
 
 
 
 
 
 
 
 

ABSTRACT 
 

Decarbonylation, Reductive Electrochemistry and X-ray Crystal Structures of  
Some Rhodium Diphosphine Acyl Complexes 

 
Basu Dev Panthi, M.Sc. 

 
Mentor: Stephen L. Gipson, Ph.D. 

 
 

Acyl complexes of rhodium(III) with chelating diphosphine ligands (P-P = 1,3-

bis(diphenylphosphino)propane and others) are well known for their stability toward 

decarbonylation.  Various rhodium diphosphine acyl complexes were synthesized and 

characterized by IR, NMR (1H, 19F, and 31P), cyclic voltammetry, elemental analysis and 

X-ray crystallography.  The chemical and electrochemical reduction of the rhodium 

diphosphine acyl complexes Rh(P-P)(COR)I2 involves a net two-electron transfer 

yielding Rh(P-P)(CO)I, alkyl anion and iodide.  The mechanism involves an initial 

one-electron transfer followed by the liberation of one of the iodides.  Then a second 

electron transfer with the migration of alkyl group takes place yielding the 18-electron 

complex [Rh(P-P)(CO)(R)I]-.  This 18-electron complex loses the alkyl group as the 

anion, producing Rh(P-P)(CO)I as the final product. 

We observed a difference in thermal stability between the acetyl and 

trifluoroacetyl complexes.  Others have found that the acetyl complex is very stable in 

terms of alkyl migration while the monodentate phosphine analog of this complex 



undergo alkyl migration followed by the loss of alkyl halide.  We discovered that when 

the acetyl group is replaced by a trifluoroacetyl group the resulting complex is unstable in 

terms of alkyl migration.  It slowly changes from the acyl complex to the alkyl complex 

in solution at room temperature.  If the resulting solution is allowed to stand for a long 

period of time, ca. 20 days or more, it gives the decarbonylated product Rh(P-P)(CF3)I2.  

When the trifluoroacetyl group is replaced by a difluoroacetyl group the complex does 

not undergo alkyl migration while replacing it with a chlorodifluoroacetyl group 

increases the rate of alkyl migration.  The pentafluoropropionyl complex also undergoes 

alkyl migration. 

X-ray crystal structures of 19 rhodium diphosphine complexes were measured and 

their geometric parameters are compared with related structures.  All five-coordinate 

complexes have square pyramidal geometries with the acyl group occupying the apical 

position.   
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CHAPTER ONE 
 

Introduction 
 
 

I.  Organometallic Chemistry 

Organometallic chemistry is the study of chemical compounds containing bonds 

between carbon and a metal.1,2  Nowadays, metal complexes with ligands such as 

phosphines, hydrides or amines are also accepted as organometallics.3  More generally, 

organometallic chemistry concerns the transformations of organic compounds using 

metals from main groups, transition series, actinides and lanthanides.  It combines aspects 

of inorganic chemistry and organic chemistry.  Organometallic chemistry covers a wide 

variety of chemical compounds containing both sigma (σ) and pi (π) bonds between 

metal atoms and carbon, sandwich complexes where the metal is sandwiched between 

organic ligands, many cluster compounds containing one or more metal-metal bonds, and 

molecules of unusual structure types which may be unknown in organic chemistry.  

Among all organometallic compounds, transition metal organometallic compounds have 

received the widest attention because of their unusual reactivity, unique structures, 

tunable oxidation states and applications in catalysis. 

 
II.  Transition Metal Organometallic Chemistry and Its Importance 

Transition metal organometallic chemistry is a rapidly growing area of research4 

due to its diverse applications.  Organometallic chemistry involving transition metals 

significantly impacts diverse areas of science in both academic and industrial settings.  

Today the field plays a pivotal role in the development of new technologies.  Some recent 
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advances and promising areas of current research include catalysis (asymmetric catalysis, 

polymerization catalysis, olefin metathesis catalysis), organic synthesis (pharmaceuticals, 

fuels, industrial feed stocks), theoretical studies, mechanistic studies, unconventional 

media, new materials ranging from novel polymers to nanomaterials, and 

bioorganometallic chemistry.5,6  Organometallic chemistry has contributed much to the 

vitality of chemical science from its development to now and it will be very valuable to 

every chemist to develop a fundamental understanding of it.  The importance of 

organometallic chemistry in the modern age is demonstrated by the 2005 and 2001 Nobel 

Prizes in Chemistry which were awarded for the achievements in organometallic 

chemistry.7,8 

 
III.  Bonding 

An important objective of organometallic chemistry is to understand the 

electronic structures of the complexes and major bonding modes between metal atoms 

and common ligands.  Organometallic compounds contain unique types of bonds which 

are not found in organic and general inorganic compounds.  For example, organometallic 

compounds with carbonyl ligands have M-CO backbonding and some ligands form 

bridging bonds between metals.  In metallocenes, metals bond with two planar 

hydrocarbon rings forming sandwich like structures and the number of bonds formed by 

the metal to the hydrocarbon ring is indicated by the hapto number of the ligand. 

 
IV.  Counting of Valence Electrons: The 18-Electron Rule1,9 

Electron counting is a key technique in understanding transition metal 

organometallic chemistry.  Similar to the octet rule in main group chemistry, in 



3 
 

organometallic chemistry the electronic structures of many compounds are based on a 

total valence electron count of 18 on the central metal atom (ten valence d electrons in 

addition to the s and p electrons of the “octet”).  The 18-electron rule is helpful in 

predicting the stabilities of transition metal organometallic compounds.  As in the case of 

the octet rule, there are many exceptions to the 18-electron rule.  Several schemes exist 

for counting electrons in organometallic compounds; two of these are the most common.  

One is the donor pair method and the other is the neutral ligand method. 

The donor pair method considers ligands as donating electron pairs to the metal.  

To determine the total electron count, the formal oxidation state of the metal must be 

considered.  In the neutral ligand method the number of electrons donated by each ligand 

is counted as if the ligand were neutral and the electrons from the metal are counted 

simply as the group number instead of considering formal oxidation state. 

An example of counting valence electrons by these methods is shown below using 

Rh(PPh3)2(CO)(CH3)Cl2 as a model compound. 

 
Table 1.1.  Illustration of valence electrons counting. 

 
Donor Pair Method    Neutral Ligand Method 

Rh(III) -------  6 electrons   Rh ------------  9 electrons 
CO ------------  2 electrons   CO -----------  2 electrons 
CH3

- ----------  2 electrons   CH3 ----------  1 electrons 
2Cl- -----------  4 electrons   2Cl -----------  2 electrons 
2PPh3 --------  4 electrons   2PPh3 --------  4 electrons 

 
                  Total = 18 electrons             Total = 18 electrons 

 

In some molecules the molecular formula provides insufficient information with 

which to classify the metal-carbon interactions (and hence the validity of the 18-electron 
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rule).  Structural information is necessary.  The hapto number (ηn-) gives the number of 

carbon atoms of a particular ligand bound to the metal.  It normally, but not necessarily, 

gives the number of electrons contributed by the ligand.  For example, consider Cr(η6-

C7H8)(CO)3; here the number of electrons contributed by the C7H8 ligand is 6. 

 
V.  Reactions of Organometallic Compounds 

Transition metal organometallic compounds undergo various types of reactions 

which occur either at the central metal or at the ligands.1  They include ligand 

substitution, oxidative addition, reductive elimination, insertion, deinsertion, nucleophilic 

addition/abstraction and electrophilic addition/abstraction.  Ligand substitution reactions 

are some of the most widely studied reactions in organometallic chemistry.  They often 

occur as the first and last steps in chain reactions. 

 
A.  Oxidative Addition and Reductive Elimination Reactions 

Transition-metal complexes have an extraordinary reactivity due to their ability to 

change oxidation states.  Organometallic chemists are familiar with oxidative addition 

and its reverse, reductive elimination, since both reactions play a central role in catalysis.  

Redox reactions, or oxidation-reduction reactions, primarily involve the transfer of 

electrons between two chemical species.  There are different types of redox reactions of 

transition-metal complexes.  These reactions are essential, not only from the fundamental 

point of view, but also for their applications in various fields: molecular materials, 

organic synthesis, catalysis and understanding of biological processes.  The oxidative 

addition of a substrate A-B by a complex results in the cleavage of the A-B bond to form 

two new bonds M-A and M-B, A and B becoming ligands for the metal.  As a result, the 
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oxidation state of the metal increases by two units.  The opposite reaction, reductive 

elimination, consists of producing an A-B molecule from the two ligands A and B in the 

complex LnM(A)(B).  This results in a decrease in the oxidation state of the metal by two 

units. 

 

 
B.  Insertion and Deinsertion Reactions 

An insertion reaction is a chemical reaction where one chemical entity interposes 

itself into an existing bond of a second chemical entity e.g. A + B-C → B-A-C.  The 

reverse reaction is known as deinsertion.  The following two equations describe the 

general process of insertion of a ligand into an M-Y bond.1  In a 1,1-insertion reaction the 

same inserted atom bonds to the metal(M) and the ligand(Y) after insertion.  This kind of 

reaction occurs when, for example, CO is inserted into M-Y bond.  In a 1,2-insertion 

reaction the metal(M) and the ligand(Y)  bond with two different atoms after insertion.  

1,2-insertion occurs when alkenes and alkynes insert into M-Y bond. 
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Insertion of carbon monoxide into a metal-alkyl (or aryl) bond is the most well 

studied example of the insertion-deinsertion reaction.10  This reaction is the key step in a 

number of catalytic processes and in many relevant organometallic reactions.  The 

numbering 1,1 refers to the position of the CO ligand.  If we designate the carbon of the 

CO ligand to be the 1-position, the insertion occurs such that both the metal and the 

original alkyl ligand are bonded to that carbon when insertion is complete.  The actual 

mechanism of this reaction involves alkyl migration to carbonyl rather than CO 

insertion.11,12  A number of examples of migratory CO insertion in rhodium complexes 

can be found in the literature.13-15  

 

 

 
C.  Redox-Induced Deinsertion and Decarbonylation 

Migratory CO insertion is perhaps the most thoroughly studied process in 

organometallic chemistry.16  Alkyl to acyl migratory insertion reactions which are 

induced by redox reactions have been studied in the past.17-20  Organometallic acyl 

compounds can be converted into organometallic alkyl compounds by decarbonylation21 

or by deinsertion of carbonyl.  Decarbonylation reactions can be initiated by thermal, 

photochemical, electrochemical or chemical methods.  Redox-initiated decarbonylation 

reactions are much less studied reactions and only one example can be found in the 

literature, the redox-initiated decarbonylation of a rhenium formyl complex.22  In our 

study the complex Rh(P-P)(COR)I2 is quite stable and it can be expected to be a good 
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example on which to study the reductively induced carbonyl deinsertion reaction 

followed by decarbonylation (elimination of CO) as shown in Scheme 1. 

 

 
 

Scheme 1.1.  Proposed reductively induced decarbonylation of Rh(P-P)(COR)I2. 

 
VI.  Organometallic Reactions and Mechanism Elucidation 

A reaction mechanism is a detailed description of the process leading from the 

reactants to the products of a reaction, including a characterization as complete as 

possible of the composition, structure, energy and other properties of reaction 

intermediates, transition states and products.  It is very important to study the 

mechanisms of reactions.  Reaction mechanisms are vital starting points for designing 

new syntheses, developing catalysts, understanding the basic principles behind reactions, 

etc.  Mechanism elucidation is one of the most difficult parts of reaction chemistry.  

Different techniques are used to investigate the mechanisms of reactions. 

 
VII.  Electrochemical Techniques and Reaction Mechanisms 

Electroanalytical methods have been used for studying the mechanisms of 

electron transfer in organometallic chemistry since the early 1950s.23,24  Recent advances 

in electrochemistry have provided chemists with useful tools for mechanistic studies of 

organometallic reactions.25  The electrochemical techniques most commonly used to 

study the reaction mechanisms and syntheses of organometallic compounds are cyclic 

voltammetry, chronoamperometry and coulometry.  The use of microelectrodes, ultrafast 
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cyclic voltametry, spectroelectrochemistry and digital simulation further extend the 

applications of electrochemistry in the study of organometallics. 

During the study of electroactive organometallics using electroanalytical 

techniques, two kinds of reactions may occur.  Reactions which occur at the surface of an 

electrode are named electrochemical (E) and those which occur in the solution are named 

chemical (C).  Thus the different steps of reactions occurring in electrochemical studies 

are denoted by a combination of E and C steps.  The simplest reaction studied by 

electrochemical methods is a one-electron step (E reaction). 

O + e-                      R 

One of the most common mechanisms found in organometallic electrochemistry is ECE. 

 
A.  The ECE Scheme 

The sequence of steps in one example of an ECE reaction can be represented by 

the following equations. 

O + e-                      R1                    electrochemical (E)  ----------------- (1) 

R1                             R2                   chemical (C)  ------------------------- (2) 

R2 + e-                     R3                     electrochemical (E)  ----------------- (3) 

The first electron transfer occurs at the surface of the electrode and produces species R1 

which reacts by either a first- or second-order mechanism to give R2.  Generally R2 is 

easier to reduce than O and undergoes a fast reduction.  As represented by equation 3, the 

second electron transfer takes place on the electrode surface. 
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B.  Electron Transfer Chain (ETC) Catalysis26 

Electron Transfer Chain (ETC) catalysis is the catalysis of reactions by electrons 

or electron holes without a net flow of current.  ETC reactions can be initiated by two 

ways. 

1. Reductive Initiation (electron) 
2. Oxidative Initiation (electron hole) 

 

ETC by reductive initiation is initiated by an electron, where the reactant A is 

reduced to form an intermediate (A-).  A- undergoes a chemical reaction and produces  

B-.  By cross electron transfer A is reduced by B- and B is formed as the final product.  A- 

formed in the last step continues the cycle until there is no more A in the system.  For 

ETC by reductive initiation, it is assumed that the following two criteria must be met.  

First, B- must be a better reducing agent than A-; second, the propagation steps must be 

fast so that side reactions of radicals can be limited.  Side reactions due to the high 

reactivity of 17- or 19- electron radicals may disrupt the system at any stage.  A 

schematic representation of ligand substitution by reductively initiated ETC is shown in 

Figure 1.1.  A similar scheme can be drawn for oxidatively initiated ETC.  ETC catalysis 

is a very efficient way to perform organic, inorganic and organometallic reactions such as 

ligand substitution, isomerization, chelation, decomplexation, insertion, extrusion and 

oxidative addition.27-32 

 
C. Redox Catalysis32 

The active species in an electrochemical reaction is formed by the direct electron transfer 

between the substrate and the electrode.  The formation of active species in 

electrochemical reactions is controlled by the oxidation or reduction potentials of the 
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Figure 1.1.  ETC catalysis of ligand substitution by reductive initiation. 
 
 
substrates.  Mass transfer and electron transfer are the two phenomena which occur at the 

interface of the solution and the electrode surface in electrochemical reactions.  The 

nature of the solvent and the electrode surface can also affect the rates of mass and/or 

electron transfer.  If the rate of the electron transfer is lower than the rate of mass 

transport then the system is called electrochemically irreversible.  Sometimes due to 

different factors, mostly slow kinetics of electron transfer, direct electron transfer 

between electrode and the redox species cannot take place even though it may be 

thermodynamically favorable.  In such cases the electron transfer barrier is large and 

oxidation or reduction occurs beyond the accessible potential range of the usual 

electrochemical techniques.  In such cases another method is required to oxidize or 

reduce substrates.  This method is called redox catalysis and it is achieved by using 

mediators.  Redox catalysis consists of lowering the kinetic barrier of electron transfer.  

The role of the mediator is to lower the activation energy for the electron transfer from 
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the electrode to the substrate.  In some cases, the mediator works as an electron carrier 

between electrode and the substrate while in other cases it transfers the electron by 

forming an adduct with substrate.  A schematic representation of redox catalysis is shown 

in Figure 1.2.  Because of slow electron transfer kinetics the reduction potential of 

substrate Sox is beyond the accessible range of direct electron transfer.  The mediator Mox 

can be reduced at the electrode surface by direct electron transfer since Mox exhibits 

relatively fast electron transfer kinetics.  Thus formed Mred is capable of reducing Sox and 

hence, reduction of Sox is achieved by an indirect method.  

  

 
 

Figure 1.2.  Redox Catalysis Scheme. 
 
 

VIII.  17e- and 19e- Species in Organometallic Reactions 

Many proposed mechanisms of organometallic reactions involving electron 

transfer include the formation of intermediate species which are radicals.  A radical is a 

species with an unpaired electron and typically has a very short lifetime, making it 

difficult to characterize.  Radicals with 17 or 19 electrons form in many transition metal 

organometallic reactions through one-electron redox processes.  One-electron reduction 

of 16-electron complexes or one-electron oxidation of 18-electron complexes gives 
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17-electron species, while one electron reduction of 18-electron complexes gives 

19-electron (or 18+δ-electron) species.  The formation of these radicals has been studied 

by a number of investigators.33-36  

 
IX.  Electrochemistry37-40 

Electrochemistry is the branch of chemistry that studies the chemical reactions 

occurring in a solution at the interface of an electron conductor (the electrode, composed 

of a metal or a semiconductor) and an ionic conductor (the electrolyte).  Electrochemistry 

involves the transfer of electrons between the electrode and the electrolyte or another 

species in the solution.  Some of the electroanalytical techniques related to the research 

described in this dissertation are described below. 

 
A.  Linear Scan Voltammetry38 

A simple potential waveform that is often used in electrochemical experiments is 

the linear waveform i.e., the potential is continuously changed as a linear function of 

time.   The rate of change of potential with time is referred to as the scan rate (υ).  In 

linear scan voltammetry (LSV) the potential range is scanned in one direction, starting at 

the initial potential and finishing at the final potential.  In LSV measurements of the 

current response is plotted as a function of electrode potential.  The number of electrons 

transferred during a redox reaction can be determined by comparing the limiting current 

of the analyte with the limiting current of standard substances.  For this technique, 

microelectrodes are often employed.  An electrode that has a characteristic surface 

dimension smaller than the thickness of the diffusion layer on the timescale of the 

electrochemical experiment is termed a microelectrode.  Generally, an electrode with 
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dimensions smaller than approximately 50 µm can be considered a microelectrode.  

Enhanced mass transport, reduced time constant, reduced Ohmic effects and steady-state 

(time-independent) measurements are the advantages of microelectrodes.41  The 

steady-state current for a disk microelectrode can be expressed by the following 

equation.37 

 
 iss = 4nFDCr 

Where 

Iss = steady state current, A 

n = number of electrons involved, mol e-/mol 

F = Faraday constant, 96,500 C/mol e- 

D = diffusion coefficient, cm2/s 

C = concentration, mol/cm3 and; 

r = radius of the electrode (disc), cm. 

At slow scan rates a linear scan voltammogram at a microelectrode looks like a wave.  

An example current versus potential plot for linear scan voltammetry (i.e. linear scan 

voltammogram) is shown in Figure 1.3.  The potential of a indicator electrode at which 

the difference between the current and the residual current is equal to one-half of the 

limiting current is called half-wave potential (E1/2).40  For a reversible redox system the 

half-wave potential is constant i.e. independent of concentration and scan rate.  The half-

wave potential for a reversible system can be related with formal potential (E0) by the 

following equation.40 

E1/2 = E0 + (RT/nF) ln(DR/DO)1/2 
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Where, DR and DO are the diffusion coefficients of the reduced and oxidized forms of the 

electroactive species, respectively. 

 

 
 

Figure 1.3.  Linear Scan Voltammogram. 
 
 
B.  Cyclic Voltammetry 

A more commonly used variation of the linear scan technique is cyclic 

voltammetry (CV), in which the direction of the potential scan is reversed at the end of 

the first scan.   Thus, the waveform usually takes the shape of an isosceles triangle.   This 

has the advantage that the product of the electron transfer reaction that occurred during 

the forward scan can be probed during the reverse scan.  In addition, CV is a powerful 

tool for the determination of formal redox potentials, detection of chemical reactions that 

precede or follow the electrochemical reaction and evaluation of electron transfer 

kinetics.  A general current versus potential curve for cyclic voltammetry (i.e. cyclic 

voltammogram) is shown in Figure 1.4.  In the figure Epa, Epc, ipa and ipc represent anodic 

peak potential, cathodic peak potential, anodic peak current and cathodic peak current, 

respectively. 
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I  
 

Figure 1.4.  Typical Cyclic Voltammogram. 
 
 

A redox couple is called an electrochemically reversible system if fast electron 

transfer kinetics is involved in the redox reaction.  A cyclic voltammogram of an 

electrochemically reversible system is characterized by the following parameters.37,42 (a) 

The peak separation (Epa – Epc) is equal to 57/n mV for all scan rates, where n is the 

number of electrons transferred in the redox reaction.  (b) The peak potentials do not alter 

as a function of scan rate.  (c) The peak current ratio (ipa/ipc) is equal to 1 for all scan 

rates.  (d) The peak current increases linearly as a function of the square root of scan rate.  

(e) The concentrations of oxidized and reduced species at the electrode surface always 

obey the Nernst equation (
[Ox]
[Red]ln

nF
RTEE o −=  for the cathodic peak).  For a reversible 

system, the peak current is defined by the Randles-Sevcik equation.37 

ip = (2.69 × 105)n3/2AD1/2Cυ1/2 
Where 

ip = peak current, A 

n = number of electrons involved, mol e-/mol 

A = electrode area, cm2
 

D = diffusion coefficient, cm2/s 
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C = concentration, mol/cm3
 

υ = scan rate, V/s and;  

2.69 × 105, constant has C mol-1
 V-1/2 units obtained from the dimensions of (F3/RT)1/2 

using units of F = C/mol e-, R = CV/ K mol and T = K. 

 A reversible system is considered an ideal case and the situation is very different 

when the electron transfer kinetics is slow, adsorption of either reactants or products on 

the electrode surface occurs, or coupling of a chemical reaction with the redox process 

takes place. 

 
C.  Bulk Electrolysis 

The above-mentioned electroanalytical techniques generally employ conditions 

featuring a small ratio of electrode area to solution volume.  However, we can alter the 

composition of the bulk solution by electrolysis.  Bulk electrolysis methods employ a 

large electrode area to solution volume ratio and effective mass transfer conditions.  Bulk 

electrolysis methods can be classified on the basis of controlled parameter (potential or 

current).  In controlled potential techniques the potential of the working electrode is 

maintained constant with respect to a reference electrode whereas in controlled current 

techniques the current passing through the cell is held constant. 

In controlled potential electrolysis the total number of coulombs (charge) 

consumed in an electrolysis is used to determine the amount of substance electrolyzed or 

the number of electrons transferred.  Controlled potential electrolysis is useful for 

studying the mechanisms of electrode reactions and for determining the n-value for an 

electrode reaction without prior knowledge of electrode area and diffusion coefficient.  
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The total amount of charge consumed in any electrolysis can be calculated by the 

following relationship (Faraday’s law).37 

Q = nFN 

Where  

Q = total charge consumed, C 

n = number of electrons involved, mol e-/mol 

F = Faraday’s constant, 96,500 C/mol e- and; 

N = number of moles of substance electrolyzed, mol. 

 
X.  IR Spectroscopy43 

Infrared (IR) spectroscopy is the spectroscopic technique which deals with the 

infrared region of the electromagnetic spectrum.  IR can be used to identify compounds 

and/or investigate sample composition.  Generally vibrational modes in the mid-IR are 

used to identify functional groups in molecules.  Not all vibrational modes can be 

observed by IR spectroscopy; only those vibrations which produce a change in dipole 

moment are observed.  The carbonyl ligand bonds with metals to form stable complexes.  

The nature of the metal-carbonyl bond can be either terminal or bridging.  Metal-carbonyl 

complexes have characteristic carbonyl stretching frequencies and IR can be used to 

characterize metal-carbonyl complexes.44,45  In metal-carbonyl complexes, the strength of 

C-O bond is inversely proportional to the π-bonding due to back donation from metal. 

