained.
The primary advantage of vibrational spectroscopies is that parts-
per-million detectability is entirely realistic. But less information
about the detailed structure is usually available.

Some recent signal processing advances including the devel-
opment of BTEM family of algorithms enables the spectral recon-
struction of the species at parts-per-million concentration level or
less [14,15]. Very good signal-to-noise spectral reconstructions can
be obtained for most of species present, i.e., those that are
responsible for more than ca. 0.1% of the total measured spectro-
scopic signals. At this level of signal intensity, the pure component
spectra can be reliably mapped back onto the original data in order
to obtain relative and even absolute concentrations. This is the case
occurred in this study.

5. Conclusion

A combination of in-situ FTIR/Raman spectroscopic measure-
ments, BTEM deconvolution and DFT calculations were successfully
used to study the reactions of Rh2(CO)4Cl2 with COD and TMA. One
known diene complex Rh2(CO)2Cl2(h4-C8H12) and one new allene
complex Rh2(CO)3Cl2(h2-C7H12)were formed as the primary species
respectively. Thepure component spectra of these two species in the
FIR (200e680 cm�1) and MIR (800e1360 and 1500e2200 cm�1)
regions were successfully obtained with the application of BTEM
family of algorithms andwithout the separation or purification from
the solution. This study demonstrate that with the combination of
in-situ spectroscopic study, BTEM algorithm and DFT calculations,
some of the diverse and complex coordination chemistries that can
occur between Rh2(CO)4Cl2 and diene/allene can be addressed.
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