 
XI.  NMR Spectroscopy43 

Nuclear magnetic resonance (NMR) spectroscopy is the technique which studies 

the magnetic properties of certain nuclei.  NMR active nuclei (such as 1H, 13C, 19F or 31P) 
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absorb electromagnetic radiation, characteristic of the nuclei, in the radio frequency 

region when they are placed in a magnetic field, under appropriate conditions.  NMR 

active nuclei in a molecule resonate at slightly different frequencies depending on their 

chemical environment.  The resonant frequency, energy of absorption and the intensity of 

the signal are proportional to the strength of the external magnetic field.  No two magnets 

will have the exact same magnetic fields, thus the resonance frequencies will vary 

accordingly.  Hence, the resonant frequency is expressed with respect to some standard 

reference substance and it is called the chemical shift.  The chemical shift is used to 

obtain some structural information about the molecules in a sample.  Different types of 

information can be obtained from an NMR spectrum and this technique can be used for a 

wide variety of samples.  Each chemically nonequivalent nucleus in the sample gives one 

NMR signal.  Splitting of NMR signals is observed due to coupling between NMR active 

nuclei through chemical bonds and this splitting provides detailed insight into the 

connectivity of atoms in a molecule.  Multinuclear NMR is very useful for the study of 

organometallic compounds containing NMR active nuclei such as 1H, 31P, 19F, etc.46 

 
XII.  X-ray Crystallography47 

X-ray crystallography is a method of determining the arrangement of atoms 

within a crystal.  When a beam of X-rays strikes a crystal it diffracts in many specific 

directions.  A three-dimensional picture of the electron density within the crystal can be 

produced from the angles and intensities of these diffracted beams.  From this electron 

density distribution, the mean positions of the atoms in the crystal can be determined 

along with their bond lengths, bond angles, their disorder and various other information.  
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Crystallography generally requires a pure crystal of high regularity to solve the structure 

of a complicated arrangement of atoms. 

 
XIII.  Rh(P-P)(COR)X2 Complexes 

Rhodium is one of the most active catalytic metals.  Rhodium typically forms 

stable 16-electron complexes, though 18-electron complexes are not uncommon.  

Complexes having 16 electrons on the central metal provide a vacant site for binding to 

the substrate during catalysis, which enhances the catalytic bahavior.  Phosphines are 

probably the most used ligands in catalysis.46  Complexes of rhodium with monodentate 

phosphine ligands such as Rh(PPh3)2(COR)Cl2 and/or Rh(PPh3)2(CO)(R)Cl2 (R = H, 

CH3, CH2CH3, CH2CH2CH3, CH2Cl, CH2Ph, CH2CH2Ph, Ph and Cl) and with bidentate 

diphosphine ligands such as Rh(P-P)(COR)X2 (P-P = Ph2P(CH2)3PPh2, Ph2P(CH2)2PPh2, 

Ph2PCH2C(CH3)2CH2PPh2, Ph2P(CH2)2CH(CH3)PPh2, (p-tol)2P(CH2)3P(p-tol)2, and 

(p-ClC6H5)2P(CH2)3P(p-ClC6H5)2 and R = CH3, C6H5, CH2Ph, CH2CH2Ph) have been 

reported in the literature.48-58  Complexes with diphosphine ligands are structurally more 

rigid than those with monophosphines.  Rhodium acyl complexes with bidentate 

phosphorus-sulphur, phosphorus-oxygen or phosphorus-nitrogen ligands have also been 

reported in the literature.59-63  In the P-S or P-N bidentate ligands both phosphorus and 

sulfur or phosphorus and nitrogen act as donor atoms.  A series of perfluoroalkyl and 

fluoroalkyl complexes of rhodium(III) with monophosphine ligands have been reported 

in the literature but not with diphosphine ligands.64 Rhodium complexes with fluoroalkyl 

substituted phosphines have been reported.65 These modifications significantly affect 

rhodium- catalyzed hydrogenation on the basis of position and extent of fluoroalkyl 

substitution.  The goal of synthesizing new rhodium complexes with different phosphine 
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and diphosphine ligands is to study their variations in structures, properties and reactions 

on the basis of substituents.  This will eventually provide ideas about the synthesis or 

development of the best catalyst for any particular reaction in terms of selectivity, 

recovery, etc. 

Complexes having monodentate phosphine ligands can be converted between 

alkyl and acyl isomers, but that conversion will not occur in the case of bidentate 

diphosphine ligands.  The stability of diphosphine complexes over monophosphine 

complexes can be explained mainly by two factors.  First, the trans-isomer may be 

necessary for alkyl migration, but acyl complexes containing bidentate ligands cannot 

undergo cis- to trans- conversion.48,49  For acyl to alkyl conversion, the site adjacent to 

the acyl group should be vacant.  For penta-coordinate rhodium acyl complexes with 

square pyramidal geometry and the acyl group occupying the apical position, the adjacent 

site to the acyl group is not vacant.  That means for alkyl migration the geometry should 

be changed to trigonal bipyramidal.  That conversion might not be favorable in 

complexes with bidentate diphosphine ligands.  Second, alkyl migration in 

Rh(P-P)(COR)X2 complexes results an octahedral complex in which the alkyl group 

would be trans to a phosphorus and that is considered an unlikely occurrence.48 There is 

no explanation in the literature about this statement but the strong trans-effect of the 

methyl group may be the basis for it.  Another reason why the monodentate complexes 

deinsert while the bidentate ones do not could be that dissociation of a ligand (phosphine 

or one end of the diphosphine) is a part of the rate determining step of the reaction, and it 

is easier to dissociate a single phosphine than to break open a chelate.66  Thus the acyl 

complexes of bidentate phosphines are more stable than those of monodentate 
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phosphines.  The other difference between monodentate and bidentate complexes is that 

the alkyl complexes containing monophosphine ligands formed by deinsertion 

subsequently reductively eliminate alkyl halide producing Rh(PPh3)2(CO)X upon 

heating.51,67,68 

Rhodium complexes are used as catalysts for various reactions69 such as 

hydrogenation of olefins (Wilkinson's catalyst),70,71 asymmetric hydrogenation of 

enamides (Knowles' catalyst),72-75 carbonylation of methanol (Monsanto acetic acid 

process),50,76-79 hydroformylation (oxo synthesis),80-84 decarbonylation of aldehydes,85,86 

etc.  It is known that complexes having bidentate ligands have better catalytic 

performance than complexes having monodentate ligands in terms of selectivity, 

recovery, etc.  Complexes having asymmetric bidentate ligands like (P-S) or 

electronically dissymetric (P-P) derivatives with different alkyl/aryl substituents have 

even better performance in catalysis than complexes with symmetric ones.59,87 Cationic 

complexes of rhodium with diphosphines, Rh(P-P)+, have shown good catalytic activity 

for organic synthesis, while their iridium analogs showed lower catalytic activity.88  The 

rhodium complex Rh(dppp)(COCH3)I2 (dppp = 1,3-bis (diphenylphosphino)propane) is a 

well known catalyst for the reductive carbonylation of methanol to acetaldehyde.52  The 

unique characteristic of this catalyst is that it gives good rates and selectivities (80%) 

under mild conditions of temperature and pressure (140 ˚C and 1000 psi).  The important 

limiting factor for the practical application of the many extremely active but chemically 

unstable catalysts is the deactivation (life time) of homogeneous catalysts.89  The 

rhodium acetyl complex is isolable in quantitative yield from the catalytic solutions and 

can be reused for catalysis.  Research on rhodium complexes with different diphosphine 
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ligands is currently being done for the development of better catalytic activity and 

performance.90 

 The reactivity and catalytic behavior of organometallic compounds largely 

depend on the steric and electronic effects of ligands,59,60,91 thus studying the chemical 

and electrochemical properties of these types of complexes by changing the ligands may 

be worthwhile.  The effect of ligands on the structure and reactivity is a very important 

area of research in organometallic chemistry as well as in catalysis.46 Changes in bite 

angle of the diphosphine ligands cause changes in steric and electronic effects of the 

complex and ultimately in the catalytic activity.92  The effect of bite angles on the 

catalytic activity of the rhodium diphosphine complexes has been studied.92,93  In our 

case, we are not going to study the catalytic behavior of the rhodium diphosphine 

complexes.  But we are going to study the redox-induced reaction of rhodium 

diphosphine acyl complexes and the effect of substituents on the stability, structure and 

redox chemistry of these complexes. 

 
XIV.  Objectives of the Research 

Dr. Gipson’s research group is working on redox studies of transition metal 

organometallic chemistry.  We are interested in using electroanalytical and spectroscopic 

techniques to study the chemical (mainly reduction mechanism) and electrochemical 

behavior of rhodium diphosphine acyl complexes.  This complex system was selected 

because of its stability in terms of alkyl migration in comparison to complexes containing 

monodentate phosphine ligands.  Second, it is used as a catalyst in organic reactions and 

a limited number of papers have been published in the past.  Also, five-coordinate 

Rh(P-P)(COR)X2 complexes are 16-electron Rh(III) species and are thus susceptible to 
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reduction since rhodium compounds with lower oxidation states are stable.  Our main 

objectives for this research were as follows. 

1.  Synthesis of rhodium acyl diphosphine complexes including Rh(dppp)(COCH3)I2, 

Rh(dippp)(COCH3)I2, Rh(dppb)(COCH3)I2, Rh(dppp)(COC2H5)I2, 

Rh(dppp)(COCF3)I2, Rh(dppb)(COCF3)I2, Rh(dppp)(COC2F5)I2, 

Rh(dppp)(COC6H5)I2, Rh(dppp)(COCH2CF3)I2,  Rh(dppp)(COC6F5)I2, 

Rh(dppp)(COCH3)Cl2, Rh(dppp)(COCF3)Cl2, and Rh(dppp)(COC6F5)Cl2. 

2.  Characterization of these compounds by using cyclic voltammetry, NMR, IR, 

elemental analysis and X-ray crystallography techniques. 

3.  Study of the reduction reaction mechanisms using different chemical reducing agents, 

focusing on the possibility of redox induced de-insertion of CO. 

4.  Study of the thermal stability of these complexes in terms of alkyl group migration. 

5.  Electron counting for reduction reactions using controlled potential electrolysis and 

titration with reducing agents. 

6.  Proposal of mechanisms with the identification of intermediates and products. 

We have synthesized most of the targeted compounds and have obtained very 

interesting results about the thermal stability and reduction chemistry of rhodium 

diphosphine acyl complexes which will be discussed in the following chapters. 
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CHAPTER TWO 
 

Experimental 
 
 

I.  Commercial Chemicals and Reagents 

The following chemicals were obtained from the suppliers as listed in Table 2.1.  

Tetrahydrofuran was dried with calcium hydride and then distilled from a 

sodium-benzophenone mixture under nitrogen.  Acetonitrile and methylene chloride were 

distilled from calcium hydride under nitrogen.  Tetrabutylammonium 

hexafluorophosphate was dried for twelve hours at 100 ˚C in a vacuum oven.  All other 

solvents and chemicals were used as received without further purification.  Abbreviations 

used for diphosphine ligands and other compounds are listed in Table 2.2. 

 
Table 2.1.  Commercially obtained chemicals. 

Chemical      Supplier 

Acetone, optima     Fisher Scientific 
Acetonitrile-d3 (99.8% D)  Cambridge Isotope 

Laboratories, Inc. 
Acetonitrile, optima     Fisher Scientific 
Acetyl chloride     Alfa Aesar 
Ammonium hexafluorophosphate   Aldrich Chemicals 
Benzoyl chloride     J. T. Baker 
Benzophenone      Alfa Aesar 
Bis(benzene)chromium    Strem Chemicals 
1,2-Bis(dimethylphosphino)ethane   Strem Chemicals 
1,3-Bis(diphenylphosphino)propane   Strem Chemicals 
1,3-Bis(di-i-propylphosphino)propane  Strem Chemicals 
1,2-Bis(diphenylphosphino)benzene   Strem Chemicals 
1,2-Bis(dipentafluorophenylphosphino)ethane  Strem Chemicals 
Calcium hydride (0-2 mm grain size)   Acros Chemicals 
Carbon monoxide     Matheson Tri-Gas 
Chlorobis(ethylene)rhodium(I) dimer   Strem Chemicals 
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Table 2.1.  Continued 
 
Chemical      Supplier 

Chlorodicarbonylrhodium(I) dimer   Strem Chemicals 
Chlorodifluoroacetic anhydride   TCI-EP 
Chloroform, optima     Fisher Scientific 
Chloroform-d (99.8% D)    Aldrich 
Cyclopentadienyliron dicarbonyl dimer  Strem Chemicals 
Decacyclene      Aldrich Chemicals 
Decamethylchromocene    Strem Chemicals 
Diethyl ether       J. T. Baker 
Difluoroacetic anhydride    Oakwood Products, Inc. 
Diphenyl disulphide     TCI-America 
Ethyl acetate      Fisher Scientific 
Ferrocene       Alfa Aesar 
Florisil (100-200 mesh)    Fisher Scientific 
Heptafluorobutyryl chloride    Acros Organics 
Hexanes, optima     Fisher Scientific 
1-Iodobutane      Acros Chemicals 
Iodoethane      Acros Chemicals 
Iodomethane      Acros Chemicals 
Methanol, optima     Fisher Scientific 
Methylene chloride-d2 (99.9% D)   Cambridge Isotope 
       Laboratories, Inc. 
Methylene chloride, optima    Fisher Scientific 
Methyl trifluoromethanesulfonate   Acros Organics 
Pentafluorobenzoyl chloride    Acros Organics 
Pentane       Fisher Scientific 
Potassium       Alfa Aesar 
Potassium iodide     Fisher Scientific 
Pentafluoropropionic anhydride   Alfa Aesar 
Silver nitrate      Fisher Scientific 
Silver tetrafluoroborate    Thiokol/Ventron Division 
Sodium       Aldrich Chemicals 
Sodium-Potassium alloy (22:78)   Strem Chemicals 
Tetrabutylammonium hexafluorophosphate   Alfa Aesar 
Tetrabutylammonium iodide    Acros Organics 
Tetrahydrofuran, optima    Fisher Scientific 
Tetrahydrofuran-d8 (99.5% D)   Cambridge Isotope 
       Laboratories, Inc. 
Toluene, optima     Fisher Scientific 
Trichlorofluoromethane    Strem Chemicals 
Trifluoroacetic anhydride    Acros Organics 
Trifluoroacetyl trifluoromethanesulfonate  Acros Organics 
2,2,2-Trifluoroiodoethane    Alfa Aesar 
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Table 2.1.  Continued 
 
Chemical      Supplier 

α,α,α-Trifluorotoluene    Acros Organics 
Triphenylphosphine     Alfa Aesar 
Tris(dibenzoylmethanato)iron   Aldrich Chemicals 

 
 

Table 2.2.  Abbreviations used for diphosphine ligands and other compounds. 

   Compounds      Abbreviations 

1,3-Bis(di-i-propylphosphino)propane  dippp 
1,2-Bis(dimethylphosphino)ethane   dmpe  
1,2-Bis(dipentafluorophenylphosphino)ethane dpfppe 
1,2-Bis(diphenylphosphino)benzene   dppb 
1,3-Bis(diphenylphosphino)propane   dppp 
1,3-Bis(diphenylphosphino)propane dioxide  dpppO2 
Decamethylchromocene    dmcc 
Potassium benzophenone (mono-anion)  KBP 
Potassium benzophenone (di-anion)   K2BP 
Tetrabutyl ammonium hexafluorophosphate  TBAPF6 
Tetrahydrofuran     THF 
Tetrahydrofuran-d8     THF-d8 

 
 

II.  Instrumentation and Procedures 

All experiments were carried out under a nitrogen atmosphere either inside a 

glove box or by using standard vacuum line technique unless otherwise mentioned.  All 

the glassware was, after cleaning, rinsed with acetone and dried at least one hour at 80 ˚C 

before use. 

 
A.  Chromatography  

For thin layer chromatography (TLC), TLC plates (silica gel GF, 250 Mesh, 10 

cm × 20 cm scored) were obtained from Analtech, Inc.  Analtech UNIPLATE-TM 

tapered layer plates (silica gel GF, 250 Mesh, 20 cm × 20 cm) were used for preparative 
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TLC.  Columns packed with silica gel (230-400 Mesh) or florisil (100-200 Mesh) were 

used to purify synthesized complexes using column chromatography.   

 
B.  Electrochemistry  

Electrochemical experiments were performed using an electrochemical analyzer 

(CH Instruments model No.1140).  Cyclic voltammetry experiments were carried out at 

room temperature in a 50 mL European style five-neck flask (Ace Glass) containing 10 

mL of solution, a 0.5 mm Pt disc as the working electrode, a Pt foil as the auxiliary 

electrode and an Ag wire as the quasi-reference electrode.  TBAPF6 (0.1 M) was used as 

the supporting electrolyte and ferrocene (0.5 mM) as the internal standard potential 

reference.94  All the potentials are referenced to the ferrocenium/ferrocene (Fc+/Fc) 

couple.  Generally, CV was performed on 1 mM solutions using a scan rate of 200 mV/s.  

For linear scan voltammetry experiments 0.1 mm and 0.01 mm Pt microelectrodes 

(obtained from Bioanalytical Systems, USA) were used as working electrodes.  In linear 

scan voltammetry we always observed a small amount of background current. 

Controlled potential electrolyses were performed in an H-cell with working and 

auxiliary electrode compartments separated by a medium porosity glass frit.  A Pt foil (25 

mm × 25 mm) and an Ag wire were used as the working and quasi-reference electrodes, 

respectively, in the working electrode compartment.  A Pt foil (25 mm × 25 mm) was 

used as the auxiliary electrode in the auxiliary electrode compartment.  Each 

compartment of the H-cell was filled with 15 mL of the solvent containing 0.1 M of the 

supporting electrolyte, tetrabutylammonium hexafluorophosphate.  A typical experiment 

was conducted by fixing the potential of the working electrode at 200 mV more negative 

than the reduction peak potential of the complex and the course of the electrolysis was 
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monitored by cyclic voltammetry and IR spectroscopy.  About 0.1 mL samples of 

solution were periodically removed to collect IR specta.  The electrolysis was stopped 

when the current had decreased to ca. 10% of the initial value.  Total charge was 

determined by adding the charges from each segment.  Background correction was made 

by subtracting the product of final current and time (i × t) from the total charge. 

Q = Qtotal - ifinal × ttotal 

Where, Q = net charge consumed, C 

Qtotal = total charge consumed, C 

ifinal = final current, A and, 

ttotal = total time for electrolysis, s 

 
C.  Infrared Spectroscopy 

Infrared spectra were collected using Thermo Nicolet (Avatar 370) and Mattson 

Instruments Genesis II FTIR spectrometers.  For both instruments, Ez-Omnic software 

and a CaF2 cell with 0.1 mm spacing were used to collect the IR spectra.  Sample IR 

spectra of methylene chloride and THF are shown in Figures 2.1 and 2.2, respectively so 

that we know which peaks are solvent peaks later on describing the IR spectra of 

complexes. 

 
D.  NMR Spectroscopy 

NMR spectra were collected using a Varian VNMRS 500.  NMR sample tubes 

(527-PP-8) manufactured by Wilmad Lab Glass were used to contain samples.  Chemical 

shifts are expressed in parts-per-million (ppm).  The chemical shifts of 1H NMR peaks 

were referenced to the residual protons of the deuterated solvent.  The chemical shifts of  
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Figure 2.1.  IR spectrum of CH2Cl2. 
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Figure 2.2.  IR spectrum of THF. 
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31P NMR peaks were referenced to external 85% H3PO4.  The chemical shifts of 19F 

NMR peaks were referenced to external trichlorofluoromethane.  The external reference 

materials were sealed inside a capillary tube and the capillary tube was placed inside the 

sample-containing NMR tube. 

 
E.  X-ray Crystallography 

X-ray crystal structure determinations were performed by Dr. Andreas Franken.  

Diffraction data were acquired using a Bruker-Nonius X8 Apex CCD area-detector 

diffractometer (graphite-monochromated Mo Kα radiation, λ = 0.71073 Å).  Several sets 

of data frames were collected at different θ values of φ and ω, each frame covering a 0.5 

increment in φ or ω.  The data frames were integrated using SAINT;95 the substantial 

redundancy in data allowed empirical absorption corrections (SADABS95) to be applied 

on the basis of multiple measurements of equivalent reflections.  X-ray single crystal 

structures were solved (SHELXS-97) via conventional direct methods and were refined 

(SHEXL-97) by full-matrix least-squares on all F2 data using SHELXTL.96  All 

non-hydrogen atoms were assigned anisotropic displacement parameters.  All of the 

hydrogen atoms were set riding on their parent atoms in calculated positions and were 

assigned fixed isotropic thermal parameters calculated as Uiso(H) = 1.2 × Uiso(parent). 

 
III.  Chemical Syntheses 

 
A.  Synthesis of Rh(dppp)(CO)I 

The compound Rh(dppp)(CO)I was synthesized by following the procedure 

described by Moloy and Wegman.50  Chlorodicarbonylrhodium(I) dimer, [Rh(CO)2Cl]2, 

(0.259 g, 1.34 mmol of Rh) was taken in a 100 mL round bottom flask into the glove box 
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and 12.5 mL of acetone was added.  Then a solution of 0.216 g (1.44 mmol) of NaI in 7.5 

mL of acetone was added and left for about one hour.  After that a solution of 0.590 g 

(1.43 mmol) of dppp in 7.5 mL of acetone was added.  After about three hours the round 

bottom flask was taken out from the glove box and the solution was concentrated on a 

rotary evaporator.  After concentrating, a yellow precipitate of Rh(dppp)(CO)I was 

obtained and was collected with methanol.  It was filtered, washed with methanol and 

dried overnight in a vacuum oven.  The yield of Rh(dppp)(CO)I was 0.825 g (1.23 

mmol), 92% based on [Rh(CO)2Cl]2.  IR (CH2Cl2): 2013 cm-1.  1H NMR (CD2Cl2): δ = 

2.0(m), 2.5(m), 2.94(m) and 7.0-7.7(m).  31P NMR (CD2Cl2): δ = 3.5(dd, JRh-P = 115 Hz, 

JP-P = 56 Hz), 22.0(dd, JRh-P = 156 Hz, JP-P = 56 Hz). 

 
B.  Synthesis of Rh(dppp)(COCH3)I2 

The compound Rh(dppp)(CO)I (0.825 g, 1.23 mmol) was taken into the glove box 

and added to 15 mL of methylene chloride and 0.25 mL (4 mmol) of iodomethane and 

left.  Over a period of 3 days nice orange colored crystals of Rh(dppp)(COCH3)I2 formed.  

These crystals were collected by filtration, washed with methylene chloride and dried 

overnight in a vacuum oven.  The yield was 0.755 g (0.93 mmol), 76% based on 

Rh(dppp)(CO)I.  IR (CH2Cl2): 1699 cm-1.  1H NMR (CD2Cl2): δ = 1.6(m), 2.43(m), 

3.03(s), 3.16(m), 7.2-8(m).  31P NMR (CD2Cl2): δ = 18.2(d, JRh-P = 131 Hz). 

Alternatively, Rh(dppp)(COCH3)I2 was prepared from methyl 

trifluoromethanesulfonate.  For this reaction, 0.108 g (0.72 mmol) of NaI, 0.208 g (0.31 

mmol) of Rh(dppp)(CO)I and 15 mL of methylene chloride were combined in a 50 mL 

Schlenk flask.  Then 0.05 mL (0.44 mmol) of methyl trifluoromethanesulfonate was 

added to that mixture.  The mixture was stirred continuously and monitored by IR.  Initial 



32 
 

IR peaks were present at 2099, 2055 and 1681 cm-1 with small peaks at 1970 and 1788 

cm-1.  After 3 days peaks were observed at 2055 and 2011 cm-1 with small peaks at 1986, 

1815, 1789 and 1647 cm-1.  After 6 days peaks were at 1987, 1815, 1781, 1697 and 1648 

cm-1, but all peaks were very small.  Nothing changed after a few more days, so the 

solution was concentrated and a precipitate was obtained by the addition of hexanes.  The 

precipitate was collected by filtration, washed by hexanes and dried overnight under 

vacuum.  The Rh(dppp)(COCH3)I2 thus obtained was not pure.  The impure compound 

was dissolved in warm methylene chloride and filtered.  The filtrate was concentrated and 

the resulting pure orange colored Rh(dppp)(COCH3)I2 was dried in a vacuum oven. 

 
C.  Synthesis of Rh(dppb)(CO)I 

Chlorodicarbonylrhodium(I) dimer, [Rh(CO)2Cl]2, (0.105 g, 0.54 mmol of Rh),  

NaI (0.089 g, 0.59 mmol) and 10 mL of acetone were combined in a 100 mL Schlenk 

flask.  The mixture was stirred for an hour, and then a mixture of 0.244 g (0.55 mmol) of 

dppb and 10 mL of acetone was added.  The dppb was insoluble in acetone so the mixture 

was stirred for another hour.  Then the Schlenk flask was taken out from the glove box 

and the contents were concentrated on a rotary evaporator.  After concentrating the 

yellow precipitate of Rh(dppb)(CO)I was collected with methanol.  It was filtered, 

washed with methanol and dried overnight in a vacuum oven.  The yield was 0.160 g 

(0.23 mmol), 43% based on [Rh(CO)2Cl]2.  IR (CH2Cl2): 2016 cm-1.  1H NMR (CD2Cl2): 

δ = 7.3-7.7(m).  31P NMR (CD2Cl2): δ = 69.4(dd, JRh-P = 123 Hz, JP-P = 32 Hz), 56.6(dd, 

JRh-P = 158 Hz, JP-P = 32 Hz). 
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D.  Synthesis of Rh(dppb)(COCH3)I2 

The compound Rh(dppb)(CO)I (0.160 g, 0.23 mmol) was taken inside the glove 

box and transferred to a 100 mL round bottom flask.  Then 10 mL of methylene chloride 

and 0.20 mL (3.2 mmol) of iodomethane were added and left for 3 days.  The flask was 

taken out from the glove box, the solution was concentrated on rotary evaporator and a 

precipitate of Rh(dppb)(COCH3)I2 was obtained by adding diethyl ether.  It was dried 

overnight at room temperature in a vacuum oven.  The yield was 0.144 g (0.17 mmol), 

74% based on Rh(dppb)(CO)I.  IR (CH2Cl2): 1711 cm-1.  1H NMR (CD2Cl2): δ = 2.64(s), 

7.1-7.9(m).  31P NMR (CD2Cl2): δ = 70.7(d, JRh-P = 138 Hz). 

 
E.  Synthesis of Rh(dippp)(CO)I 

Chlorodicarbonylrhodium(I) dimer, [Rh(CO)2Cl]2, (0.238 g, 1.22 mmol of Rh) 

was taken in a 100 mL Schlenk flask inside the glove box and 12.5 mL of acetone was 

added.  Then a solution of 0.234 g (1.56 mmol) of NaI in 7.5 mL of acetone was added 

and left for about one hour.  After that a solution of 0.336 g (1.22 mmol) dippp in 7.5 mL 

of acetone was added and left.  About three hours later the Schlenk flask was taken out 

from the glove box and the solution was concentrated on a rotary evaporator.  The 

resulting yellow precipitate of Rh(dippp)(CO)I was collected with hexanes.  It was 

filtered, washed with hexanes and dried overnight in a vacuum oven.  The yield was 

0.486 g (0.91 mmol), 75% based on [Rh(CO)2Cl]2.  IR (CH2Cl2): 1988 cm-1.  31P NMR 

(CDCl3): δ = 19.6(dd, JRh-P = 117 Hz, JP-P = 43 Hz), 48.1(dd, JRh-P = 160 Hz, JP-P = 43 

Hz).  1H NMR: NA.   
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F.  Synthesis of Rh(dippp)(COCH3)I2 

The compound Rh(dippp)(CO)I (0.486 g, 0.91 mmol) was taken into the glove 

box and 15 mL of methylene chloride and 0.25 mL of iodomethane were added and left.  

After 3 days nothing had changed in the IR spectrum so the contents were refluxed at 40 

°C and frequently monitored by IR.  After 10 days of refluxing all other IR peaks were 

gone and only the product peak at 1699 cm-1 was left.  The solution was concentrated and 

a precipitate was obtained by adding hexanes.  It was filtered, washed with hexanes and 

dried in a vacuum oven at room temperature.  The yield was 0.417 g. 

The compound obtained was not pure and so it was purified by column 

chromatography on silica gel using methylene chloride as the eluent.  Different fractions 

were monitored by IR.  The second fraction contained an IR peak at 1699 cm-1 so it was 

collected and concentrated.  A yellow precipitate of Rh(dippp)(COCH3)I2 was obtained 

after adding hexanes to the concentrated solution.  It was dried overnight under vacuum.  

The yield was 0.203 g (0.3 mmol), 33% based on Rh(dippp)(CO)I.  The low percentage 

yield might be due to the adsorption of compound on silica gel during purification.  IR 

(CH2Cl2): 1699 cm-1.  1H NMR (CD2Cl2): δ = 1.07(dd, JH-H = 7 Hz, JP-H = 17 Hz), 

1.26(dd, JH-H = 7 Hz, JP-H = 12.5 Hz), 1.31(dd, JH-H = 7 Hz, JP-H = 13.5 Hz), 1.51(dd, JH-H 

= 7 Hz, JP-H = 14 Hz),1.9(m), 2.1(m), 2.5(oct., JH-H = 7 Hz), 2.6(m), 3.4(s) and 3.4(oct., 

JH-H = 7 Hz).  31P NMR (CD2Cl2): δ = 33.6(d, JRh-P = 134 Hz). 

 
G.  Synthesis of Rh(dppp)(COCF3)(CO2CF3)I 

The compound Rh(dppp)(COCF3)(CO2CF3)I was synthesized by following the 

procedure described by Miller and Nelson.97  Rh(dppp)(CO)I (0.381 g, 0.56 mmol), 

trifluoroacetic anhydride (0.50 mL, 3.6 mmol) and 10 mL of toluene were added to a 100 
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mL round bottom flask and stirred for about three hours inside the glove box.  Then 15 

mL of hexanes was added and the solution was taken out from the glove box and kept in 

the freezer for about half an hour.  It was then filtered and the precipitate was washed 

with hexanes and dried overnight in a vacuum oven at room temperature.  The yield was 

0.417 g (0.43 mmol), 77% based on Rh(dppp)(CO)I.  IR (CH2Cl2): 1678 and 1613 cm-1.  

1H NMR (CD2Cl2): δ = 1.8(m), 2.2(m), 2.6(m), 3.0(m), 3.3(m) and 7.0-8.3(m).  31P NMR 

(CD2Cl2): δ = 25.9(dd, JRh-P = 133 Hz, JP-P = 24 Hz) and 11.2(dd, JRh-P = 113 Hz, JP-P = 24 

Hz).  19F NMR (CD2Cl2): δ = -72.1(s) and -78.1(s). 

 
H.  Synthesis of Rh(dppp)(COCF3)I2 

Rh(dppp)(CO)I (0.452 g, 0.21 mmol), trifluoroacetic anhydride (0.5 mL, 3.6 

mmol) and 10 mL of toluene were added to a 100 mL round bottom flask and stirred for 

about three hours inside the glove box.  To that solution an excess of solid NaI (0.2 g, 1.3 

mmol) was added and stirred.  After about four hours, 15 mL of hexanes was added and 

the solution was taken out from the glove box and kept in the freezer for about half an 

hour.  It was then filtered and the precipitate was washed with hexanes.  The precipitate 

was dissolved in a small amount of methylene chloride and filtered.  The filtrate was 

concentrated under reduced pressure and an orange colored precipitate was obtained by 

the addition of hexanes.  The precipitate was filtered washed with hexanes and dried 

overnight in a vacuum oven at room temperature.  The yield was 0.455 g (0.52 mmol), 

78% based on Rh(dppp)(CO)I.  IR (CH2Cl2): 1679 cm-1.  1H NMR (CD2Cl2): δ = 1.7(m), 

2.5(m), 3.3(m) 7.2-7.8(m).  31P NMR (CD2Cl2): δ = 16.8(d, JRh-P = 117 Hz).  19F NMR 

(CD2Cl2): δ = -69.6(s). 

 



36 
 

I.  Synthesis of Rh(dppb)(COCF3)I2 

Rh(dppb)(CO)I (0.055 g, 0.078 mmol), trifluoroacetic anhydride (0.25 mL, 1.8 

mmol) and 10 mL of toluene were added to a 100 mL round bottom flask and stirred for 

about three hours inside the glove box.  To that solution an excess of solid NaI (0.100 g, 

0.67 mmol) was added and stirred.  After about two hours, 40 mL of hexanes was added.  

The solution was taken out from the glove box, filtered and the precipitate was washed 

with hexanes.  That precipitate was dissolved in a small amount of methylene chloride 

and filtered.  The filtrate was concentrated under reduced pressure and an orange colored 

precipitate was obtained by the addition of hexanes.  The precipitate was filtered, washed 

with hexanes and dried overnight in a vacuum oven at room temperature.  The yield was 

0.049 g (0.054 mmol), 69% based on Rh(dppb)(CO)I.  IR (CH2Cl2): 1691 cm-1.  1H NMR 

(CD2Cl2): δ = 7.1-7.8(m).  31P NMR (CD2Cl2): δ = 69.8(d, JRh-P = 123 Hz).  19F NMR 

(CD2Cl2): δ = -71.8(s). 

 
J.  Synthesis of Rh(dppp)(COC2H5)I2 

About 0.2 g (0.3 mmol) of Rh(dppp)(CO)I was added to a 50 mL round bottom 

flask inside the glove box.  About 2 mL (25 mmol) of iodoethane and 3 mL of methylene 

chloride were added to that flask.  It has been reported that C2H5I reacts with 

M(CO)(C5H5)L (M = Co, Rh, Ir and L = tertiary phosphines) about 103 times more 

slowly than CH3I,98 thus the concentration of C2H5I was made very high in this reaction.  

An initial IR spectrum was taken and a peak was observed at 2013 cm-1 which is for 

Rh(dppp)(CO)I.  The solution was stirred continuously and monitored by IR.  After 2 

days the IR peak at 2013 cm-1 had completely disappeared and new peaks were observed 

at 1680 and 1740 cm-1.   The solution was taken out from the glove box and concentrated 
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under reduced pressure.  To the concentrated solution, hexanes was added slowly and a 

yellow precipitate of Rh(dppp)(COC2H5)I2 was obtained.  It was filtered, washed with 

hexanes and dried overnight in a vacuum oven at room temperature.  The yield was 0.172 

g (0.21 mmol), 70% based on Rh(dppp)(CO)I.  IR (CH2Cl2): 1679 and 1741 cm-1.  1H 

NMR (CD2Cl2): δ = 1.04(t), 1.6(m), 2.48(m), 3,15(m), 3.56(q) and 7.2-7.7(m).  31P NMR 

(CD2Cl2): δ = 19.8(d, JRh-P = 131 Hz). 

 
K.  Synthesis of Rh(dppp)(COC4H9)I2 

A 0.194 g (0.29 mmol) sample of Rh(dppp)(CO)I was added to a 100 mL round 

bottom flask inside the glove box.  About 4 mL (35 mmol) of 1-iodobutane and 5 mL of 

methylene chloride were added to that flask.  An initial IR spectrum was taken and a peak 

was observed at 2013 cm-1 which is for Rh(dppp)(CO)I.  The solution was stirred 

continuously and monitored by IR.  After 4 days the IR peak at 2013 cm-1 had completely 

disappeared and a new peak was observed at 1697 cm-1.  The solution was taken out from 

the glove box and concentrated under reduced pressure.  To the concentrated solution 

hexanes was added slowly and a yellow precipitate of Rh(dppp)(COC4H9)I2 was 

obtained.  It was filtered, washed with hexanes and dried overnight in a vacuum oven at 

room temperature.  The yield was 0.172 g (0.20 mmol), 69% based on Rh(dppp)(CO)I.  

IR (CH2Cl2): 1697 cm-1.  1H NMR (CD2Cl2): δ = 0.83(t), 1.21(sextet), 1.60(p), 1.54(s), 

2.48(m), 3,15(m), 3.58(t), 5.3(s) and 7.2-7.8(m).  31P NMR (CD2Cl2): δ = 18.5(d, JRh-P = 

131 Hz). 
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L.  Synthesis of Rh(dppp)(COCF2H)I2 

About 0.2 g (0.3 mmol) of Rh(dppp)(CO)I, 0.25 mL (2 mmol) of difluoroacetic 

anhydride and 10 mL of toluene were added to a 100 mL round bottom flask and stirred 

for about three hours inside the glove box.  To that solution an excess of solid NaI (0.2 g, 

1.3 mmol) was added and stirred.  After about two hours, 15 mL of hexanes was added 

and the solution was taken out from the glove box and kept in the freezer for about half 

an hour.  It was then filtered and the precipitate was washed with hexanes.  The 

precipitate was dissolved in a small amount of methylene chloride and filtered.  The 

filtrate was concentrated under reduced pressure and an orange colored precipitate was 

obtained by the addition of hexanes.  The precipitate was filtered, washed with hexanes 

and dried overnight in a vacuum oven at room temperature.  The compound was not pure 

so it was dissolved in methylene chloride and passed through a short silica gel packed 

column and eluted with methylene chloride.  The fraction collected was concentrated on a 

rotary evaporator and a precipitate was obtained by the addition of hexanes.  It was 

filtered, washed with hexanes and dried in a vacuum oven at room temperature.  Most of 

the compound adsorbed on the silica gel so only a small amount (about 100 mg) was 

recovered.  IR (CH2Cl2): 1686 and 1708 cm-1.  1H NMR (CD2Cl2): δ = 1.8(m), 2.7(m), 

3.2(m), 6.8(t) and 7.2-7.8(m).  31P NMR (CD2Cl2): δ = 18.5(d, JRh-P = 123 Hz).  19F NMR 

(CD2Cl2): δ = -112.3(d, JH-F = 54 Hz). 

 
M.  Synthesis of Rh(dppp)(COCF2Cl)I2 

A 0.156 g (0.23 mmol) sample of Rh(dppp)(CO)I, 0.25 mL (1.4 mmol) of 

chlorodifluoroacetic anhydride and 10 mL of toluene were added to a 100 mL round 

bottom flask and stirred for about three hours inside the glove box.  To that solution an 
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excess of solid NaI (0.2 g, 1.3 mmol) was added and stirred.  After about two hours, 15 

mL of hexanes was added and the solution was taken out from the glove box and kept in 

the freezer for about half an hour.  It was then filtered and the precipitate was washed 

with hexanes.  The precipitate was dissolved in a small amount of methylene chloride and 

filtered.  The filtrate was concentrated under reduced pressure and an orange colored 

precipitate was obtained by the addition of hexanes.  The precipitate was filtered, washed 

with hexanes and dried overnight in a vacuum oven at room temperature.  The yield was 

0.169 g, but the compound was not pure.  All attempts to purify it were unsuccessful due 

to its instability in solution.  IR (CH2Cl2): 1683 cm-1.  1H NMR (CD2Cl2): δ = 1.7(m), 

2.6(m), 3.3(m) and 7.2-8(m).  31P NMR (CD2Cl2): δ = 17.4(d, JRh-P = 117 Hz).  19F NMR 

(CD2Cl2): δ = -53.7(s). 

 
N.  Synthesis of Rh(dppp)(COC2F5)I2 

A 0.284 g (0.42 mmol) sample of Rh(dppp)(CO)I, 0.5 mL (1.3 mmol) of 

pentafluoropropionic anhydride and 10 mL of toluene were added to a 100 mL round 

bottom flask and stirred for about three hours inside the glove box.  About 50 mL of 

hexanes was added and the solution was taken out from the glove box and kept in the 

freezer for about half an hour.  It was then filtered and the precipitate was washed with 

hexanes.  The precipitate was taken inside the glove box and dissolved in 10 mL of 

methylene chloride in a 100 mL round bottom flask and an excess of solid NaI was 

added.  The solution was stirred for twelve hours and then taken out from the glove box 

and filtered.  The filtrate was concentrated under reduced pressure and an orange colored 

precipitate was obtained by the addition of hexanes.  The precipitate was filtered, washed 

with hexanes and dried overnight in a vacuum oven at room temperature.  The yield was 
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0.230 g.  The compound was not pure so it was dissolved in methylene chloride and 

passed through a short silica gel packed column.  The fraction collected was concentrated 

on rotary evaporator and a precipitate was obtained by the addition of hexanes.  It was 

filtered, washed with hexanes and dried in a vacuum oven at room temperature.  Most of 

the compound adsorbed on the silica gel so only a small amount (0.030 g) was recovered.  

IR (CH2Cl2): 1683 cm-1.  1H NMR (CD2Cl2): δ = 1.7(m), 2.6(m), 3.3(m) and 7.2-7.8(m).  

31P NMR (CD2Cl2): δ = 15.8(d, JRh-P = 115 Hz).  19F NMR (CD2Cl2): δ = -81.6(s) and  

-106(s). 

 
O.  Synthesis of [Rh(dppp)2)(CO)][BF4] 

The complex [Rh(dppp)2)(CO)][BF4] was synthesized following the idea of Price et 

al.99 Chlorodicarbonylrhodium(I) dimer, [Rh(CO)2Cl]2, (0.164 g, 0.85 mmol of Rh) was 

added to a 100 mL round bottom flask inside the glove box, then 0.180 g (0.92 mmol) of 

silver tetrafluoroborate and 10 mL of acetone were added.  That mixture was stirred for 

about an hour and filtered.  A solution of 0.698 g (1.69 mmol) of dppp in 10 mL of 

methylene chloride was added to the filtrate and stirred for about six hours.  The solution 

was taken out of the glove box and concentrated under reduced pressure.  A yellow 

precipitate was obtained by adding diethyl ether to the concentrated solution.  It was 

filtered, washed with diethyl ether and dried in a vacuum oven.  The yield was 0.725 g 

(0.70 mmol), 82% based on [Rh(CO)2Cl]2.  IR (CH2Cl2): 1949 cm-1.  1H NMR (CD2Cl2): 

δ = 0.5(m), 1.6(m), 1.9(m), 2.3(m), 2.4(m), 2.5(m) and 6.9-7.9(m).  31P NMR (CD2Cl2): δ 

= 15.2(dt, JRh-P = 121 Hz, JP-P = 30 Hz), 7.5(d, JRh-P = 132 Hz) and -12.8(dt, JRh-P = 85 Hz, 

JP-P = 30 Hz).  19F NMR (CD2Cl2): δ = -153.9(s) and -153.8(s) small. 
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P.  Synthesis of Rh(dppp)(COC6H5)Cl2 

In a 100 mL round bottom flask inside the glove box [Rh(CO)2Cl]2 (0.099 g, 0.51 

mmol of Rh) and dppp (0.218 g, 0.53 mmol) were combined and 15 mL of CH2Cl2 was 

added.  The mixture was stirred for about fifteen minutes.  Then 0.1 mL (0.86 mmol) of 

benzoyl chloride was added.  An IR spectrum of the solution was taken.  No change was 

observed in the IR peaks after stirring for about eight hours.  The flask was then taken out 

from the glove box and the solution was refluxed under a nitrogen atmosphere for 3 days.  

Then it was concentrated on rotary evaporator.  A yellow precipitate was obtained by the 

addition of diethyl ether.  It was filtered, washed and dried in a vacuum oven.  The yield 

was 0.247 g (0.33 mmol), 65% based on [Rh(CO)2Cl]2.  IR (CH2Cl2): 1651 cm-1.  1H 

NMR (CD2Cl2): δ = 1.7(m), 2.4(m), 3.2(m) and 7.2-7.9(m).  31P NMR (CD2Cl2): δ = 

24.9(d, JRh-P = 135 Hz). 

 
Q.  Synthesis of Rh(dppp)(COCH3)Cl2 

In a 100 mL round bottom flask inside the glove box [Rh(CO)2Cl]2 (0.100 g, 0.51 

mmol of Rh) and dppp (0.212 g, 0.53 mmol) were combined and 10 mL of CH2Cl2 was 

added.  The mixture was stirred.  When everything had dissolved, acetyl chloride (0.05 

mL, 0.7 mmol) was added and stirred for about an hour.  The solution was taken out from 

the glove box and all the solvent was evaporated under reduced pressure.  The yellow 

residue was dried in a vacuum oven at room temperature.  The yield was about 0.2 g.  IR 

(CH2Cl2): 1708 cm-1.  1H NMR (CD2Cl2): δ = 1.7(m), 2.4(m), 2.9(s), 3.1(m) and 

7.0-8.0(m).  31P NMR (CD2Cl2): δ = 23.7(d, JRh-P = 136 Hz). 
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R.  Synthesis of Rh(dppp)(CO)Cl 

Chlorodicarbonylrhodium(I) dimer, [Rh(CO)2Cl]2, (0.41 g, 2.11 mmol of Rh) was 

mixed with 20 mL of acetone and 0.879 g (2.13 mmol) of dppp in a 100 mL round 

bottom flask inside the glove box.  The mixture was stirred for about 2 hours.  After that 

the round bottom flask was taken out from the glove box and the solution was 

concentrated on a rotary evaporator.  After concentrating, a yellow precipitate of 

Rh(dppp)(CO)Cl was obtained and was collected with methanol.  It was filtered, washed 

with methanol and dried overnight in a vacuum oven.  The yield of Rh(dppp)(CO)Cl was 

1.052 g (1.82 mmol), 86% based on [Rh(CO)2Cl]2.  IR(CH2Cl2): 1971 cm-1. 

 
S.  Synthesis of Rh(dppp)(COCF3)Cl2 

In a 100 mL round bottom flask, Rh(dppp)(CO)Cl (0.134 g, 0.23 mmol), 5 mL of 

toluene and trifluoroacetic anhydride (0.25 mL, 1.8 mmol) were mixed and stirred for 

about 3 hours inside the glove box.  Then about 50 mL of hexanes was added to produce 

a  precipitate and the flask was taken out from the glove box.  The mixture was filtered 

and the precipitate was washed with hexanes and dried in a vacuum oven.  The 

Rh(dppp)(COCF3)(CO2CF3)Cl  thus obtained was added to a 50 mL round bottom flask 

and mixed with 5 mL of methylene chloride and an excess of lithium chloride inside the 

glove box.  The mixture was stirred for about 3 hours.  It was then filtered, the filtrate 

was concentrated on a rotary evaporator and a precipitate of Rh(dppp)(COCF3)Cl2 was 

obtained by the addition of hexanes.  It was filtered, washed with hexanes and dried in a 

vacuum oven.  1H, 31P and 19F NMR spectra of the product showed that the product was 

impure.  Then the impure Rh(dppp)(COCF3)Cl2 was dissolved in chloroform and the 

solution was concentrated.  A light yellow colored precipitate was obtained from the 
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concentrated solution.  It was filtered and dried in a vacuum oven.  The product thus 

obtained was pure Rh(dppp)(COCF3)Cl2.  IR (CH2Cl2): 1686 cm-1.  1H NMR (CD2Cl2): δ 

= 1.8(m), 2.5(m), 3.2(m) and 7.2-8.0(m).  31P NMR (CD2Cl2): δ = 23.5(d, JRh-P = 121 

Hz).  19F NMR (CD2Cl2): δ = -71.3(s). 

 
T.  Synthesis of Rh(dppp)(COCF3)(NO3)2 

Inside the glove box, Rh(dppp)(COCF3)I2 (0.096 g, 0.11 mmol), AgNO3 (0.2 g, 

0.59 mmol) and 8 mL of methylene chloride were mixed in a 100 mL Schlenk flask and 

stirred.  After one and half an hours an IR peak was observed at 1693 cm-1.  The solution 

was filtered and the filtrate was concentrated on a rotary evaporator.  The precipitate of 

Rh(dppp)(COCF3)(NO3)2 was  produced by adding hexanes to that concentrated solution.  

It was filtered, washed with hexanes and dried overnight in a vacuum oven.  The yield 

was 0.0712 g (0.097 mmol), 88% based on Rh(dppp)(COCF3)I2.  IR (CH2Cl2): 1693 cm-1.  

1H NMR (CD2Cl2): δ = 1.6(m), 1.8(m), 2.3(m), 3.3(m) and 7.2-7.7(m).  31P NMR 

(CD2Cl2): δ = 21.3(d, JRh-P = 131 Hz).  19F NMR (CD2Cl2): δ = -72.8(s). 

 
U.  Synthesis of [Rh(dppp)(COCH3)I]2[SO3CF3]2 

Inside the glove box, Rh(dppp)(COCH3)I2 (0.101 g, 0.12 mmol), methyl 

trifluoromethanesulfonate (0.1 mL, 0.88 mmol) and 20 mL of methylene chloride were 

mixed in a 100 mL Schlenk flask and stirred.  Initially a broad IR peak was observed at 

1701 cm-1.  After 1 hour the IR peak had shifted to 1723 cm-1.  Then the flask was taken 

out from the glove box and the solution was concentrated on a rotary evaporator.  A light 

yellow precipitate was obtained by the addition of hexanes to that concentrated solution.  

It was filtered, washed with hexanes and dried overnight at room temperature in a 
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vacuum oven.  The yield was 0.082 g (0.11 mmol), 87%.  IR (CH2Cl2): 1720 cm-1.  1H 

NMR (CD2Cl2): δ = 0.8(m), 1.3(s), 1.8(m), 2.4-3.0(m), 3.08(s), 3.2(m), 3.4(s) and 

7.2-7.8(m).  31P NMR (CD2Cl2): δ = 25.7(d, JRh-P = 133 Hz) and 25.5(d, JRh-P = 133 Hz).  

19F NMR (CD2Cl2): δ = -79.1(s). 

 
V.  Synthesis of [Rh)(dppp)(CH3CN)3(COCH3)][BF4]2 

Inside the glove box, Rh(dppp)(COCH3)I2 (0.081 g, 0.1 mmol) and silver 

tetrafluoroborate (0.051 g, 0.88 mmol) were added to 15 mL of acetonitrile in a 100 mL 

round bottom flask and the mixture was stirred for about 3 hours.  During stirring the 

flask was wrapped with aluminum foil.  The solution was taken out from the glove box 

and the AgI precipitate was removed by filtration.  The filtrate was concentrated under 

reduced pressure and a cream colored precipitate of [Rh(dppp)(CH3CN)3(COCH3)][BF4]2 

was obtained by the addition of diethyl ether.  IR and NMR spectra were collected before 

drying the complex.  IR (CH3CN): 1701 cm-1.  1H NMR (CD2Cl2): δ = 1.17(t), 1.8(m), 

2.2(s), 2.6(m), 2.85(s), 3.1(m), 3.47(q), 5.3(s) and 7.2-7.7(m).  31P NMR (CD2Cl2): δ = 

20.1(d, JRh-P = 133 Hz).  19F NMR (CD2Cl2): δ = -150.1(s). 

 
W.  Synthesis of dpppO2 

 About 0.2 gm of dppp, 0.2 gm of K2S2O8, 6 mL of acetonitrile and 2 mL of 

deionized water were mixed in a 50 mL round bottom flask, and that mixture was 

incubated at 50 °C for about 4 hours.100 Then all the solvent was evaporated in rotary 

evaporator.  The residue produced a singlet at 32.3 ppm in 31P NMR. 
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X.  Preparation of K2BP/Na2BP/KBP 

Solutions of K2BP/Na2BP (50 mM) were prepared in distilled deoxygenated 

THF.101  A 50 mL round bottom flask was dried and taken into the glove box.  Then 

0.182 g (1 mmol) of benzophenone, 20 mL of THF and a stirring bar were placed in the 

flask.  A small piece of potassium (ca. 1.2 g) or sodium (ca. 1.0 g) was cut into smaller 

pieces and added directly into the flask.  This mixture was stirred for several hours until 

the initial blue color changed to an intense blue-purple color for K2BP or light blue for 

Na2BP.  A 50 mM solution of KBP was prepared by mixing 10.00 mL of 50 mM K2BP 

with excess benzophenone in the glove box.  The standardization of benzophenone anion 

solutions with KHP and standardized HCl was performed by addition of ethanol and 

water to 5.00 mL of benzophenone anion solution to generate hydroxide.  The resulting 

solution was titrated with either a primary standard KHP or a standardized HCl solution 

using phenolphthalein as an indicator. 

 
IV.  Unsuccessful Syntheses 

 
A. Attempted Syntheses of Rh(dppp)(COCH3)Cl2 and Rh(dppp)(COC6H5)Cl2  from 

[Rh(C2H4)2Cl]2 
 

Syntheses of Rh(dppp)(COCH3)Cl2 and Rh(dppp)(COC6H5)Cl2 were attempted 

following the procedure of Slack et al.48 Chlorobis(ethylene)rhodium(I) dimer, 

[Rh(C2H4)2Cl]2, (0.096 g, 0.49 mmol) was suspended in 6 mL of CH2Cl2 and a solution 

of 0.224 g (0.54 mmol) of dppp in 6 mL of CH2Cl2 was added.  When the evolution of 

gas stopped the solution was split into two flasks; to one 0.030 mL (0.26 mmol) of 

C6H5COCl was added and to the other 0.030 mL (0.42 mmol) of CH3COCl.  The 

solutions were stirred continuously and after half an hour they were filtered inside the 
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glove box.  The filtrates were taken out of the glove box, concentrated and yellow 

precipitates of crude product were obtained by adding diethyl ether.  Those compounds 

were dried in a vacuum oven.  IR and NMR data were collected for both of the samples, 

but neither of them contained any carbonyl band and phosphorous NMR showed lots of 

peaks.  Being unsuccessful by the above described procedure, the reactions were tried 

with refluxing but no progress was made. 

 
B.  Reaction between Rh(dppp)(CO)I and C6H5COCl 

In a round bottom flask, 0.1 g (0.15 mmol) of Rh(dppp)(CO)I was added to 15 

mL of CH2Cl2.  Then NaI (0.050 g, 0.33 mmol) and 0.04 mL (0.35 mmol) of benzoyl 

chloride were added to that flask.  An initial IR spectrum was taken and the solution was 

left stirring while being periodically monitored by IR.  After two days none of the IR 

peaks were changed so the contents were then refluxed at 40-45 °C.  Even after refluxing 

none of the peaks in the IR changed.  The solution was concentrated and a precipitate was 

collected by adding hexanes.  An IR spectrum was taken by dissolving the precipitate in 

CH2Cl2 but no carbonyl peaks were obtained and further analysis was not done. 

 
C.  Attempted Synthesis of Rh(dpfppe)(COCH3)I2 

Chlorodicarbonylrhodium(I) dimer, [Rh(CO)2Cl]2, (0.101 g, 0.52 mmol of Rh) 

was placed in a 100 mL Schlenk flask and 6.0 mL of acetone was added.  Then a solution 

of NaI (0.084 g, 0.56 mmol) in 4 mL of acetone was added and left for about an hour.  

After one hour a solution of dpfppe (0.389 g, 0.52 mmol) in 10 mL of acetone was added 

and left.  After two hours the Schlenk flask was taken out from the glove box and the 

solution was concentrated on a rotary evaporator.  Production of a precipitate by adding 
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another solvent was unsuccessful due to the solubility of the compound in all solvents 

used.  Then the solvent was completely removed on a rotary evaporator and the solid 

residue so obtained was dried in a vacuum oven.  Then that compound was taken inside 

the glove box and added to 10 mL of methylene chloride and 0.20 mL (2.12 mmol) of 

iodomethane and left.  Initially IR peaks were seen at 1789 and 1969 cm-1.  After three 

hours IR peaks were observed at 1643 and 2054 cm-1 with a small peak at 1712 cm-1.  For 

three days the IR peaks remained the same.  Then the content was concentrated and a 

precipitate was obtained by adding diethyl ether and cooling in the freezer.  It was 

collected and dried overnight in a vacuum oven at room temperature.  The yield was 

0.312 g.  IR, 31P, 1H and 19F NMR spectra were collected.  Cyclic voltamograms were 

also performed to check the purity.  But it looked like the compound was not pure, or 

perhaps not stable.  A crystal grown from this impure product produced the crystal 

structure of Rh(dpfppe)(CO)I.  Further analysis was not done. 

Another trial was done by following all of the above procedures but this time the 

content was concentrated quickly after the addition of dpfppe.  But that time the same 

thing happened. 

 
D.  Reaction between Rh(dppp)(CO)I and trifluoroacetyl trifluoromethanesulfonate 

Rh(dppp)(CO)I (0.108 g, 0.16 mmol), NaI (0.04 g, 0.27 mmol) and 10 mL of 

methylene chloride were placed in a 100 mL round bottom flask.  Then 0.025 mL of 

trifluoroacetyl trifluoromethanesulfonate was added to that flask.  Then the progress of 

reaction was monitored by IR.  Initial IR peaks were observed at 2099, 2054 and 1681 

cm-1 with a small peak at 1788 cm-1.  After three days, the primary IR peak was at 2011 

cm-1 with small peaks at 1712 and 1647 cm-1.  After eight days, IR peaks were observed 
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at 1986, 1815, 1786, 1697 and 1649 cm-1.  All of these peaks were very small.  Then the 

solution was concentrated and a little bit of black precipitate was obtained which was 

dried in a vacuum oven.  NMR and IR analysis of this product did not give good results. 

 
E.  Reaction between Rh(dppp)(CO)I and C6H5CH2I 

Rh(dppp)(CO)I (0.289 g, 0.43 mmol) and  C6H5CH2I (0.290 g, 1.33 mmol) were 

added to a 100 mL round bottom flask.  Then 5 mL of methylene chloride was added and 

stirred.  After 4-5 days of stirring no precipitate was obtained.  The solution was then 

refluxed but no change was observed.  Then the content was concentrated and a little bit 

of brown/violet colored precipitate was obtained by the addition of diethyl ether.  It was 

filtered, washed and dried in a vacuum oven.  NMR and IR analysis of this product did 

not give good results. 

 
F.  Reaction between Rh(dppp)(CO)I and C3F7COCl 

Rh(dppp)(CO)I (0.236 g, 0.35 mmol), NaI (0.358 g, 2.39 mmol) and 0.137 g (0.59 

mmol) of heptafluorobutyryl chloride (C3F7COCl) were mixed with 10 mL of methylene 

chloride and monitored by IR.  Initial peaks were observed at 2056, 1996, 1789 and 1695 

cm-1.  After eight hours there were peaks at 2075, 1789 and 1694 cm-1.  The next day the 

peak at 2075 cm-1 was a little larger and the other two peaks were a little smaller.  The 

solution was stirred until only the IR peak at 2075 cm-1 was observed.  The solution was 

then filtered, the filtrate was concentrated and a precipitate was obtained by the addition 

of hexanes.  The precipitate was collected and dried in a vacuum oven.  The product was 

analyzed by 1H, 31P and 19F NMR, but no good results were obtained.  Lots of peaks 
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appeared even in 31P and 19F NMR.  A single crystal grown from this impure product 

produced the crystal structure of Rh(dppp)(C3F7)I2 (see Chapter 5).102 

 
G.  Reaction between Rh(dppp)(CO)I and CF3I 

A little bit of Rh(dppp)(CO)I was dissolved in methylene chloride and CF3I gas 

was passed through the solution for a minute.  Then an IR spectrum was taken.  There 

was a peak at 2010 cm-1 in the IR.  The solvent was removed and the residue was dried 

on a vacuum line.  After that 1H and 31P NMR spectra were taken.  Only a single peak at 

31.7 ppm was present in the 31P NMR.  The IR peak at 2010 cm-1 was not observed.   

 
H.  Reaction between Rh(dppp)(CO)I and C6F5COCl 

Rh(dppp)(CO)I (0.097 g, 0.14 mmol), NaI (0.081 g, 0.54 mmol) and 0.1 mL (0.7 

mmol) of pentatafluorobenzoyl chloride (C6F5COCl) were mixed with 10 mL of 

methylene chloride and monitored by IR.   Nothing changed in the IR spectrum so the 

solution was refluxed, but still no change in the IR spectrum was observed.  Then the 

solvent was removed under reduced pressure.  The resulting solid was dried in a vacuum 

oven.  Analysis of the product by IR, 1H, 31P and 19F NMR did not give good results.  The 

31P NMR spectrum contained a large peak at 2.42(d) ppm along with other small peaks 

at -5(d), 5(d), 15(d) and 18(d) ppm.  The 19F NMR contained multiple peaks 

between -100 and -165 ppm. 

 
I.  Attempted Syntheses of Rh(dppp)(SCN)(COCH3)I and Rh(dppp)(CN)(COCH3)I 

Syntheses of Rh(dppp)(SCN)(COCH3)I and Rh(dppp)(CN)(COCH3)I were 

attempted in ways similar to the synthesis of Rh(dppp)(COCH3)I2 by using KSCN and 
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KCN instead of KI.  But the product ended up being Rh(dppp)(COCH3)I2.  A reaction 

attempted with NH4SCN also did not give good results. 

 
J.  Attempted Syntheses of Rh(dppp)(SCN)(COCF3)I and Rh(dppp)(SCN)2(COCF3) 

The synthesis of Rh(dppp)(SCN)2(COCF3) was attempted following a procedure 

similar to the synthesis of Rh(dppp)(COCF3)I2 and using KSCN instead of KI but did not 

give good results.  Then the synthesis of Rh(dppp)(SCN)(COCF3)I from the reaction of 

Rh(dppp)(COCF3)(CO2CF3)I and KSCN was attempted.  Unfortunately this one also did 

not give good results. 

 
K.  Attempted Syntheses of Rh(dppp)(CN)(COCF3)I and Rh(dppp)(CN)2(COCF3) 

The synthesis of Rh(dppp)(CN)2(COCF3) was attempted following a procedure 

similar to the synthesis of Rh(dppp)(COCF3) I2 and using KCN instead of KI, but it did 

not give good results.  Then the synthesis of Rh(dppp)(CN)(COCF3)I from the reaction of 

Rh(dppp)(COCF3)(CO2CF3)I and KCN was attempted.  Unfortunately this one also did 

not give good results. 

 
L.  Attempted Synthesis of Rh(dmpe)(COCH3)I2 

Chlorodicarbonylrhodium(I) dimer, [Rh(CO)2Cl]2, (0.146 g, 0.75 mmol of Rh) 

and 0.156 g (0.96 mmol) of NaI were added to a 100 mL round bottom flask inside the 

glove box and 10 mL of acetone was added.  The solution was stirred for an hour.  Then 

0.15 mL (0.90 mmol) of dmpe was added and stirred for about an hour.  The solution was 

taken out from the glove box and concentrated on rotary evaporator.  Immediately the 

color of the solution changed from yellow to dark brown.  The solvent was completely 
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removed and the flask was taken back inside the glove box.  But by that time the color of 

compound had changed to black. 

A second trial was done as follows.  Chlorodicarbonylrhodium(I) dimer, 

[Rh(CO)2Cl]2, (0.094 g, 0.48 mmol of Rh) and 0.075 g (0.5 mmol) of NaI were added to a 

100 mL round bottom flask inside the glove box and 10 mL of acetone was added.  The 

solution was stirred for an hour.  Then 0.10 mL (0.6 mmol) of dmpe was added and 

stirred for about an hour.  A yellow precipitate was formed.  Then about 1 mL (16 mmol) 

of iodomethane was added and stirred for one day.  The yellow precipitate had not 

dissolved so 10 mL of methylene chloride was added and stirring was continued.  After 

one day the solvent was evaporated on a rotary evaporator.  A little bit of the compound 

was dissolved in methylene chloride and an IR spectrum was taken.  IR peaks were 

observed at 2078 and 1712 cm-1.  The flask was taken back inside the glove box and 5 

mL of methylene chloride and 1 mL (16 mmol) of iodomethane were added.  The 

solution was stirred for three days but no change was observed in the IR spectrum.  Then 

it was refluxed for two hours.  An IR peak was then observed at 1708 cm-1.  The solution 

was concentrated and a small amount of precipitate was produced by adding hexanes.  It 

was filtered, washed and dried in a vacuum oven.  1H and 31P NMR spectra of this 

product were not good. 

Next a trial was done in toluene.  After stirring a mixture of [Rh(CO)2Cl]2 and NaI 

in toluene for an hour, 0.2 mL of dmpe was added.  The solution was stirred for two 

hours and then 0.5 mL of trifluoroacetic anhydride was added and stirred, but a sticky 

oily substance formed at the bottom of the flask.  The flask was taken out of the glove 

box and all the solvent was removed on a rotary evaporator.  Then the compound was 
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dissolved in methylene chloride and hexanes was added but instead of a precipitate a 

sticky brown substance formed. 

 
M.  Attempted Syntheses of Rh(dppp)2(COCH3) and Rh(dppp)2(COCF3) 

A little bit of [Rh(dppp)2(CO)][BF4] was added to a 50 mL round bottom flask 

and 1 mL of iodomethane and 5 mL of methylene chloride were added inside the glove 

box.   Initial IR peaks were observed at 1949 and 1701 cm-1.  The solution was kept 

stirring at room temperature.  After 4 days, the IR peaks remained the same.  Then the 

solution was refluxed at 40 ˚C.  The IR peak at 1949 cm-1 disappeared.  The solution was 

concentrated and a precipitate was obtained by adding hexanes.  It was filtered, washed 

and dried in a vacuum oven.  The 31P NMR spectrum was similar to that of 

[Rh(dppp)2(CO)][BF4] but in the 1H NMR there was no peak for the methyl group.  

Further analysis was not done. 

A little bit of [Rh(dppp)2(CO)][BF4] was mixed with 5 mL of methylene chloride 

and 0.5 mL of trifluoroacetic anhydride.  The mixture was stirred for two hours.   It was 

then concentrated and diethyl ether was added to give a little bit of precipitate.  The 

precipitate was filtered, washed and dried in a vacuum oven.  The 31P NMR spectrum 

looked the same as [Rh(dppp)2(CO)][BF4] but the 19F NMR spectrum contained lots of 

peaks and the 1H NMR spectrum also was not good.  A crystal grown from this impure 

product produced the crystal structure of [Rh(dppp)2O2][BF4] (see Chapter 5). 
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CHAPTER THREE 
 

Chemistry and Electrochemistry of Rhodium Diphosphine 
Acetyl Complexes 

 
 

I.  IR and NMR Spectra of Rh(P-P)(COCH3)I2 Complexes 

 
A. IR Data 

 IR spectra of the compounds were taken in different solvents and acyl carbonyl 

stretching frequencies of the Rh(P-P)(COCH3)I2 complexes are given in Table 3.1.  

Sample IR spectra of Rh(dippp)(COCH3)I2 and Rh(dppb)(COCH3)I2 are shown in 

Figures 3.1 and 3.2, respectively.  Our observations are comparable to the results reported 

in the literature.50  It has been reported that solvents have a pronounced effect on 

carbonyl absorption peaks.103  In our case we observed only a slight effect of solvent on 

the IR absorption of the acyl groups. 

The carbonyl stretching frequencies are affected by the nature of the diphosphine 

ligand.  It is known that the nature of other ligands bound to the metal affects the 

carbonyl stretching frequency of metal carbonyl complexes.  For terminal metal-carbonyl 

complexes, if the other ligands contain electron withdrawing groups then the carbonyl 

stretching frequency increases and if the other ligands contain electron donating groups 

then the frequency decreases.  There are number of other factors such as resonance 

effects, inductive effects, hydrogen bonding, etc.  Which affect the carbonyl stretching 

frequency sometimes is very hard to generalize without considering all of them.  The 

most important factor is the electron density on the metal which has a direct effect on 
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metal-carbonyl backbonding to terminal carbonyl ligands.  But in the case of acyl ligands 

the carbonyl carbon-oxygen bond is a double bond and the carbon is bonded to both the 

metal and an alkyl or aryl group.  Backbonding does not take place.  However, the 

electron density on the metal does have an effect on the C=O bond strength and the 

partial charge on the carbonyl carbon atom.  The partial charge on the carbonyl carbon 

atom also depends to the other substituent (alkyl/aryl group).   

On comparing the acyl carbonyl stretching frequencies of Rh(dppp)(COCH3)I2, 

Rh(dppb)(COCH3)I2 and Rh(dippp)(COCH3)I2, we found that Rh(dppb)(COCH3)I2 has a 

higher carbonyl stretching frequency than the other two.  The phenyl group has 

delocalized π-electrons and they have sigma electron donor and pi electron acceptor 

ability, while alkyl groups are only donating sigma electrons.  The dppb ligand can 

donate more electron density to the metal atom since it has delocalized π-electrons in the 

phosphorus linking group.104  Electrochemical results (vide infra) also show that the 

rhodium atom in the dppb complex is more electron rich than the other.   In a literature 

search, we could not find any detailed explanation of how the electron density of the 

metal affects the carbonyl stretching frequency of an acyl group.  But we observed an 

increase in the carbonyl stretching frequency of the acyl carbonyl with an increase in 

electron density on the metal.  We found almost the same carbonyl stretching frequency 

in Rh(dppp)(COCH3)I2 and Rh(dippp)(COCH3)I2.  The phosphorus atoms of the dippp 

complex have more electron donating isopropyl groups and can be expected to transfer 

more electron density to the rhodium atom of Rh(dippp)(COCH3)I2.  But in the case of 

bulky alkyl groups steric factors can also play a role.  For this reason the electron density 
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on the rhodium atoms of Rh(dippp)(COCH3)I2 and Rh(dppp)(COCH3)I2 might be the 

same causing the same carbonyl stretching frequency. 
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Figure 3.1.  IR spectrum of Rh(dippp)(COCH3)I2 in CH2Cl2. 
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Figure 3.2.  IR spectrum of Rh(dppb)(COCH3)I2 in CH2Cl2. 



56 
 

Table 3.1.  IR data for Rh(P-P)(COCH3)I2 complexes in different solvents. 

Compound    Acyl CO Stretching Frequency (cm-1) 

    Acetonitrile Tetrahydrofuran Dichloromethane  

Rh(dppp)(COCH3)I2  1703  1698   1699 

Rh(dippp)(COCH3)I2  1702  1697   1699 

Rh(dppb)(COCH3)I2  1713  1711   1711 

 
 
B.  NMR Data 

 1H and 31P NMR chemical shifts of Rh(dppp)(COCH3)I2, Rh(dippp)(COCH3)I2 

and Rh(dppb)(COCH3)I2 are presented in Table 3.2.  1H NMR spectra of 

Rh(dppp)(COCH3)I2 and Rh(dippp)(COCH3)I2 are shown in Figures 3.4 and 3.5, 

respectively.  A sample 31P NMR spectrum of Rh(dippp)(COCH3)I2 is shown in Figure 

3.6.  In the case of Rh(dppp)(COCH3)I2, the integrated  proton peak ratio was found to be 

20 : 3 : 6.4 for the four C6H5 groups (7.2-7.8 m), the CH3 group (3.03 s) and the 

CH2CH2CH2 (1.6 m, 2.43 m and 3.16 m), respectively.  1H peaks at 5.3 and 1.5 ppm are 

due to the residual solvent protons and water, respectively.  There were other very small 

peaks, likely from some impurities, which were neglected.  Since the two phosphorus 

atoms are chemically equivalent, a singlet can be expected in 31P NMR spectrum but due 

to 103Rh-31P coupling the peak was split into a doublet with JRh-P of 131 Hz.  Similar 

results were obtained from 1H and 31P NMR spectra of Rh(dippp)(COCH3)I2 and 

Rh(dppb)(COCH3)I2. 

 The 1H NMR spectrum of Rh(dippp)(COCH3)I2 is very interesting, though 

integrated peak ratios do not match exactly with those expected due to some overlapping 
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of peaks.  The methyl groups in the dippp ligand are not chemically equivalent and they 

are of four kinds as designated by a, b, c and d hydrogens in Figure 3.3.  So we observed 

doublet of doublet peaks for each of them due to coupling with a CH(i-propyl) hydrogen 

(either e or f in Figure 3.3) and one of the phosphorus atoms.  If all the CH(i-propyl) 

hydrogens were chemically equivalent then we would expect a single 1H NMR peak 

(doublet of quartets of quartets due to coupling with one of the phosphorus atoms and 

two methyl groups).  But the CH(i-propyl) hydrogens are of two kinds (designated by e 

and f in Figure 3.3) i.e. attached as axial and equatorial substituents to the six-membered 

heterocyclic ring.  Thus we can expect two peaks (doublet of quartets of quartets) for the 

two kinds of CH(i-propyl) hydrogen.  But we actually observed two octets for the two 

kinds of these hydrogens due to their having the same three-bond hydrogen-hydrogen and 

two-bond phosphorus-hydrogen coupling constants. 

 

  

Figure 3.3.  Structure of Rh(dippp)(COCH3)I2 showing different types of hydrogen atoms 
in the isopropyl groups of the dippp ligand. 

 
 
 
 
 

 
 



 

Table 3.2.  1H and 31P NMR data for Rh(P-P)(COCH3)I2 complexes in CD2Cl2. 

Compound    1H(ppm), J(Hz) and Integrated Peak Ratios           31P(ppm), J(Hz) 

     C6H5          (COCH3)      CH2CH2CH2       -CH3 (i-propyl)                 -CH (i-propyl) 

Rh(dppp) 7.2-7.8(m);   3.03(s);       1.6(m),         -      -   18.2(d) 
(COCH3)I2             2.43(m), 
           3.16(m);          JRh-P = 131  

               (20 H)        (3 H)       (6.4 H)          -         - 
 
Rh(dippp)       -           3.38(s)a      1.9(m),  1.07(dd, JH-H = 7, JP-H = 17),  2.5(oct., JP-H,  33.6(d) 
 (COCH3)I2         2.1(m),               1.26(dd, JH-H = 7, JP-H = 12.5),    JH-H = 7)c,    
               2.6(m)c         1.31(dd, JH-H = 7, JP-H = 13.5), 3.4(oct., JP-H,   JRh-P = 134 
               1.51(dd, JH-H = 7, JP-H = 14)b  JH-H = 7)a 

 

             (4.5 H)d       (7.1 H)d   (24 H)d    (2.2 H)d    

Rh(dppb) 7.1-7.9(m)     2.64(s)         -    -     -   70.7(d)  
(COCH3)I2 
   (24 H)           (2.6 H)      -    -   JRh-P = 138  

a.  COCH3 singlet and CH (i-propyl) octet overlap. 
b.  CH3 (i-propyl) multiplet overlaps with water in solvent. 
c.  Multiplet at 2.6 overlaps with octet at 2.5. 
d.  Due to overlap of peaks, proton ratios differ from expected.
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Figure 3.4.  1H NMR spectrum of Rh(dppp)(COCH3)I2 in CD2Cl2.
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Figure 3.5.  1H NMR spectrum of Rh(dippp)(COCH3)I2 in CD2Cl2.  
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Figure 3.6.  31P NMR spectrum of Rh(dippp)(COCH3)I2 in CD2Cl2. 
 
 

II.  Electrochemistry of Rh(P-P)(COCH3)I2 Complexes 

 
A.  Cyclic Voltammetry 

Cyclic voltammograms of Rh(P-P)(COCH3)I2 complexes were collected in 

acetonitrile, dichloromethane and tetrahydrofuran.  Each complex displayed a chemically 

irreversible reduction and oxidation.  The reduction peak potentials were calculated with 

reference to ferrocene and are listed in Table 3.3.  Cyclic voltammograms of 

Rh(dppp)(COCH3)I2 in different solvents are shown in Figures 3.7-3.9.  The reduction 

peak potentials of Rh(dippp)(COCH3)I2 and Rh(dppb)(COCH3)I2 were determined only 

in tetrahydrofuran.  The rhodium complex with the isopropyl substituted diphosphine 

ligand has a significantly more negative reduction potential than the phenyl substituted 

ligand.  This is due to the difference in electron donating ability of alkyl and aryl groups.  
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The complexes with more electron density in the metal are difficult to reduce.  As 

mentioned earlier the dppb ligand can transfer more electron density to the metal of dppb 

complex.  Thus dppb complex is more electron rich than the other two and has more 

negative reduction potential.   

Actually the reduction potentials of the complexes correlated with their carbonyl 

stretching frequencies.  We cannot explain how the apparent increase in electron density 

(more negative reduction potential) of the complexes increased the acyl carbonyl 

stretching frequency.  However, a similar correlation is observed for trifluoroacetyl 

complexes (see Chapter 4).  This is just the opposite of the terminal metal-carbonyl 

complexes.  In terminal metal-carbonyl complexes the more electron rich metal atom can 

donate more electron density to the carbonyl carbon when backbonding.  This makes the 

metal-carbon bond stronger and the carbon-oxygen bond weaker which shows lower 

carbonyl stretching frequency in an IR spectrum.   

 
Table 3.3.  Reduction peak potentials of Rh(P-P)(COCH3)I2 complexes. 

Compound   Reduction peak potential with reference to Fc+/Fc (V) 

    Acetonitrile Tetrahydrofuran Dichloromethane  

Rh(dppp)(COCH3)I2  -1.70  -1.77   -1.72 

Rh(dippp)(COCH3)I2    -1.82    

Rh(dppb)(COCH3)I2    -1.99    
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Figure 3.7.  Cyclic voltammogram of 1.0 × 10–3 M Rh(dppp)(COCH3)I2 in CH2Cl2 at a 
scan rate of 0.2 V/s. 
 
 

 

Figure 3.8.  Cyclic voltammogram of 1.0 × 10–3 M Rh(dppp)(COCH3)I2 in CH3CN at a 
scan rate of 0.2 V/s. 
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Figure 3.9.  Cyclic voltammogram of 1.0 × 10–3 M Rh(dppp)(COCH3)I2 in THF at a scan 
rate of 0.2 V/s. 
 

 
In the case of Rh(dppp)(COCH3)I2 the main reduction peak potential is almost the 

same in the three different solvents, but in acetonitrile there was one small peak before 

the main peak and in tetrahydrofuran there was a second peak after the main peak.  The 

first small reduction peak current also increases linearly as a function of square root of 

scan rate.  The acetonitrile may be acting as a weak ligand to coordinate with the 

16-electron rhodium center and that might be the reason for the appearance of the small 

peak before the main peak.  The ability of acetonitrile to function as a ligand may be 

changing the mechanism of the reduction in some way, giving rise to an additional peak 

in the CV.  The second peak cannot be observed in acetonitrile and methylene chloride 

probably because the second reduction potential is outside the potential windows of these 

solvents.  The first oxidation peak observed in the reverse scan of cyclic voltammetry 
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was confirmed to be that of iodide by adding tetrabutylammonium iodide as a source of 

additional iodide and observing an increase in its peak current.  This confirms that iodide 

is released during the reduction of Rh(dppp)(COCH3)I2.  The other oxidation peak is the 

irreversible oxidation peak of the complex.  This peak still can be observed when 

scanning initially in the positive direction.   

In order to determine the number of electrons transferred in the reduction of 

Rh(P-P)(COCH3)I2 complexes, the reduction peak currents were compared to those of 

tris(dibenzoylmethanato)iron (1e-) and cyclopentadienyliron dicarbonyl dimer (2e-).  The 

peak current ratios were found to be 1:1.75 and 1:0.9, respectively.  This suggests that the 

number of electrons transferred for the Rh(dppp)(COCH3)I2 reduction is 1.45 and 1.8 

moles of e- per mole of Rh(dppp)(COCH3)I2, respectively, for the two experiments, 

neglecting differences in diffusion coefficients.  Thus the reduction is assumed to be a 

two-electron process.  The peak currents of Rh(dppp)(COCH3)I2, Rh(dppb)(COCH3)I2 

and Rh(dippp)(COCH3)I2 were almost the same so all three complexes likely undergo 

two-electron reductions. 

 
B.  Linear Scan Voltammetry 

 After not getting unambiguous information about the number of electrons 

transferred during reduction by CV, linear scan voltammetry (LSV) experiments with 

microelectrodes were carried out.  Linear scan voltammograms of 

tris(dibenzoylmethanato)iron (1e-), cyclopentadienyliron dicarbonyl dimer (2e-), and 

Rh(dppp)(COCH3)I2 were collected using 0.1 mm and 0.01 mm platinum disc working 

electrodes.  Linear scan voltammograms of Rh(dppp)(COCH3)I2, 

tris(dibenzoylmethanato)iron (1e-)  and cyclopentadienyliron dicarbonyl dimer (2e-) with 
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0.1 mm working electrode are shown in Figures 3.10, 3.11 and 3.12, respectively.  Since 

LSV experiments were concerned only with the limiting current, the potential was not 

referenced with any standard.  The ratio of the linear scan limiting currents of 

tris(dibenzoylmethanato)iron (1e-) and Rh(dppp)(COCH3)I2 was 1:2.  But for 

cyclopentadienyliron dicarbonyl dimer (2e-), the LSV limiting current was greater than 

twice to that of tris(dibenzoylmethanato)iron (1e-) and also larger than that of 

Rh(dppp)(COCH3)I2.  Differences in diffusion coefficients may be responsible for these 

results, but it still appears likely from LSV results that the reduction of 

Rh(dppp)(COCH3)I2 is a two-electron process. 

 

 

Figure 3.10.  Linear scan voltammogram of 1.0 × 10–3 M Rh(dppp)(COCH3)I2 in CH2Cl2 
with 0.1 mm working electrode. 
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Figure 3.11.  Linear scan voltammogram of 1.0 × 10–3 M  tris(dibenzoylmethanato)iron 
in CH2Cl2 with 0.1 mm working electrode. 
 
 

 
 
Figure 3.12.  Linear scan voltammogram of 1.0 × 10–3 M   
cyclopentadienyliron dicarbonyl dimer in CH2Cl2 with 0.1 mm working electrode. 
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C.  Bulk Electrolysis 

Controlled potential electrolysis experiments in THF were run with 

Rh(dppp)(COCH3)I2 and supporting electrolyte (TPAPF6)  in one compartment and 

supporting electrolyte (TPAPF6) and triphenylphosphine in the other compartment of the 

H-cell.  Triphenylphosphine in the other compartment of the H-cell prevents the THF 

from polymerizing.  Electrolyses were carried out by applying a potential 200 mV more 

negative than that of the CV reduction peak potential.  The solutions of 

Rh(dppp)(COCH3)I2 were stirred continuously and the progress of the electrolyses was 

monitored by IR and CV.  The number of electrons for the reduction of 

Rh(dppp)(COCH3)I2 in one experiment was found to be 1.92 moles of e- per mole of 

Rh(dppp)(COCH3)I2.  In another trial the number of electrons found was 2.2 moles of e- 

per mole of Rh(dppp)(COCH3)I2.  Thus, reduction of Rh(dppp)(COCH3)I2 was confirmed 

to be a two-electron process.  Bulk electrolyses of Rh(dippp)(COCH3)I2 and 

Rh(dppb)(COCH3)I2 were not conducted since cyclic voltammetry peak currents of 

Rh(dppp)(COCH3)I2, Rh(dippp)(COCH3)I2 and Rh(dppb)(COCH3)I2 were almost the 

same, indicating that they consume the same number of electrons during their reductions. 

 
III.  Chemical Reduction of Rh(P-P)(COCH3)I2 Complexes 

  
A. Reduction with K2BP 

 The chemical reduction reactions were investigated qualitatively using IR by 

dissolving about 5 mg of compound in tetrahydrofuran inside the glove box.  The 

reaction was monitored by IR by adding about 0.1 mL of K2BP (about 50 mM in THF) at 

a time.  When K2BP was added to Rh(dppp)(COCH3)I2, the IR peak at 1698 cm-1 
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disappeared slowly while a benzophenone peak at 1663 cm-1
 and product peaks at 1971 

and 2013 cm-1 appeared.  In the case of Rh(dippp)(COCH3)I2, after reduction a single 

product peak appeared at 1952 cm-1, while for Rh(dppb)(COCH3)I2 the product peak 

formed at 1974 cm-1.  The IR spectrum after reduction of Rh(dppp)(COCH3)I2 and 

Rh(dippp)(COCH3)I2 with K2BP in THF-d8 are shown in Figures 3.13 and 3.14, 

respectively.  The carbonyl stretching frequencies after reduction in all cases were in the 

range of terminal metal-carbonyl absorptions which suggests that the methyl group 

migrates to rhodium after reduction, i.e. the acyl complexes convert to alkyl complexes.  

There were no carbonyl stretching peaks in the IR spectra after exposure to air, 

suggesting that in the presence of air the products decompose to some other species 

which do not contain a metal-carbonyl group. 
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Figure 3.13.  IR spectrum after reduction of Rh(dppp)(COCH3)I2 with K2BP in THF-d8.  
(1663 cm-1 = benzophenone, 1886 cm-1 = THF-d8). 
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Figure 3.14.  IR spectrum after reduction of Rh(dppp)(COCH3)I2 with K2BP in THF-d8.   
(1663 cm-1 = benzophenone, 1886 cm-1 = THF-d8). 

 
 
The reduction reactions were also studied by 31P NMR.  About 10 mg of 

Rh(dppp)(COCH3)I2 was dissolved in deuterated tetrahydrofuran and then slowly 

reduced with K2BP (about 50 mM in THF) while the reaction was monitored by 31P 

NMR.  Detailed values of chemical shifts and splitting patterns of the peaks are presented 

in Table 3.4.  A 31P NMR spectrum of Rh(dppp)(COCH3)I2 after reduction is shown in 

Figure 3.15.  31P NMR peaks at 3.5(dd) and 22.0(dd) are due to the formation of 

Rh(dppp)(CO)I, which was confirmed by comparison with the NMR spectrum of 

independently synthesized Rh(dppp)(CO)I.  The peak at 17.6(d) (cf. 18.2(d) in CD2Cl2) is 

the starting material peak and other products will be discussed below. 

 After exposure to air, a singlet was observed at 32.3 ppm in the 31P NMR 

spectrum.  This suggests that the reduction products decompose and the resulting 

phosphorus compound does not couple with rhodium in the 31P NMR.  When 
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independently synthesized 1,3-bis(diphenylphosphino)propane dioxide (dpppO2) was 

added to the solution, the intensity of the singlet at 32.3 ppm increased without any extra 

peaks appearing which means, most probably, the phosphorus-containing product 

obtained after air exposure is dpppO2.  Attempts were made to isolate and characterize 

the final product containing phosphorus but none of the trials was successful. 

 To quantify the number of electrons involved in the chemical reduction of 

Rh(dppp)(COCH3)I2, the concentration of the K2BP solution was determined and it was 

used to titrate a known amount of Rh(dppp)(COCH3)I2.  The K2BP solution was prepared 

by reacting benzophenone with an excess of potassium in THF.  Since potassium was 

present in excess, the potassium benzophenone solution contained primarily K2BP.  A 

known aliquot of K2BP was pipetted into aqueous ethanol and the resulting KOH was 

titrated with a standard potassium hydrogen phthalate solution.  From this, the 

concentration of K2BP was found to be 0.124 N (0.062 M).  The reaction of 

Rh(dppp)(COCH3)I2 in THF-d8 with this K2BP solution was monitored by IR and 31P 

NMR.  After one electron equivalent of K2BP had been added, IR peaks were observed at 

1972, 1699 and at 1663 cm-1 and the 31P NMR spectrum showed both reactant and 

product peaks.  This result shows that Rh(dppp)(COCH3)I2 is not completely reduced by 

one equivalent of K2BP.  After adding slightly more than two equivalents of K2BP, 

Rh(dppp)(COCH3)I2 was found to be reduced completely.  The 31P NMR and IR peaks 

were the same as those described in the qualitative study.  From this result, we can 

conclude that the reduction of Rh(dppp)(COCH3)I2 is most probably a two-electron 

process.  These observations are in agreement with the results obtained from 

electrochemical experiments. 



72 
 

Table 3.4.  31P NMR data for Rh(P-P)(COCH3)I2 complexes before and after chemical 
reduction in THF-d8. 

 
Compounds  31P (ppm) and  

31P (ppm) and JRh-P (Hz) 
31P (ppm)  

   JRh-P (Hz)  (after reduction       (after air  
(initial)   with K2BP)   exposure) 

 
Rh(dppp)  18.8(d)   3.5(dd); 57, 115  32.3(s) 
(COCH3)I2  131   12.0(dd); 47, 107 
      17.7(d); 130 
      19.3(dd); 47,136  
      22.0(dd); 57, 158 
      27.7(s) 
      27.8(d); 180 
 
Rh(dippp)  34.5(d)   19.5(dd); 44, 117  55.9(s) 
(COCH3)I2  134   27.0(dd); 43, 133 
      32.1(dd); 44, 107 
      38.4(d); 182 
      45.2(dd); 53, 186 
      46.8(dd); 43, 107 
      47.1(d); 186 

51-57; (6 singlets) 
62.1(dd); 50, 204 
 

Rh(dppb)  70.7(d)   28.7(s)    31.4(s) 
(COCH3)I2  138   56.6(dd); 34, 123 
      59.6(s) 

60.2(q); 26, 47 
69.4(dd); 32, 158 
70.0(d); 138 
73.8(d); 190 
75.0(d); 190 

 
 
 After failing to completely characterize the reduction products of 

Rh(dppp)(COCH3)I2, reduction reactions of Rh(dippp)(COCH3)I2 and 

Rh(dppb)(COCH3)I2 were studied, in hopes that the different substituents in the 

diphosphine ligand would produce some different products and results obtained from 

those might be helpful in characterizing the products.  31P NMR spectra of 

Rh(dippp)(COCH3)I2 before and after reduction with K2BP are shown in Figures 3.6 and 
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3.16, and detailed values of 31P NMR chemical shifts and coupling constants are 

presented in Table 3.4.  Peaks at 19.5(dd) and 46.8(dd) ppm observed after reduction 

should be for Rh(dippp)(CO)I.  The other two pairs of doublet of doublet peaks probably 

represent products of alkyl migration and will be discussed later.  Only a singlet at 55.9 

ppm was observed in the 31P NMR spectrum after air exposure. 

 After the reduction of Rh(dppb)(COCH3)I2 with K2BP, 31P NMR displayed peaks 

at 56.6(dd) and 69.4(dd) ppm resembling those of Rh(dppb)(CO)I.  After adding more 

K2BP, 31P NMR peaks were observed only at 60.0(q) and 59.6(s) along with some other 

very small peaks.  A singlet was observed at 31.4 ppm after air exposure.  The 31P NMR 

spectrum of Rh(dppb)(COCH3)I2 after reduction with K2BP is shown in Figure 3.17, and 

detailed values of chemical shifts and coupling constants are presented in Table 3.4.  In 

the case of Rh(dppb)(COCH3)I2, the singlet in the 31P NMR seen after air exposure 

appeared more slowly than in the other two cases. 

 
B.  Other Chemical Reductants 

 When the Rh(P-P)(COCH3)I2 complexes were reduced with sodium amalgam, the 

results were almost the same as those obtained from potassium benzophenone.  The main 

difference was that sodium amalgam reduced the complexes very rapidly and sometimes 

it was hard to observe all the products which were observed during the reductions with 

potassium benzophenone.  In addition, Na(Hg) sometimes gave some extra peaks in 31P 

NMR due to its high reduction potential. 

 



 

 
Figure 3.15.  31P NMR spectrum after partial reduction of Rh(dppp)(COCH3)I2 with K2BP in THF-d8.
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Figure 3.16.  31P NMR spectrum after reduction of Rh(dippp)(COCH3)I2 with K2BP in THF-d8.
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Figure 3.17.  31P NMR spectrum after partial reduction of Rh(dppb)(COCH3)I2 with K2BP in THF-d8.
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 Decamethylchromocene reduced the complexes very slowly.  In all cases, after 

adding decamethylchromocene two doublet of doublet peaks were observed in 31P NMR 

but those peaks were not for Rh(P-P)(CO)I.  Thus those peaks likely belong to a species 

formed as a reaction intermediate.  Large organic cations have been shown to stabilize 

organometallic anions.105  It may be that the presence of decamethylchromocene cation 

stabilized an anionic intermediate formed after reduction.   

 
C.  Comments on Reduction Reaction Results 

 From the results of reduction reactions of Rh(P-P)(COCH3)I2 complexes, it is 

postulated that the acyl complexes are converted to alkyl complexes as suggested by 

changes in the IR carbonyl stretching frequencies.  A single peak was observed in the 31P 

NMR spectrum of the starting material, Rh(P-P)(COCH3)I2, since the phosphorus atoms 

were equivalent before reduction, but it is split into a doublet due to rhodium-phosphorus 

coupling.  After reduction of the compounds, the two phosphorus atoms are no longer 

chemically equivalent as seen in the 31P NMR spectra.  Since the two phosphorus atoms 

are not equivalent, their chemical shifts in 31P NMR are different and they couple with 

each other along with rhodium.  Thus a doublet of doublets can be expected for each 

phosphorus atom.  After reduction 31P NMR spectra contain two pairs of doublet of 

doublet peaks with some other peaks; one for Rh(P-P)(CO)I and another most possibly 

for a product of acetyl to methyl conversion. 

 The possible two-electron reduction reaction pathways for Rh(P-P)(COCH3)I2 are 

shown in Scheme 3.1.  The reduction reaction can be explained as follows.  From 

chemical and electrochemical results it is confirmed that the reduction is a two-electron 

process.  After accepting one electron the acyl complex forms an unstable 17-electron  
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Scheme 3.1.  Possible pathways for the Rh(P-P)(COCH3)I2 reduction reaction. 
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[Rh(P-P)(COCH3)I2]- anion.  There are two possibilities for the further reaction of 

[Rh(P-P)(COCH3)I2]-; either it eliminates one of the iodides and forms the 15-electron 

complex Rh(P-P)(COCH3)I or the methyl group migrates forming the 19-electron 

complex [Rh(P-P)(CO)(CH3)I2]-.  Since rhodium prefers complexes with lower numbers 

of electrons, the formation of the 15-electron complex is more likely.  Both of these 

odd-electron complexes would probably be unstable, thus we might not have observed 

either as a detectable species during the reaction.  It is also highly unlikely to observe 

paramagnetic species by NMR.  If it was stable, Rh(P-P)(COCH3)I should display an acyl 

carbonyl peak in the IR spectrum, but we did not observe any new acyl carbonyl peak 

during the reduction reaction.  This means we did not detect Rh(P-P)(COCH3)I as an 

intermediate but it may have been formed and then rapidly reacted.  If the reaction 

follows the 19-electron complex pathway it may produce a 20-electron complex by a 

second electron transfer but this is highly unlikely.  But we can propose formation of 

Rh(P-P)(COCH3)I by the loss of one of the iodides from [Rh(P-P)(COCH3)I2]- as the 

possible next step of the reaction, followed immediately by further reactions.   

In the next step of the path including Rh(P-P)(COCH3)I, it can either accept 

another electron and form the 16-electron [Rh(P-P)(COCH3)I]- anion or the methyl group 

can migrate to produce the 17-electron complex Rh(P-P)(CO)(CH3)I.  Considering these 

two possibilities, the 16-electron complex is more likely to be stable.  But in our study we 

did not observe any IR absorption peak for an acyl carbonyl group during reduction 

reaction, thus we did not observe the [Rh(P-P)(COCH3)I]- complex.  The 17-electron 

complex would probably be highly reactive and undergo further reactions quickly.  Both 

of these species could undergo further reactions to produce the 18-electron 
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[Rh(P-P)(CO)(CH3)I]- anion, either by accepting another electron or by undergoing 

methyl group migration, depending on the previous steps. 

The 18-electron [Rh(P-P)(CO)(CH3)I]- anion appears to be a stable species and 

was observed during the reaction.  The [Rh(P-P)(CO)(CH3)I]-  anion would produce two 

doublet of doublet peaks in the 31P NMR since the phosphorus atoms are not equivalent, 

as shown in Figure 3.18.  The terminal metal-carbonyl peak in the IR spectrum and 

doublet of doublet peaks (other than that of Rh(P-P)(CO)I) in 31P NMR also support the 

observation/formation of the [Rh(P-P)(CO)(CH3)I]-  anion.  Thus the IR peaks observed 

in the IR spectrum after reduction of Rh(P-P)(COCH3)I2 are for the 

[Rh(P-P)(CO)(CH3)I]- anion.  The final step in the mechanism is the loss of CH3
- and 

formation of Rh(P-P)(CO)I.  Formation of Rh(P-P)(CO)I is strongly supported by the 31P 

NMR and IR.  The formation of Rh(P-P)(CO)I by loss of CH3
- from the intermediate took 

relatively longer when decamethylchromocene was used as the reducing agent.  This 

means that the decamethylchromocene cation might have stabilized 

[Rh(P-P)(CO)(CH3)I]- as mentioned earlier.  After air exposure Rh(P-P)(CO)I 

decomposes and gives the diphosphine dioxide as the only phosphorus-containing 

product. 

 

Rh
I CH3

Ph2P PPh2

(CH2)3

CO -

 

Figure 3.18.  Proposed structure of [Rh(dppp)(CO)(CH3)I]-. 
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 At this point, we are not able to propose a complete reaction mechanism due to a 

lack of enough information to identify and characterize all of the reaction intermediates.  

Also we cannot assign or identify all of the 31P NMR peaks observed during the reduction 

of Rh(P-P)(COCH3)I2.  Most likely the unassigned peaks are due either to side products 

of the reactions or to some of the intermediate complexes mentioned in the reaction 

pathways (Scheme 3.1).  In the case of Rh(dppb)(COCH3)I2, the stable orientation of 

carbonyl, methyl and iodide ligands may produce the same rhodium-phosphorus and 

phosphorus-phosphorus coupling constants, but with the chemical shifts of the two 

phosphorus atoms being slightly different.  Thus it would give an apparent quartet instead 

of two doublet of doublet peaks.  It is not possible to identify all of the species from only 

31P NMR spectra.  One sure thing is that the results obtained are different from the 

expected reductive decarbonylation of the rhodium acyl complexes.  We subsequently 

obtained enough information to propose a detailed mechanism by replacing the methyl 

group with a trifluoromethyl group.  These results will be discussed in chapter 4. 

 
IV.  Reactions of Rh(dppp)(COCH3)I2 

 As mentioned in the objectives of the project, one of our goals was to synthesize 

acyl rhodium diphosphine complexes with different alkyl groups.  We thus carried out the 

chemical reaction of Rh(dppp)(COCH3)I2 with methyl trifluoromethanesulfonate and 

silver tetrafluoroborate attempting to synthesize a new series of rhodium diphosphine 

complexes with other ligands (except halides). 
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A.  [Rh(dppp)(COCH3)I]2[SO3CF3]2 

 The reaction of Rh(dppp)(COCH3)I2 with methyl trifluoromethanesulfonate was 

done to determine whether we could replace one or both of the iodides and/or the acetyl 

group with some other ligand such as CH3, CF3, CF3SO3, etc.  It has been reported that 

Ir(dppe)(CO)(CH3)I2 reacted with silver trifluoromethanesulfonate (AgOTf) to produce 

Ir(dppe)(CO)(CH3)(OTf)2
106 and CH3

+ from methyl trifluoromethanesulfonate has been 

shown to produce a cationic complex by reacting with a Rh(I) complex.107 But from the 

reaction of Rh(dppp)(COCH3)I2 with methyl trifluoromethanesulfonate we produced 

[Rh(dppp)(COCH3)I]2[SO3CF3]2  as described in Chapter 2.  Instead of replacing ligands 

from Rh(dppp)(COCH3)I2 with other substituents, methyl trifluoromethanesulfonate 

abstracted one of the iodides and produced a cationic rhodium dimer, 

[Rh(dppp)(COCH3)I]2
2+, with two bridging iodides.  A single crystal of 

[Rh(dppp)(COCH3)I]2[SO3CF3]2 was produced by slow diffusion of hexanes into a 

methylene chloride solution of the compound at low temperature.  The crystal structure of 

[Rh(dppp)(COCH3)I]2[SO3CF3]2 will be discussed in chapter 6.   

The complex [Rh(dppp)(COCH3)I]2[SO3CF3]2 was also characterized by NMR 

(1H, 31P and 19F), IR and CV.  An IR absorption peak for the acetyl carbonyl was 

observed at 1720 cm-1 in dichloromethane.  1H, 19F and 31P NMR spectra were collected 

in CD2Cl2 and the NMR data are presented in Table 3.5, while 1H and 31P NMR spectra 

are shown in Figures 3.19 and 3.20, respectively.  The peak intensity ratio of the two 

phosphorus peaks was 1:1.5 and in the 1H NMR spectrum the proton peak ratio for the 

two singlets (3.08 and 3.4 ppm) was also 1:1.5.  A possible explanation of this 

observation is that the complex might have cis and trans isomers in solution but in the 
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crystal structure we observed only one isomer.  Alternatively it has been reported that the 

iodide bridged dimer [Rh(CO)(CH3CN)(COCH3)I2]2 cleaves into monomers in 

acetonitrile solution while only the dimer was characterized in the solid.108  In our case 

also a portion of the dimer might have cleaved into monomer in solution and this is 

responsible for the two 31P and 1H NMR peaks.  Other proton peaks were in larger 

numbers than expected which means the product contained some impurities or might 

have decomposed. 

 
Table 3.5.  1H, 31P and 19F NMR data for [Rh(dppp)(COCH3)I]2[SO3CF3]2 in CD2Cl2 

 
1H (ppm)   31P (ppm), J(Hz)   19F (ppm) 
 
1.8(m), 2.6(m), 3.08(s), 25.7(d), 25.5(d)   -79.1(s) 

3.2(m), 3.4(s), 7.2-7.8(m) JRh-P = 133 

 

Cyclic voltammograms of [Rh(dppp)(COCH3)I]2[SO3CF3]2 in CH2Cl2 are shown 

in Figures 3.21 and 3.22.  Two irreversible oxidation peaks and one reduction were 

observed and the reduction and oxidation peak potentials were determined to be +1.51, 

+1.83 and -1.08 V vs. Fc+/Fc, respectively.  The oxidation peaks were present when the 

potential was initially scanned in the positive direction (Figure 3.19), thus the oxidation 

peaks are not for a product formed by reduction of the complex.  The anodic peak 

currents are similar to the cathodic peak currents of the other rhodium complexes 

reported in this chapter, but the cathodic peak current is much smaller.  We have no 

explanation for this unexpected difference.   

 

 



 
 

 

Figure 3.19.  1H NMR spectrum of [Rh(dppp)(COCH3)I]2[SO3CF3]2 in CD2Cl2.
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Figure 3.20.  31P NMR spectrum of [Rh(dppp)(COCH3)I]2[SO3CF3]2 in CD2Cl2. 

 
 

 
 
Figure 3.21.  Cyclic voltammogram for oxidation of 1.0 × 10–3 M 
[Rh(dppp)(COCH3)I]2[SO3CF3]2 in CH2Cl2 at a scan rate of 0.2 V/s. 
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Figure 3.22.  Cyclic voltammogram for reduction of 1.0 × 10–3 M 
[Rh(dppp)(COCH3)I]2[SO3CF3]2 in CH2Cl2 at a scan rate of 0.2 V/s. 
 
 
B. [Rh(dppp)(CH3CN)3(COCH3)][BF4]2 

 The reaction of Rh(dppp)(COCH3)I2 with silver tetrafluoroborate in acetonitrile is 

described in Chapter 2.  Without drying, a portion of the compound was dissolved in 

CH2Cl2 and kept for crystal growth by slow diffusion of hexanes at low temperature.  

Nice colorless crystals were obtained after one week.  X-ray crystallography of those 

crystals produced the crystal structure of [Rh(dppp)(CH3CN)3(COCH3)][BF4]2  but the 

crystal structure had some errors.  Another sample of 

[Rh(dppp)(CH3CN)3(COCH3)][BF4]2 was dissolved in CH2Cl2 in an NMR tube and a 

little bit of NaPF6 was added.  Hexanes was added slowly to that NMR tube and the 

solution was kept inside the freezer for crystal growth.  After a week nice colorless 
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crystals were obtained.  X-ray crystallography of those crystals produced the crystal 

structure of [Rh(dppp)(CH3CN)3(COCH3)][PF6]2 which will be discussed in chapter 6. 

Without drying, a little bit of the product was dissolved in CD2Cl2 and NMR (1H, 

31P and 19F) spectra were collected.  The NMR data are presented in Table 3.6.  The 1H 

spectrum is shown in Figure 3.23.  1H peaks at 1.17(t) and 3.47(q) are due to diethyl 

ether, the peak at 2.85(s) is due to COCH3 protons, peaks at 1.8(m), 2.6(m) and 3.1(m) 

are due to the CH2-CH2-CH2 protons in the dppp ligand, the peak at 5.3(s) ppm is the 

residual CH2Cl2 proton peak, and peaks at 7.2-7.7(m) are due to aromatic hydrogens in 

the phenyl rings.  The very large peak at 2.2(s) is due to CH3CN hydrogens.  The IR 

carbonyl stretching frequency was observed at 1701 cm-1 in CH3CN. 

 
Table 3.6.  1H, 31P and 19F NMR data for [Rh(CH3CN)3(COCH3)(dppp)][BF4]2 in 

CD2Cl2. 
 
1H (ppm)    31P (ppm), J(Hz)  19F (ppm) 
 
1.8(m), 2.6(m), 2.85(s),  20.1(d),   -150.1(s) 

3.1(m) and 7.2-7.8(m)   JRh-P = 133 

 
 
 After drying [Rh(dppp)(CH3CN)3(COCH3)][BF4]2, the color changed to dark 

brown.  The 1H and 31P NMR spectra of the compound before and after drying did not 

match each other.  Probably the compound decomposed.  The compound 

[Rh(dppp)(CH3CN)3(COCH3)][BF4]2 is stable only in solution at low temperatures.  

Since this complex contains weakly bonded acetonitrile ligands, it may be easy to replace 

those ligands by other ligands and thus synthesize a new series of rhodium complexes.
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Figure 3.23.  1H NMR spectrum of [Rh(dppp)(CH3CN)3(COCH3)][BF4]2 in CD2Cl2.

88
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V.  Conclusions 

 Rhodium acetyl diphosphine complexes, Rh(P-P)(COCH3)I2, with different 

diphosphine ligands were synthesized and characterized by IR, NMR, CV and X-ray 

crystallography.  Reduction reactions of the synthesized complexes were carried out with 

different reducing agents but we were not able to propose a complete reaction mechanism 

due to a lack of enough information about intermediates and also lack of evidence for the 

fate of CH3 from acetyl.  But from the evidence collected we can say that the reduction 

reaction is a two-electron process and the intermediates probably include 

[Rh(P-P)(CO)(CH3)I]- as an observable species and products include Rh(dppp)(CO)I. 
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CHAPTER FOUR 
 

Chemistry and Electrochemistry of Rhodium Diphosphine 
Trifluoroacetyl Complexes 

 
 

I.  Introduction 

 After not getting clear information about the intermediates and mechanism of the 

reduction reaction of Rh(P-P)(COCH3)I2 complexes even after using different 

diphosphine ligands, we were interested in studying the reactions of complexes having 

different acyl groups.  Our first target was to replace the methyl group with 

trifluoromethyl so that we could monitor the progress of the reaction by 19F NMR along 

with 31P NMR and IR.  The stability and other properties of the complex might also be 

different due to the high electronegativity of fluorine relative to hydrogen.  Also, interest 

in transition metal organometallic complexes having fluorinated ligands is increasing due 

to their unique properties as catalysts or synthetic precursors.109  We have succeeded in 

synthesizing rhodium acyl diphosphine complexes containing the trifluoroacetyl group.  

As expected, we benefitted from having 19F NMR to investigate the reduction reaction.  

We also found that these complexes have different thermal stabilities from their acetyl 

analogs.  Detailed discussions of thermal stability and reduction reactions will be 

presented in this chapter along with the characterization of trifluoroacetyl rhodium 

diphosphine complexes. 
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II.  IR and NMR Spectra of Rh(P-P)(COCF3)I2 Complexes 

 
A.  IR Data 

 The carbonyl stretching frequency of the COCF3 group was observed at 1679 and 

1691 cm-1 for Rh(dppp)(COCF3)I2 and Rh(dppb)(COCF3)I2, respectively, in CH2Cl2.  In 

comparison to their acetyl analogs (1699 cm-1 for Rh(dppp)(COCH3)I2 and 1711 cm-1 for 

Rh(dppb)(COCH3)I2, see Chapter 3), the trifluoroacetyl complexes have lower carbonyl 

stretching frequencies.  This is due to the differences in electron donating and electron 

withdrawing properties of methyl and trifluoromethyl, respectively.  But it is quite 

interesting how the strong electron withdrawing trifluoromethyl group on the carbonyl 

carbon caused a decrease in the acyl carbonyl stretching frequency instead of increase. 

This is just the opposite about the fact that an electron withdrawing group on the carbonyl 

carbon should increase the C=O bond order and hence the acyl carbonyl stretching 

frequency.  In the literature, it has been reported that an electron withdrawing group 

decreases the electrophilicity of the carbonyl carbon.110  In our case the CF3 group 

appears to increase the electron density of the carbonyl carbon or in some other way 

lower the C=O bond order, lowering carbonyl stretching frequency.   

The effect of diphosphine ligand is similar to that for the acetyl complexes i.e. the 

complex with a dppp ligand has a lower carbonyl stretching frequency than that with a 

dppb ligand.  The trend of reduction potentials and carbonyl stretching frequencies of 

acetyl and trifluoroacetyl complexes are correlated. The carbonyl stretching frequency of 

Rh(dppp)(COCH3)I2 (1699 cm-1) is higher than that of Rh(dppp)(COCF3)I2 (1679 cm-1) 

and reduction potential of Rh(dppp)(COCH3)I2 (-1.72 V) is more negative than that of 

Rh(dppp)(COCF3)I2 (-1.36 V).  Similarly, the carbonyl stretching frequency of 



92 
 

Rh(dppb)(COCH3)I2 (1711 cm-1) is higher than that of Rh(dppb)(COCF3)I2 (1693 cm-1) 

and reduction potential of Rh(dppb)(COCH3)I2 (-1.99 V) is more negative than that of 

Rh(dppb)(COCF3)I2 (-1.39 V).  

When a solution of Rh(dppp)(COCF3)I2 was allowed to stand for two days at 

room temperature the IR peak at 1679 cm-1 completely disappeared and a new IR peak 

was observed at 2079 cm-1 for a product proposed to be Rh(dppp)(CO)(CF3)I2 (vide 

infra).  For Rh(dppb)(COCF3)I2 the product peak was observed at 2093 cm-1.  Sample IR 

spectra of Rh(dppp)(COCF3)I2, Rh(dppp)(CO)(CF3)I2 and Rh(dppb)(COCF3)I2 are shown 

in Figures 4.1, 4.2 and 4.3, respectively.  These IR data suggest that the trifluoroacetyl 

complexes convert to trifluoromethyl complexes in solution at room temperature. 
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 Figure 4.1.  IR spectrum of Rh(dppp)(COCF3)I2 in CH2Cl2. 
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Figure 4.2.  IR spectrum of proposed Rh(dppp)(CO)(CF3)I2 in CH2Cl2. 
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Figure 4.3.  IR spectrum of Rh(dppb)(COCF3)I2 in CH2Cl2. 
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B.  NMR Data 

Rh(P-P)(COCF3)I2 complexes were characterized by 1H, 31P and 19F NMR.  

Chemical shifts and splitting patterns of 1H, 31P and 19F NMR peaks are presented in 

Table 1.  Sample NMR spectra are shown in Figures 4.4-4.9.  We did not observe any 

three-bond rhodium-fluorine or four-bond phosphorus-fluorine coupling.  We observed 

slight differences in the 19F NMR chemical shifts in different solvents but this is not 

unusual for 19F NMR.111  1H NMR peaks at 5.3 and 1.5 ppm are due to residual protons in 

CD2Cl2 and (H2O/HDO), respectively. 

 
Table 4.1.  1H, 31P and 19F NMR data for Rh(P-P)(COCF3)I2 in CD2Cl2. 

 
Compound        1H (ppm)  31P (ppm), J(Hz) 19F (ppm) 
 
Rh(dppp)      1.7(m), 2.5(m), 3.3(m)  16.8(d)   -69.6(s) 
(COCF3)I2      and 7.2-7.8 (aromatic)  JRh-P = 117 

Rh(dppb)  7.1-7.8 (aromatic)    69.8(d)   -71.8(s) 
(COCF3)I2      JRh-P = 123 
 
 

III.  Elemental Analysis of Rh(dppp)(COCF3)I2 

Elemental analysis of Rh(dppp)(COCF3)I2 for carbon, hydrogen and fluorine was 

done by Atlantic Microlab and the experimental and theoretical percentages are shown in 

Table 4.2.  All the experimental data are considered acceptable with experimental error. 

 
Table 4.2.  Elemental analysis of Rh(dppp)(COCF3)I2. 

 
Element  Theory (%)  Found (%)  Error (%) 

 
Carbon   40.21   39.78   -0.43 

 
Hydrogen  3.03   3.01   -0.02 

 
Fluorine  6.58   6.86   0.28 
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Figure 4.4.  31P NMR spectrum of Rh(dppp)(COCF3)I2 in CD2Cl2. 
 
 

 
 

Figure 4.5.  31P NMR spectrum of Rh(dppb)(COCF3)I2 in CD2Cl2. 
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Figure 4.6.  19F NMR spectrum of Rh(dppp)(COCF3)I2 in CD2Cl2. 
 
 
 

 

Figure 4.7.  19F NMR spectrum of Rh(dppb)(COCF3)I2 in CD2Cl2. 



 
 

 
 

Figure 4.8.  1H NMR spectrum of Rh(dppp)(COCF3)I2 in CD2Cl2.
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Figure 4.9.  1H NMR spectrum of Rh(dppb)(COCF3)I2 in CD2Cl2. 
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IV.  Electrochemistry of Rh(P-P)(COCF3)I2 Complexes 

 
A.  Cyclic Voltammetry 

Cyclic voltammograms of Rh(dppp)(COCF3)I2 were collected in dichloromethane 

and tetrahydrofuran and the complex displayed a chemically irreversible reduction and 

oxidation in both solvents.  Cyclic voltammograms of Rh(dppp)(COCF3)I2 are shown in 

Figures 4.10-4.12.  The reduction peak potential was found to be -1.36 V vs. Fc+/Fc.  The 

reduction peak potential of Rh(dppp)(COCF3)I2 is significantly less negative than that of 

Rh(dppp)(COCH3)I2, which is ca. -1.7 V.  Due to the electron withdrawing CF3 group on 

the carbonyl carbon the electron density of rhodium is decreased resulting a less negative 

reduction potential than that of the otherwise identical acetyl complex.  When cyclic 

voltammograms were collected at a slow scan rate (0.2 V/s) only one oxidation peak was 

observed on the reverse scan and it was confirmed that this oxidation peak was the iodide 

peak by adding tetrabutylammonium iodide (TBAI) as an additional source of iodide.  

However, at a fast scan rate (2 V/s) two oxidation peaks were observed.  Of the two 

peaks, one is for iodide and the other one is probably for some other reduction product 

which we did not observe at the slower scan rate.  Short-lived intermediates can be 

observed in cyclic voltammetry only at faster scan rates (> 1 V/s).112  In the presence of 

TBAI, two oxidation peaks were observed for iodide in addition to the peak for 

short-lived intermediates.  These results can be compared to the work of Yaraliev, who 

studied the effect of solvent and concentration on iodide oxidation.113  The oxidation of 

iodide can take place in two steps through the formation of I3
-, which gives rise to two 

oxidation peaks.  In some solvents, the oxidation of iodide takes place in one step in 

dilute (up to 10-3 M) solution and in two steps in concentrated solutions.   
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If the forward scan towards negative potentials is ended at a potential just before 

the reduction of Rh(dppp)(COCF3)I2, the above oxidation peaks are not observed during 

the reverse scan.  An oxidation peak at ca. +0.8 V is present when the initial scan is 

towards positive potentials, which shows that all of the oxidation peaks except the one at 

+0.8 V are due to reduction products of Rh(dppp)(COCF3)I2.  These results indicate that a 

short-lived oxidizeable intermediate and iodide are formed during the reduction of 

Rh(dppp)(COCF3)I2.  When cyclic voltammograms were collected the next day after 

leaving the solution of Rh(dppp)(COCF3)I2 in THF overnight, two reduction peaks were 

observed.  This observation suggests that Rh(dppp)(COCF3)I2 is not stable in solution.  

Most probably the new peak is due to the alkyl isomer of the complex.  The cathodic 

peak current is almost the same as those of other rhodium acyl diphosphine complexes 

which undergo two-electron reduction reactions (see chapter 3).  The number of electrons 

transferred during the reduction of Rh(dppp)(COCF3)I2 was confirmed to be two by LSV 

as will be explained later. 

Cyclic voltammograms of Rh(dppb)(COCF3)I2 were collected in dichloromethane 

and the reduction peak potential was found to be -1.39 V vs. Fc+/Fc.  Though there is a 

difference in carbonyl stretching frequencies between Rh(dppp)(COCF3)I2 and 

Rh(dppb)(COCF3)I2, the reduction potentials are almost the same.  That means there may 

be no direct relationship between the acyl carbonyl stretching frequency and the 

reduction potential.  Alternatively, the observed peak potentials may be affected to 

different extents by electron transfer kinetics.  Irreversible peak potentials do not 

necessarily correlate with thermodynamic potentials for this reason.  A sample cyclic 

voltammogram of Rh(dppb)(COCF3)I2 is shown in Figure 4.13.   
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Figure 4.10.  Cyclic voltammogram of 1.0 × 10-3 M Rh(dppp)(COCF3)I2 in CH2Cl2 at a 
scan rate of 0.2 V/s. 
  

 

Figure 4.11.  Cyclic voltammogram of 1.0 × 10-3 M Rh(dppp)(COCF3)I2 in CH2Cl2 at a 
scan rate of 2 V/s. 
 



102 
 

 

Figure 4.12.  Cyclic voltammogram of 1.0 × 10-3 M Rh(dppp)(COCF3)I2 and  
1.0× 10-3 M TBAI in CH2Cl2 at a scan rate of 2 V/s. 
 
 

 
 
Figure 4.13.  Cyclic voltammogram of 1.0 × 10-3 M Rh(dppb)(COCF3)I2 in CH2Cl2 at a 
scan rate of 0.2 V/s. 
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B.  Linear Scan Voltammetry 

The number of electrons transferred during the reduction of Rh(dppp)(COCF3)I2 

was investigated by LSV experiments  comparing the LSV limiting current of 

Rh(dppp)(COCF3)I2 with cyclopentadienylirondicarbonyl dimer (2e-) and 

tris(dibenzoylmethanato)iron (1e-) using a 0.1 mm Pt working electrode.  The linear scan 

voltammograms of Rh(dppp)(COCF3)I2, cyclopentadienylirondicarbonyl dimer and 

tris(dibenzoylmethanato)iron are shown in Figures 4.14-4.18.  To compare the limiting 

current ratios, 1.0 × 10-3 M of Rh(dppp)(COCF3)I2, cyclopentadienylirondicarbonyl 

dimer and tris(dibenzoylmethanato)iron were prepared separately in CH3CN.  The LSV 

limiting currents for the reduction waves were found to be 5.1 × 10-8 A, 8.9 × 10-8 A and 

2.2 × 10-8 A for Rh(dppp)(COCF3)I2, cyclopentadienylirondicarbonyl dimer and 

tris(dibenzoylmethanato)iron, respectively.  The LSV wave was not very smooth in the 

case of Rh(dppp)(COCF3)I2.  For the comparison of LSV limiting current ratios, LSV of 

1.0 × 10-3 M 4-nitrobenzophenone and 2,7-dinitro-9-fluorenone were also studied and 

those voltammograms are shown in Figures 4.19 and 4.20.  In every case the scan rate 

was 50 mV/s. 

The LSV limiting currents for the reduction of 1.1 × 10-3 M 

cyclopentadienylirondicarbonyl dimer and 1.0 × 10-3 M Rh(dppp)(COCF3)I2 were also 

studied in CH3CN using a 0.01 mm Pt working electrode.  This time the LSV limiting 

currents of cyclopentadienylirondicarbonyl dimer and Rh(dppp)(COCF3)I2 were found to 

be  5.3 × 10-8 A and 4.1 × 10-8 A, respectively.  When the two limiting currents were 

normalized to 1.0 × 10-3 M of each compound the limiting current ratio was found to be 

1:0.85.  From this result we can conclude that the reduction of Rh(dppp)(COCF3)I2 is 
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probably a two-electron process.  We did not observe an LSV limiting current ratio of 

exactly 1:1 between cyclopentadienylirondicarbonyl dimer and Rh(dppp)(COCF3)I2.  

This might be due to differences in diffusion coefficients.  The peak current ratio was 

closer to 1:1 when a very small electrode was used and it deviated more for larger 

electrodes.  The diffusion coefficient of  Rh(dppp)(COCF3)I2 was found to be 1.34 × 10-6 

cm2/s and 1.07 × 10-6 cm2/s with 0.1 mm and 0.01 mm diameter platinum electrodes, 

respectively, for two-electron reduction. 

For the calculation of diffusion coefficient the following equation was used. 

Iss = 4nFDCr 
Where, 

Iss = limiting current, A 
n = number of electrons 
F = Faraday’s constant, C/mol e- 
D = diffusion coefficient, cm2/s  
C = bulk concentration, mol/cm3  
r = radius of working electrode, cm 
 
Similarly, the number of electrons transferred for the Rh(dppb)(COCF3)I2 

reduction was found to be two as determined by the LSV limiting current.  The linear 

scan voltammograms are shown in Figures 4.21 and 4.22. 

 
C.  Bulk Electrolysis 
 

A controlled potential electrolysis experiment using 0.0960 g (0.112 mmol) of 

Rh(dppp)(COCF3)I2 was run in CH3CN.  The applied potential was approximately 200 

mV more negative than the reduction potential of Rh(dppp)(COCF3)I2.  The solution of 

Rh(dppp)(COCF3)I2 was stirred continuously and the progress of the electrolysis was 

monitored by IR and CV.  The number of electrons consumed for the reduction of 

Rh(dppp)(COCF3)I2 was found to be 1.83 moles of  e- per mole of Rh(dppp)(COCF3)I2.   
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Figure 4.14.  Linear scan voltammogram of 1.0 × 10-3 M Rh(dppp)(COCF3)I2 in CH3CN 
with 0.1 mm working electrode. 
 
 

 

Figure 4.15.  Linear scan voltammogram of 1.0 × 10-3 M Rh(dppp)(COCF3)I2 in CH3CN 
with 0.01 mm working electrode. 
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Figure 4.16.  Linear scan voltammogram of 1.0 × 10-3 M cyclopentadienyliron dicarbonyl 
dimer in CH3CN with 0.1 mm working electrode. 
 
 

 
Figure 4.17.  Linear scan voltammogram of 1.1 × 10-3 M cyclopentadienyliron dicarbonyl 
dimer in CH3CN with 0.01 mm working electrode. 
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Figure 4.18.  Linear scan voltammogram of 1.0 × 10-3 M tris(dibenzoylmethanato)iron in 
CH3CN with 0.1 mm working electrode. 
 
 

 
 
Figure 4.19.  Linear scan voltammogram of 1.0 × 10-3 M 2,7-dinitro-9-fluorenone  in 
CH3CN with 0.1 mm working electrode. 
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Figure 4.20.  Linear scan voltammogram of 1.0 × 10-3 M 4-nitrobenzophenone in CH3CN 
with 0.1 mm working electrode. 
 
 

 

Figure 4.21.  Linear scan voltammogram of 1.0 × 10-3 M Rh(dppb)(COCF3)I2 in CH2Cl2 
with 0.1 mm working electrode. 
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Figure 4.22.  Linear scan voltammogram of 1.0 × 10-3 M Rh(dppb)(COCF3)I2 in CH2Cl2 
with 0.01 mm working electrode. 
 
 
The compound Rh(dppp)(COCF3)I2 was also electrolyzed in THF, adding 2 mmol of 

triphenylphosphine to the counter electrode compartment.  Triphenylphosphine in the 

counter electrode compartment prevents the polymerization of THF.  The number of 

electrons for the reduction of Rh(dppp)(COCF3)I2 in THF was found to be 1.80 moles of  

e- per mole of Rh(dppp)(COCF3)I2.  From the controlled potential electrolysis 

experiments we can thus conclude that the reduction of Rh(dppp)(COCF3)I2 is most 

likely a two-electron process. 

 
V.  Stability of Rh(P-P)(COCF3)I2 Complexes 

 
A.  Decarbonylation 

The complexes Rh(dppp)(COCF3)I2 and Rh(dppb)(COCF3)I2 are not stable in 

solution.  In solution, the acyl complexes appear to convert into alkyl complexes by the 
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migration of CF3, producing Rh(P-P)(CO)(CF3)I2 as supported by IR and 31P and 19F 

NMR.  When a solution of Rh(dppp)(COCF3)I2 was allowed to stand for two days at 

room temperature, the IR peak shifted from 1679 cm-1 to 2079 cm-1.  With 

Rh(dppb)(COCF3)I2 the IR peak shifted from 1691 cm-1 to 2093 cm-1. 

 The stabilities of Rh(P-P)(COCF3)I2 complexes were also investigated by 19F and 

31P NMR in CD2Cl2.  Initially a Rh(dppp)(COCF3)I2 solution in CD2Cl2 showed very 

small 31P NMR peaks at 0.5(ddq) and -21.7(pd) ppm, and 19F NMR peaks at 1.7(dt) ppm 

for a compound proposed to be Rh(dppp)(CO)(CF3)I2 (See Figures 4.4 and 4.6).  After 2 

days the 31P and 19F NMR spectra showed peaks only for this compound.  31P and 19F 

NMR spectra of Rh(dppp)(COCF3)I2 during a thermal stability investigation are shown in 

Figures 4.23-4.26.  Similarly, a Rh(dppb)(COCF3)I2 solution in CD2Cl2 showed very 

small 31P NMR peaks at 39.9(ddq) and 23.5(pd) ppm, and 19F NMR peaks at -1.6(dt) ppm 

for a compound proposed to be Rh(dppb)(CO)(CF3)I2 shortly after dissolving.  After 3 

days the 31P and 19F NMR spectra showed only peaks for this compound.  This result 

shows that the postulated acyl to alkyl conversion is slower in Rh(dppb)(COCF3)I2 than 

in Rh(dppp)(COCF3)I2.  Stability studies in other solvents (CDCl3 and THF-d8) produced 

similar results.  When the compounds were dissolved outside the glove box or in the 

presence of air, extra 19F and 31P NMR peaks were observed and the NMR spectra were 

somewhat noisy.  Conversion from the acyl complex to the alkyl complex did not occur 

or occurred extremely slowly if the solution was allowed to stand at low temperatures. 

 From the chemical shifts and splittings of the 31P and 19F NMR peaks it can be 

inferred that the acyl complex converts to the alkyl complex on standing in solution.  

Single crystals of Rh(dppp)(CO)(CF3)I2 were grown but the crystal structure could not be  



 

 
 

Figure 4.23.  31P NMR spectrum one day after dissolving Rh(dppp)(COCF3)I2 in CD2Cl2.
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Figure 4.24.  31P NMR spectrum two days after dissolving Rh(dppp)(COCF3)I2 in CD2Cl2.
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Figure 4.25.  19F NMR spectrum one day after dissolving Rh(dppp)(COCF3)I2 in CD2Cl2.
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Figure 4.26.  19F NMR spectrum two days after dissolving Rh(dppp)(COCF3)I2 in CD2Cl2. 
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solved due to disorder between CF3 and I.  There was always a problem in resolving one 

of the iodides and the CF3 group.  However, we can at least see that the rhodium is 

bonded to two phosphorus atoms, two iodides, a CO and a CF3 ligand and the partial 

solution favors the isomer shown in Scheme 4.1.  A similar kind of disorder problem 

between CF3 and I in resolving the structure of another six-coordinate rhodium complex 

has been reported in the literature.114 

Rh(dppp)(CF3)I2 was produced by allowing the solution of Rh(dppp)(CO)(CF3)I2 

to stand at room temperature for a very long time.  This structure was confirmed by X-ray 

crystallography (See Chapter 6).  The NMR and IR data also support the identity of 

Rh(dppp)(CF3)I2 (vide infra).  A schematic diagram for the conversion from 

Rh(dppp)(COCF3)I2 to Rh(dppp)(CF3)I2 is shown in Scheme 4.1.  Similar results were 

observed from a stability study of Rh(dppb)(COCF3)I2, but conversion from the acyl 

complex to the alkyl complex was slower than that of Rh(dppp)(COCF3)I2. 

 

 

Scheme 4.1.  Schematic diagram of Rh(dppp)(COCF3)I2 to Rh(dppp)(CF3)I2 conversion. 



116 
 

 Details about chemical shifts and coupling constants of 1H, 31P and 19F NMR 

spectra of Rh(dppp)(CO)(CF3)I2, Rh(dppb)(CO)(CF3)I2 and Rh(dppp)(CF3)I2 are 

presented in Table 4.3.  In the case of Rh(dppp)(CO)(CF3)I2, the two phosphorus atoms 

are not chemically equivalent and thus they have different chemical shifts.  In the 

literature it has been reported that trans phosphorus-fluorine three-bond coupling 

constants are greater than those of cis isomers.114  In our case the two phosphorus-

fluorine coupling constants are different and thus we propose that one of the phosphorus 

atoms is trans to the CF3 group and the other is cis.  The proposed coordination sphere of 

Rh(dppp)(CO)(CF3)I2 can be seen in Scheme 4.1.  In the 31P NMR spectrum each 

phosphorus atom couples with rhodium, the other phosphorus and the three fluorine 

atoms.  Thus we can expect a doublet of doublets of quartets (ddq) peak for each 

phosphorus atom.  For one of the phosphorus atoms, PB (cis to CF3), we observe the ddq 

as expected but for the other phosphorus, PA (trans to CF3), we observe a pentet of 

doublets instead of ddq.  This is because for the phosphorus atom trans to CF3, the 

rhodium-phosphorus and fluorine-phosphorus coupling constants are the same.  For the 

same reason we observe a doublet of triplets in the 19F NMR spectrum instead of a 

doublet of doublets of doublets.  In 19F NMR, the peak splits to a doublet due to the large 

phosphorus-fluorine (PA-F) coupling and that peak further splits to a doublet of triplets by 

coupling with rhodium and phosphorus (PB) with the same rhodium-fluorine and 

phosphorus-fluorine coupling constants.  From this observation we can conclude that, in 

Rh(dppp)(CO)(CF3)I2, one of the phosphorus atoms must be trans to the CF3 group.   

In Rh(dppp)(CF3)I2, presumably formed by losing the carbonyl ligand from 

Rh(dppp)(CO)(CF3)I2, the two iodides and the two phosphorous atoms are in the plane 
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and the CF3 lies above it.  This orientation produces a square pyramidal structure with 

equivalent phosphorus atoms.  Since the two phosphorus atoms are equivalent, only one 

peak (dq) is observed in 31P NMR due to coupling with rhodium and the three fluorine 

atoms of the CF3 group.  In the 19F NMR spectrum of Rh(dppp)(CF3)I2, we can expect a 

doublet of triplets peak due to coupling with rhodium and the two phosphorus atoms.  But 

a quartet peak is observed due to having the same rhodium-fluorine and 

phosphorus-fluorine coupling constants. 

 The19F and 31P NMR spectra of Rh(dppb)(CO)(CF3)I2 can be explained in the 

same way as the dppp complex.  Also there were more extra small peaks in the 19F NMR 

spectrum of Rh(dppb)(CO)(CF3)I2 than that of Rh(dppp)(CO)(CF3)I2.  A 19F NMR peak 

was observed at -71.8(s) ppm for Rh(dppb)(COCF3)I2 though we did not observe any 

peaks for Rh(dppb)(COCF3)I2 in the 31P NMR spectrum because of the poor signal to 

noise ratio.  A small 19F NMR peak was observed at -9.0(dt) ppm which may correspond 

to a different isomer but we did not observe any additional 31P NMR peaks. 

 
B.  Reaction of Rh(dppp)(CF3)I2 with Carbon Monoxide  

To study the reversibility of the loss of the carbonyl ligand from 

Rh(dppp)(CO)(CF3)I2, carbon monoxide gas was passed through a solution of 

Rh(dppp)(CF3)I2 in CH2Cl2.  The IR spectra of Rh(dppp)(CF3)I2 before exposing to 

carbon monoxide, after exposing to carbon monoxide and after exposing to carbon 

monoxide followed by nitrogen are shown in Figures 4.27, 4.28 and 4.29, respectively.  

IR absorption peaks after carbon monoxide exposure were observed at 1995, 2021 and 

2106 cm-1 and none of them matches either the IR peak previously assigned to 

Rh(dppp)(CO)(CF3)I2 (2079 cm-1) or the literature value of free carbon monoxide (2143  
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Table 4.3.  1H, 19F and 31P NMR data for Rh(dppp)(CO)(CF3)I2, Rh(dppb)(CO)(CF3)I2 
and Rh(dppp)(CF3)I2 in CD2Cl2. 

 
Compound  1H (ppm)  31P (ppm), J(Hz) 19F (ppm), J(Hz) 
 
Rh(dppp)  1.9(m), 2.6(m),  -21.7(pd)a, JP-P = 29 1.7(dt), JP-F = 56  
(CO)(CF3)I2  3.5(m), 3.9(m), JRh-P, JF-P = 60   JRh-F, JP-F = 12 

7.2-8.0(m)   
      0.5(ddq)b, JP-P = 29  

JRh-P = 102, JF-P = 11 
 

Rh(dppb)  7.0-8.0(m)  23.5(pd)a, JP-P = 4 -1.6(dt), JP-F = 58 
(CO)(CF3)I2     JRh-P, JF-P = 62  JRh-F, JP-F = 12 
      
       39.9(ddq)b, JP-P = 4 

JRh-P = 106, JF-P = 12 
 
Rh(dppp)  1.9(m), 2.7(m), 14.8(dq), JF-P = 13 14.5(q) 
(CF3)I2   3.0(m), 7.2-7.7(m) JRh-P = 114   JRh-F, JP-F = 12 
 
 
a. For PA (phosphorus trans to CF3) as shown in Scheme 4.1. 
b. For PB (phosphorus cis to CF3) as shown in Scheme 4.1. 
 
 
cm-1).115  Surprisingly, we observed IR absorption peaks at 1994 and 2021 cm-1 when 

carbon monoxide was passed into pure CH2Cl2.  The carbon monoxide used in these 

experiments came from a steel tank without any purification.  Thus it probably contained 

the volatile iron carbonyl compound Fe(CO)5
116 and the peaks at 1995 and 2021 cm-1 

match those reported for this compound.  Thus only the IR peak at 2106 cm-1 comes from 

a product of the reaction between carbon monoxide and Rh(dppp)(CF3)I2.   

The IR frequency at 2106 cm-1 falls in the range of terminal metal-carbonyl 

compounds117 suggesting that carbon monoxide may have bonded to rhodium producing 

something other than Rh(dppp)(CO)(CF3)I2, or that Rh(dppp)(CO)(CF3)I2 was formed 

with a different orientation of ligands from that shown in Scheme 4.1.  Given the 

structure of Rh(dppp)(CO)(CF3)I2 shown in Scheme 4.1, the new CO complex likely has 
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CO trans to CF3 instead of iodide.  The strongly electron withdrawing nature of the trans 

CF3 ligand may explain the high value of the stretching frequency in this isomer.  NMR 

spectra are also consistent with formation of a different isomer of Rh(dppp)(CO)(CF3)I2 

(vide infra). However, since this experiment was not repeated using purified CO, a 

product containing Fe(CO)5 instead  of simply CO cannot be ruled out.  When the carbon 

monoxide exposed solution was then exposed to nitrogen for about 10 minutes, the IR 

peaks observed after carbon monoxide exposure decreased but were not eliminated 

completely.   
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Figure 4.27.  IR spectrum of Rh(dppp)(CF3)I2 in CH2Cl2. 
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Figure 4.28.  IR spectrum of Rh(dppp)(CF3)I2 in CH2Cl2 after exposure to carbon 
monoxide. 
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Figure 4.29.  IR spectrum of Rh(dppp)(CF3)I2 in CH2Cl2 exposure to carbon monoxide 
followed by nitrogen. 
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 We also studied the reaction between carbon monoxide and Rh(dppp)(CF3)I2 with 

31P and 19F NMR.  The initial 31P and 19F NMR peaks of Rh(dppp)(CF3)I2 disappeared 

after exposure to carbon monoxide and a new set of peaks appeared in each spectrum.  To 

confirm whether the NMR peaks observed after exposure of Rh(dppp)(CF3)I2 to carbon 

monoxide match with Rh(dppp)(CO)(CF3)I2 or not, we passed carbon monoxide gas 

through a mixture of Rh(dppp)(CO)(CF3)I2 and Rh(dppp)(CF3)I2 in CDCl3.  After taking 

31P and 19F NMR of that solution, we passed nitrogen gas for about 10 minutes.  31P and 

19F NMR spectra of the resulting solution were collected.  NMR spectra for these 

experiments are shown in Figures 4.31-4.36.  Chemical shift, splitting patterns and 

coupling constants are presented in Table 4.4. 

In the 31P NMR spectrum of the mixture of Rh(dppp)(CO)(CF3)I2 and 

Rh(dppp)(CF3)I2, we observed a peak at 14.8(dq) ppm for Rh(dppp)(CF3)I2 and peaks 

at -0.5(ddq) and -21.7(pd) ppm for Rh(dppp)(CO)(CF3)I2 (with the structure shown in 

Scheme 4.1).  In 19F NMR of that mixture, we observed peaks at 14.5(q) ppm for 

Rh(dppp)(CF3)I2 and at 1.7(dt) for Rh(dppp)(CO)(CF3)I2.  There were some additional 

small peaks in the initial 19F NMR spectrum.  After exposing the mixture to carbon 

monoxide the 31P and 19F NMR peaks for Rh(dppp)(CF3)I2 completely disappeared and 

new sets of 31P and 19F NMR peaks appeared while the 31P and 19F NMR peaks of 

Rh(dppp)(CO)(CF3)I2 were unaffected and still visible.  In the case of 31P NMR new 

peaks appeared at -16.9(ddq) and 0.5(dq) ppm which were not visible before exposure to 

carbon monoxide.  But in the case of 19F NMR peaks at -2.6(q) and 5.1(td) which were 

very small before exposure to carbon monoxide increased in intensity.  These results 

suggest that carbon monoxide reacted with Rh(dppp)(CF3)I2 and produced a complex  
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Table 4.4.  19F and 31P NMR data for the reaction between carbon monoxide and the 
mixture of Rh(dppp)(CO)(CF3)I2 and Rh(dppp)(CF3)I2 in CDCl3. 

 
Mixture   31P (ppm); J(Hz)  19F (ppm); J(Hz) 
 
Rh(dppp)   -21.7(pd); 60, 29  -5.2(dt); 61,12 
(CO)(CF3)I2   -0.5(ddq); 102, 29, 11  -2.7(q); 11 
+ Rh(dppp)   14.8(dq); 114, 13  -0.1(dt); 56, 12 
(CF3)I2        1.7(dt); 56, 12 
        4.3(td); 12, 8 
        5.1(td); 13, 4 
        14.5(q); 12 
 
Rh(dppp)   -21.7(pd); 60, 29  -5.2(dt); 61,12 
(CO)(CF3)I2   -16.9(ddq); 97, 44, 4  -2.6(q); 11 
+ Rh(dppp)   -0.5(ddq); 102, 29, 11   -0.1(dt); 56, 12 
(CF3)I2 + CO   0.5(dq); 105, 11  1.7(dt); 56, 12 
        4.4(td); 12, 8 
        5.1(td); 13, 4 
 
Rh(dppp)   -21.7(pd); 60,29  -5.2(dt); 61,12 
(CO)(CF3)I2   -16.9(ddq); 97, 44, 4  -2.7(q); 11 
+ Rh(dppp)   -11.2(ddq); 102, 45, 12 -0.1(dt); 56, 12 
(CF3)I2 + CO   -0.5(ddq); 102, 29, 11  1.7(dt); 56, 12 
+ N2    0.5(dq); 105, 11  4.3(td); 12, 8 
    14.8(dq); 114, 13  5.1(td); 13, 4 
        14.5(q); 12 
 

 
which is different from  Rh(dppp)(CO)(CF3)I2 as shown in Scheme 4.1 at least in the 

orientation of  the ligands.  The IR peak at 2106 cm-1
 also supports the formation of a 

complex with a terminal metal-carbonyl bond.   

After passing nitrogen gas through the resulting solution for about 10 minutes, the 

NMR peaks for Rh(dppp)(CF3)I2 reappeared but the new peaks produced by exposure to 

carbon monoxide were not completely eliminated.  The 19F NMR peaks at -2.6(q), and 

5.1(td) remained more intense than before exposure to carbon monoxide.  Surprisingly, 

the 19F NMR peak at -0.1(dt) ppm which was unaffected by carbon monoxide bubbling 

became more intense after purging with nitrogen.  After purging with nitrogen an 
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additional 31P NMR peak was observed at -11.2(ddq) ppm along with the peaks 

at -16.9(ddq) and 0.5(dq) ppm formed after exposing to carbon monoxide.  Thus, we can 

say that the 31P NMR peak -11.2(ddq) and the 19F NMR peak at -0.1(dt) ppm are likely 

for the same product.  The splitting patterns and coupling constants of the 19F NMR peaks 

at -5.2(dt), -0.1(dt) and 1.7(dt) ppm are almost the same but with different chemical 

shifts.  The signal to noise ratio of the 31P NMR spectrum is not good thus we may not 

have observed all the product peaks.  But different chemical shifts with the same 

coupling constants suggest different electronic environments.  Thus Rh(dppp)(CF3)I2 

probably reacts with carbon monoxide producing different isomers of 

Rh(dppp)(CO)(CF3)I2.  All the possible isomers of Rh(dppp)(CO)(CF3)I2 are shown in 

Figure 4.30.   

Let’s now correlate the NMR peaks with the possible structures.  A quartet is 

observed at -2.6 ppm in the 19F NMR and to produce a quartet in the 19F NMR the two 

phosphorus atoms must be equivalent.  In that case the 31P NMR spectrum will produce a 

doublet of quartets.  The only possible orientation of ligands with equivalent phosphorus 

atoms is isomer C in Figure 4.30.  In that case the CF3 ligand will be cis to both of the 

phosphorus atoms and produce small fluorine-phosphorus coupling constants.  Thus the 

31P NMR peak at 0.5(dq) ppm and 19F NMR peak at -2.6(q) ppm are for isomer C in 

Figure 4.30.  The 31P NMR peaks at -0.5(ddq) and -21.7(pd) ppm and 19F NMR peak at 

1.7(dt) ppm are for isomer A. The partial result from X-ray crystal also supports isomer 

A.  We had problem only resolving between iodine and CF3. In the partially solved 

crystal structure the CO was trans to one of the iodine atoms, another iodine was trans to 

one of the phosphorus atoms and CF3 was trans to another phosphorus atom.  For isomer  
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Figure 4.30.  Possible isomers of Rh(dppp)(CO)(CF3)I2. 

 
D in Figure 4.30, we can expect different phosphorus-fluorine coupling constants than 

isomers A and B since both the phosphorus atoms are cis to CF3 and the splitting patterns 

also will be different due to the difference in coupling constants.  The 31P NMR peak 

at -16.9(ddq) and the 19F NMR peak at 5.1(td) ppm may be for isomer D in Figure 4.30 

but only one resonance for it is seen in 31P NMR.  We may not have observed the peak 

for the other phosphorus due to either the poor signal to noise ratio of the 31P NMR or 

overlap with another phosphorus peak.  For isomer B in Figure 4.30, we can expect the 

same NMR peaks as for isomer A but with different chemical shifts due to the different 

chemical environment.  Thus, the 19F NMR at -0.1(dt) ppm is for isomer B.  The 31P 

NMR chemical shifts of both the isomers A and B might be the same or we might not 

have observed the peak of isomer B due to the poor signal to noise ratio.  From these 

results we can conclude that Rh(dppp)(CF3)I2 probably reacts reversibly with carbon 

monoxide producing different isomers of Rh(dppp)(CO)(CF3)I2, but the original 

Rh(dppp)(CO)(CF3)I2 isomer is clearly not reformed on purging with nitrogen.   



 
 

 
 

Figure 4.31.  19F NMR spectrum of Rh(dppp)(CF3)I2 and Rh(dppp)(CO)(CF3)I2 mixture in CDCl3.
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Figure 4.32.  31P NMR spectrum of Rh(dppp)(CF3)I2 and Rh(dppp)(CO)(CF3)I2 mixture in CDCl3.
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Figure 4.33.  19F NMR spectrum of Rh(dppp)(CF3)I2 and Rh(dppp)(CO)(CF3)I2 mixture in CDCl3 after exposure to carbon monoxide.
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Figure 4.34.  31P NMR spectrum of Rh(dppp)(CF3)I2 and Rh(dppp)(CO)(CF3)I2 mixture in CDCl3 after exposure to carbon monoxide.
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Figure 4.35.  19F NMR spectrum of Rh(dppp)(CF3)I2 and Rh(dppp)(CO)(CF3)I2 mixture in CDCl3 after exposure to carbon monoxide 
followed by nitrogen.
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Figure 4.36.  31P NMR spectrum of Rh(dppp)(CF3)I2 and Rh(dppp)(CO)(CF3)I2 mixture in CDCl3 after exposure to carbon monoxide 
followed by nitrogen.
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VI.  Chemical Reduction of Rh(P-P)(COCF3)I2 Complexes 

 
A. Qualitative Reduction with K2BP 

 About 10 mg of Rh(dppp)(COCF3)I2 was dissolved in tetrahydrofuran inside the 

glove box, very small amounts of K2BP (about 50 mM in THF) were added at a time and 

the reaction was monitored by IR.  When K2BP was added to Rh(dppp)(COCF3)I2, the IR 

peak at 1679 cm-1 disappeared slowly and a product peak at 2009 cm-1 and a 

benzophenone peak at 1663 cm-1
 appeared.  IR spectra of Rh(dppp)(COCF3)I2 before 

reduction and after partial reduction with K2BP are shown in Figures 4.37 and 4.38, 

respectively.  After adding an excess of K2BP only an IR peak for benzophenone was 

observed as shown in Figure 4.39.  In the case of Rh(dppb)(COCF3)I2, after reduction the 

product IR peak appeared at 2013 cm-1.  The carbonyl stretching frequencies observed 

after reduction are in the range of terminal metal-carbonyl absorptions which suggests 

that the trifluoromethyl group migrates to rhodium after reduction, i.e. the acyl complex 

converts to the alkyl complex. 
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Figure 4.37.  IR spectrum of Rh(dppp)(COCF3)I2 in THF (1967 cm-1 = THF). 
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Figure 4.38.  IR spectrum after partial reduction of Rh(dppp)(COCF3)I2 with K2BP in 
THF (1663 cm-1 = benzophenone, 1967 cm-1 = THF and 2009 cm-1 = reduction product). 
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Figure 4.39.  IR spectrum after adding excess K2BP to Rh(dppp)(COCF3)I2 in THF.  
(1663 cm-1 = benzophenone, 1967 cm-1 = THF). 
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The reduction reactions were also monitored by 31P and 19F NMR.  First, about 10 

mg of Rh(dppp)(COCF3)I2 was dissolved in 1 mL of THF-d8 in an NMR tube.  Initial 1H, 

31P and 19F NMR spectra were collected.  A little bit of K2BP in THF was added and then 

31P and 19F NMR spectra were collected.  31P and 19F NMR spectra after adding a little bit 

of K2BP to Rh(dppp)(COCF3)I2 are shown in Figures 4.40 and 4.41, respectively.  31P 

NMR peaks were observed at 3.5(dd), 9.2(ddq), 13.8(ddq), 16.8(d), 22.0(dd), 27.7(s) and 

28.0(s) ppm.  The peaks at 3.5(dd) and 22.0(dd) ppm are due to Rh(dppp)(CO)I, and the 

peaks at 9.2(ddq) and 13.8(ddq) ppm are proposed to be due to [Rh(dppp)(CO)(CF3)I]-, 

which will be described later.  19F NMR peaks were observed at -10.2(dt), -74.9(broad 

singlet), -78.1(d) and -78.8(1:1:1 triplet) ppm.  The progress of the reaction was studied 

by 31P and 19F NMR while adding small increments of K2BP.  Addition of K2BP was 

continued until all the reactant peaks had completely disappeared.  31P and 19F NMR 

spectra of Rh(dppp)(COCF3)I2 after adding enough K2BP to completely eliminate 

reactant peaks are shown in Figures 4.42 and 4.43, respectively.  In the 31P NMR 

spectrum, only a singlet at 32.3 ppm was observed after exposing the reduction product to 

air.  The 31P NMR peak of the air-exposed reduction product coincides with the 31P NMR 

peak of independently synthesized dpppO2.  Thus after air exposure the product 

decomposes, probably producing dpppO2 as the only phosphorus-containing product. 

 The dppp complex was also reduced in CD3CN with K2BP in THF.  The resulting 

pattern of 31P NMR peaks was similar to that in THF-d8 but with different chemical 

shifts.  This might be due to the coordinating nature of acetonitrile.  Also, in the 19F NMR 

spectrum, the peak for CF3H at -78.1(d) ppm was absent.  Since potassium benzophenone 

was the reducing agent we wanted to see the effect of excess benzophenone in the 
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reduction reaction.  When Rh(dppp)(COCF3)I2 was reduced with K2BP in THF-d8 in the 

presence of excess benzophenone the 31P NMR peaks were the same but in the 19F NMR 

spectrum an extra singlet at -70.8 ppm and a small multiplet at -71 ppm were observed. 

 When Rh(dppb)(COCF3)I2 was reduced with K2BP in THF-d8, 31P NMR peaks 

were observed at 73.8(d), 69.4(dd), 61.4(ddq), 56.6(dd) and 54.3(ddq) ppm, while 19F 

NMR peaks were observed at -9.9(dt), -74.9(s), -78.1(d), -78.8(1:1:1, t) and -80.1(s) ppm.  

31P and 19F NMR spectra of Rh(dppb)(COCF3)I2 after reduction with K2BP are shown in 

Figures 4.44 and 4.45, respectively.  Details about the chemical shifts and coupling 

constants of Rh(P-P)(COCF3)I2, [Rh(P-P)(CO)(CF3)I]- and Rh(P-P)(CO)I are presented in 

Table 4.5. 

 
Table 4.5.  19F and 31P NMR data for Rh(P-P)(COCF3)I2 and their reduction products in 

THF-d8. 
 
Compound   31P (ppm), J(Hz)   19F (ppm), J(Hz) 
 
Rh(dppp)(COCF3) I2  16.8(d), JRh-P = 117   -68.7(s) 

[Rh(dppp)(CO)(CF3) I]- 9.2(ddq), JRh-P = 141    -10.2(dt), JP-F = 45  
JF-P = 19, JP-P = 53   JRh-F, JP-F  = 19 
13.8(ddq), JRh-P = 95  
JF-P = 48, JP-P = 53  
 

Rh(dppp)(CO)I  3.5(dd), JRh-P = 115, JP-P = 56  - 
22.0(dd), JRh-P = 156, JP-P = 56 

     
Rh(dppb)(COCF3) I2  69.8(d), JRh-P = 123   -71.8(s) 

 
[Rh(dppb)(CO)(CF3) I]- 54.4(ddq), JRh-P = 146   -9.9(dt), JP-F = 47 

JF-P = 18, JP-P = 30    JRh-F, JP-F  = 19 
61.4(ddq), JRh-P = 97  
JF-P = 48, JP-P = 30  

 

Rh(dppb)(CO) I  69.4(dd), JRh-P = 123, JP-P = 32  - 
56.6(dd), JRh-P = 158, JP-P = 32 

 



 
 

 
 

Figure 4.40.  31P NMR spectrum after partial reduction of Rh(dppp)(COCF3)I2 with K2BP in THF-d8.
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Figure 4.41.  19F NMR spectrum after partial reduction of Rh(dppp)(COCF3)I2 with K2BP in THF-d8.
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Figure 4.42.  31P NMR spectrum after complete reduction of Rh(dppp)(COCF3)I2 with K2BP in THF-d8.
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Figure 4.43.  19F NMR spectrum after complete reduction of Rh(dppp)(COCF3)I2 with K2BP in THF-d8.
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Figure 4.44.  31P NMR spectrum after complete reduction of Rh(dppb)(COCF3)I2 with K2BP in THF-d8.
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Figure 4.45.  19F NMR spectrum after complete reduction of Rh(dppb)(COCF3)I2 with K2BP in THF-d8.
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B. Quantitative Reduction of Rh(dppp)(COCF3)I2 with KBP/ K2BP 

 The compound Rh(dppp)(COCF3)I2 was reduced quantitatively with KBP and 

K2BP (potassium salts of benzophenone mono-anion and di-anion).  To quantify the 

number of electrons involved in the reduction, the concentration of K2BP was determined 

by titrating with KHP and/or HCl solutions.  The concentration of K2BP was found to be 

0.055 M and 0.054 M in two trials.  After that, 0.011 mmol of Rh(dppp)(COCF3)I2 was 

dissolved in THF-d8 and initial NMR spectra were taken.  Then 160 µL of K2BP (0.0087 

mmol) was added and 31P and 19F NMR spectra were collected.  There were some 

reactant peaks along with product peaks.  Another 36 µL of K2BP solution (0.011 mmol 

total) was added and 31P and 19F NMR spectra were collected.  There were no reactant 

peaks observed.  The compound Rh(dppp)(COCF3)I2 was also reduced with K2BP in 

THF and monitored quantitatively by CV.  Two equivalents of K2BP were required to 

eliminate the reduction peak completely.  When the compound Rh(dppp)(COCF3)I2 was 

reduced with K2BP in CH3CN and monitored by CV the results were not good.  In the 

next trial, the concentration of K2BP was found to be 0.043 M.  In an NMR tube 0.010 

mmol of Rh(dppp)(COCF3)I2 was dissolved in THF-d8.  Then addition of K2BP was done 

followed by the collection of 31P and 19F NMR spectra.  Increments of 75, 50, 60 and 50 

µL were required to reduce the compound completely.  It was thus determined that two 

moles of e- (1.0 mole of K2BP) per mole of Rh(dppp)(COCF3)I2 were required for the 

complete reduction of Rh(dppp)(COCF3)I2. 

 Excess benzophenone was added to a K2BP solution and stirred for about 30 

minutes and the resulting solution of KBP was standardized with KHP.  The 

concentration of KBP was found to be 0.108 M.  In an NMR tube 0.011 mmol of 
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Rh(dppp)(COCF3)I2 was dissolved in THF-d8.  Then 80 µL of 0.108 M KBP solution was 

added and 31P and 19F NMR spectra were collected.  There were reactant peaks along 

with product peaks in both spectra.  Another 80 µL of 0.108 M KBP solution (0.0086 

mmol) was added and 31P and 19F NMR spectra were collected.  There were still reactant 

peaks along with product peaks in both spectra.  Lastly 50 µL of 0.108 M KBP solution 

(0.023 mmol total) was added and 31P and 19F NMR spectra were collected.  There were 

no reactant peaks.  It was thus determined that two equivalents of KBP were required for 

the complete reduction of Rh(dppp)(COCF3)I2. 

 
C. Reduction in the Presence of Different Reagents 

 In an attempt to determine whether the trifluoromethyl group leaves as a radical 

or as an anion, the reduction reaction was studied in the presence of different reagents.  

Tributyltin hydride is a good hydrogen atom donor so if the complex is reduced in the 

presence of tributyltin hydride the major fluorine containing product should be CF3H if 

CF3 radicals are produced.  But when an attempt was made to reduce Rh(dppp)(COCF3)I2 

in the presence of tributyltin hydride the Rh(dppp)(COCF3)I2 itself reacted with 

tributyltin hydride giving lots of peaks in the 19F NMR.  It has been reported that the 

reaction of methyl acetate with CF3
- produces CF3H and [(CH2)C(O)(OCH3)]- as major 

products and [C(CH3)(CF3)(OCH3)(O)]-
 as a minor product.118  In ethyl acetate also the 

alpha hydrogen is available for abstraction.119  Thus the reaction of ethyl acetate with 

CF3
- should produce CF3H and [(CH2)C(O)(OC2H5)]- as major products and 

[C(CH3)(CF3)(OC2H5)(O)]-
 as a minor product.  When Rh(dppp)(COCF3)I2 was reduced 

with K2BP in the presence of ethyl acetate, 19F NMR peaks were observed 

at -78.1(d), -74.9(broad singlet), -16.0(dd) and -10.2(dt) ppm, while 31P NMR peaks were 
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observed at 3.5(dd), 22.0(dd), 27.7(s), 28.0(s) and 38.7(dd) ppm.  In this case, the 19F 

NMR peak at -78.1(d) ppm for CF3H was much larger than that in the absence of ethyl 

acetate suggesting that CF3
- was produced and abstracted hydrogen from ethyl acetate 

producing CF3H.  In this case we observed only a very small 19F NMR peak for the 

proposed intermediate [Rh(dppp)(CO)(CF3)I]-.  Details about this complex will be 

discussed later.  31P NMR peaks for this complex were not observed due to the poor 

signal to noise ratio.  The 31P NMR peak at 38.7(dd) ppm represents a new product from 

the reaction between ethyl acetate and the intermediates of the reaction.  31P and 19F 

NMR spectra after reduction of Rh(dppp)(COCF3)I2 in the presence of ethyl acetate are 

shown in Figures 4.46 and 4.47, respectively. 

The compound Rh(dppp)(COCF3)I2 was also reduced with K2BP in deuterated 

acetone.  In this case 19F NMR peaks were observed at -10.2(dt), -16.2(dd),  

-74.9(s) and -78.8(1:1:1, t) ppm.  31P NMR peaks were observed at 3.5(dd), 13.7(s), 

22.5(large doublet of doublets overlapped with small doublet of doublets) and 30(m) 

ppm.  Acetone reacts with CF3
- to produce CF3H and [(CH3)C(O)(CH2)]- as major 

products and [C(CH3)(CF3)(CH3)(O)]- as a minor product.118 In our case, we used 

deuterated acetone so we observed only CF3D (1:1:1, t at -79.0 ppm in 19F NMR) and not 

CF3H.  These results also suggest that CF3 is being lost as the anion. 

The compound Rh(dppp)(COCF3)I2 was reduced with K2BP in THF-d8 in the 

presence of a small amount of water.  In this case 19F NMR peaks were observed 

at -74.9(s) along with very small peaks at -114.7(s) and -10.2(dt) ppm.  Only a singlet at 

32.3 ppm was observed in the 31P NMR.  This result suggests that in the presence of  

 



 
 

 

Figure 4.46.  31P NMR spectrum after reduction of Rh(dppp)(COCF3)I2 with K2BP in THF-d8 in the presence of ethyl acetate.
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Figure 4.47.  19F NMR spectrum after reduction of Rh(dppp)(COCF3)I2 with K2BP in THF-d8 in the presence of ethyl acetate. 
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water, Ph2C(CF3)(OH) is the major fluorine containing product20 and the other reduction 

product decomposed or oxidized producing dpppO2 as explained above.    

Rh(dppp)(COCF3)I2 was reduced in the presence of  both a small amount and an 

excess of diphenyl disulphide (Ph2S2), which can react with CF3
- to produce PhSCF3 and 

thus serve as a CF3
- trap.120  In this case the product displayed a peak at -74.9 ppm for 

Ph2C(CF3)(OH) as a major peak in the 19F NMR along with some small peaks that 

overlapped with that peak, while peaks in the 31P NMR were also a little different than in 

the absence of Ph2S2.  This might be due to the reaction of CF3
- with Ph2S2 to yield 

PhSCF3.  We did not observe a large peak for PhSCF3 (at -43.2 ppm121) in the 19F NMR.  

The PhSCF3 may have reacted with benzophenone anion producing [Ph2C(CF3)(O)]-
 or 

Ph2C(CF3)(OH).  The small peak in the 19F NMR that overlapped with the peak at -74.9 

ppm should be for some other product of the reaction. 

 From all the above discussed experiments and results we can conclude that the 

trifluoromethyl group of Rh(dppp)(COCF3)I2 is released as the anion (CF3
-) upon 

reduction.  From CV experiments it was confirmed that I- is released during the reduction 

of Rh(dppp)(COCF3)I2.  We confirmed that the reduction of Rh(dppp)(COCF3)I2 is a 

two-electron  process through both chemical and electrochemical experiments.  We also 

observed Rh(dppp)(CO)I as the final product of the reduction reaction.  The observation 

of this product and the two-electron nature of the reduction requires that the 

trifluoromethyl group be released as an anion.  Our above results are all in the agreement 

with this statement. 
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D. Reduction with Decamethylchromocene 

 Decamethylchromocene reduced the complexes very slowly.  After adding 

decamethylchromocene to Rh(dppp)(COCF3)I2, two of doublets of doublets of quartets 

were observed by 31P NMR at 9.2(ddq) and 13.8 (ddq) ppm as with K2BP, but these are 

not the peaks for Rh(dppp)(CO)I.  The 19F NMR peaks were the same as in the reduction 

with K2BP with some extra small peaks.  The peak potential of decamethylchromocene 

(-1.58 V) is less negative than that of benzophenone (-2.50 V) but it is more negative than 

that of Rh(dppp)(COCF3)I2 (-1.36 V).   That means decamethylchromocene is strong 

enough to reduce Rh(dppp)(COCF3)I2.  Large organic cations have been shown to 

stabilize organometallic anions.105  It may be that the presence of decamethylchromocene 

cation stabilized the reaction intermediate formed after reduction so that formation of 

Rh(dppp)(CO)I by loss of CF3
- from the reaction intermediate took relatively longer 

when produced by decamethylchromocene.  The 31P and 19F NMR spectra were 

somewhat noisy when the complex was reduced with dmcc. 

 
E.  Proposed Reduction Mechanism of Rh(dppp)(COCF3)I2 

From the study of its chemical reduction, it was found that the reduction of 

Rh(dppp)(COCF3)I2 is a two-electron process.  This conclusion is supported by LSV and 

bulk electrolysis results as well.  The mechanism of the reduction of Rh(dppp)(COCF3)I2 

is different from that of Co(PPh3)(CO)3(COCF3), which undergoes a one-electron 

reduction.20  Formation of Rh(dppp)(CO)I after the two-electron reduction of 

Rh(dppp)(COCF3)I2 was verified by chemical reduction.   

The possible pathways for the two-electron reduction of Rh(dppp)(COCF3)I2 are 

shown in Scheme 4.2.  The reduction reaction can be explained as follows.  The first step 
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of the reaction must be the formation of the 17-electron [Rh(dppp)(COCF3)I2]- anion by 

accepting one electron.  This 17-electron complex is probably not very stable and thus is 

not observed during the reaction.  There are two possibilities for further reaction of 

[Rh(dppp)(COCF3)I2]-; either it eliminates one of the iodides producing the 15-electron 

complex Rh(dppp)(COCF3)I or the trifluoroacetyl group migrates forming the 

19-electron [Rh(dppp)(CO)(CF3)I2]- anion.  Since rhodium prefers complexes with lower 

numbers of electrons, the formation of the 15-electron complex is more likely.  Neither of 

these intermediates was observed during the reduction reaction, which may be due to 

their instability or paramagnetic nature.  If it was stable, Rh(dppp)(COCF3)I should 

display an acyl carbonyl peak in the IR spectrum, but we did not observe any new acyl 

carbonyl peak during the reduction reaction.  We also have observed strong 

phosphorus-fluorine couplings in the 31P and 19F NMR spectrum during the reduction 

reaction and this would not be observed from Rh(dppp)(COCF3)I.  This means we did not 

detect Rh(dppp)(COCF3)I as an intermediate but it may have been formed and then 

rapidly reacted.  If the reaction follows the 19-electron pathway it may produce a 

20-electron complex by a second electron transfer, but this is highly unlikely.  But we can 

propose the formation of Rh(dppp)(COCF3)I by the loss of one of the iodides from 

[Rh(dppp)(COCF3)I2]- as the possible next step of the reaction, followed immediately by 

further reactions. 

In the next step of the path including Rh(dppp)(COCF3)I, it can either accept 

another electron and form the 16-electron [Rh(dppp)(COCF3)I]- anion or the 

trifluoromethyl group can migrate to rhodium producing the 17-electron complex 

Rh(dppp)(CO)(CF3)I.  Considering these two possibilities, the 16-electron  
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Scheme 4.2.  Possible pathways for the reduction reaction of Rh(dppp)(COCF3)I2. 
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complex is more likely to be stable.  But in our study we did not observe any IR 

absorption peak for an acyl carbonyl group during reduction, thus we did not observe 

[Rh(dppp)(COCF3)I]-.  Strong phosphorus-fluorine coupling observed during reduction 

reaction in the 19F and 31P NMR spectra also does not support the detection of 

[Rh(dppp)(COCF3)I]-.  The 17-electron complex is probably an unstable species and is 

paramagnetic so it is not likely to be observed by NMR.  From our results it cannot be 

confirmed whether the reaction follows the 16-electron path or the 17-electron path.  But 

both of these species could undergo further reactions to produce the 18-electron 

[Rh(dppp)(CO)(CF3)I]- anion, either by accepting another electron or by undergoing 

trifluoromethyl group migration, depending on the previous steps.   

Let’s now consider the existence of the 18-electron [Rh(dppp)(CO)(CF3)I]- anion.    

This complex would produce an IR peak for the terminal carbonyl and strong three-bond 

fluorine-phosphorus coupling in the 31P and 19F NMR spectra.  Observation of 

[Rh(dppp)(CO)(CF3)I]- is strongly supported by the 31P and 19F NMR results.  The 

carbonyl IR absorption peak of [Rh(dppp)(CO)(CF3)I]- was not observed but would fall 

in the range of terminal carbonyl absorptions and so might have overlapped with the IR 

peak of Rh(dppp)(CO)I that we observed as the reduction product.  It is also possible that 

IR did not detect this species due to the lack of sensitivity.   

When we compare the 31P and 19F NMR of the proposed [Rh(dppp)(CO)(CF3)I]- 

(formed during the chemical reduction) and Rh(dppp)(CO)(CF3)I2 (formed by CF3 

migration) in Table 4.6, we can see differences in chemical shifts and coupling constants 

of the NMR peaks.  This is because one is a five-coordinate Rh(I) complex and the other 

is a six-coordinate Rh(III) complex. 
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Table 4.6.  19F and 31P NMR data for [Rh(dppp)(CO)(CF3)I]- and Rh(dppp)(CO)(CF3)I2. 

[Rh(dppp)(CO)(CF3)I]-   Rh(dppp)(CO)(CF3)I2 
 

31P (ppm), J(Hz) 19F (ppm), J(Hz) 31P (ppm), J(Hz) 19F (ppm), J(Hz) 
 
9.4(ddq)  -10.4(dt)  -21.7(pd)  1.5(dt)  
JRh-P = 141   JP-F = 45   JRh-P, JF-P = 60  JP-F = 56 
JF-P = 19   JRh-F, JP-F  = 19  JP-P = 29   JRh-F, JP-F = 12 
JP-P = 53 
 
13.9(ddq)     0.5(ddq) 
JRh-P = 95     JRh-P = 102 
JF-P = 48     JP-P = 29  
JP-P = 53      JF-P = 11 
 
 
 

Considering all these results we can conclude that the observed intermediate is 

probably the [Rh(dppp)(CO)(CF3)I]- anion.  But we cannot conclude whether it forms 

through the 16- or the 17-electron path.  The final step is the production of 

Rh(dppp)(CO)I from [Rh(dppp)(CO)(CF3)I]- by the loss of CF3
-.  This was confirmed by 

the presence of 31P NMR peaks at 3.5(dd) and 22.0(dd) ppm and IR peak at 2009 cm-1.  It 

should be noted that Rh(dppp)(CO)I could also be produced by loss of CF3
– directly from 

16-electron [Rh(dppp)(COCF3)I]- anion.  This pathway would produce the correct 

products, derived from CF3
–, with the correct electron stoichiometry and is analogous to 

the loss of CF3
– from the trifluoromethyl ligand of Cp*Ir(PMe3)(H)(COCF3).122  

However, the observation of an intermediate with NMR spectroscopy consistent with 

18-electron [Rh(dppp)(CO)(CF3)I]- anion, but not 16-electron 

[Rh(dppp)(COCF3)I]- anion, makes this pathway an unlikely alternative.  The formation 

of CF3
- is also verified from reactions in different solvents and in the presence of different 

reagents.  Decamethylchromocene cation may stabilize [Rh(dppp)(CO)(CF3)I]- and make 
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the further steps of the reaction slow.  We may have actually observed this.  From all the 

evidence the proposed mechanism for the reduction of Rh(dppp)(COCF3)I2 is shown in 

Scheme 4.3. 
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 Scheme 4.3.  Proposed reduction mechanism of Rh(dppp)(COCF3)I2. 

 
VII. Conclusions 

 The compounds Rh(dppp)(COCF3)I2 and Rh(dppb)(COCF3)I2 were synthesized 

and characterized.  These complexes were unstable in terms of alkyl migration.  In 
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solution at room temperature the acyl complexes slowly converted to the alkyl 

complexes.  When the solutions were stored at lower temperature the conversion did not 

take place.  When a solution of Rh(dppp)(CO)(CF3)I2 was kept standing at room 

temperature for a very long time it lost the CO ligand and produced Rh(dppp)(CF3)I2.  

But from chemical reduction we observed Rh(dppp)(CO)I as the final product.  From 

both electrochemical and chemical reduction results it was confirmed that these 

complexes undergo two-electron reductions.  A mechanism for the reduction reaction of 

Rh(dppp)(COCF3)I2 has been proposed with the identification and characterization of 

reaction intermediates. 
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CHAPTER FIVE 
 

Additional Rhodium Diphosphine Complexes 
 
 

I.  Introduction 

 Like Rh(P-P)(COCH3)I2 and Rh(P-P)(COCF3)I2, we were able to synthesize some 

more rhodium diphosphine complexes with various alkyl groups.  These complexes will 

not be discussed in great detail.  In this chapter, only the characterization and reduction 

reactions of these complexes will be briefly presented.  For comparison all IR and CV, 

31P and 19F NMR, and 1H NMR data are presented in Tables 5.2, 5.3 and 5.4, 

respectively. 

 
II.  Rh(dppp)(COC2H5)I2 

 
A.  Characterization 

 Carbonyl stretching bands were observed by IR at 1741 and 1679 cm-1.  The IR 

peak at 1679 cm-1 is the acyl carbonyl stretching frequency but the origin of the 1741cm-1 

peak is unknown.  31P and 1H NMR data are presented in Tables 5.3 and 5.4, respectively.  

A doublet was observed in the 31P NMR spectrum due to coupling with rhodium.  1H 

NMR peaks at 1.04(t) and 3.56(q) ppm are due to acyl group (COCH2CH3) hydrogens, 

while peaks at 1.6(m), 2.48(m), and 3.15(m) are for the CH2CH2CH2 group of the dppp 

ligand, and those at 7.2-7.7(m) are due to aromatic protons in the ligand.  Cyclic 

voltammetry experiments were carried out in CH2Cl2 and in THF.  An irreversible 

reduction peak was observed at -1.78 V vs. Fc+/Fc in CH2Cl2, and at -1.84 V in THF.  
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This complex was stable in terms of alkyl migration, i.e. the acyl complex did not convert 

to the alkyl complex on standing in solution at room temperature.  A single crystal of 

Rh(dppp)(COC2H5)I2 was grown from a methylene chloride solution of the compound by 

slow diffusion of hexanes at low temperature.  X-ray crystallographic data will be 

discussed in Chapter 6. 

 
B.  Reduction Reaction 

 The compound was reduced with K2BP in THF-d8 and monitored with IR and 31P 

NMR.  After reducing the complex, a product IR peak was observed at 2008 cm-1 along 

with a benzophenone peak at 1663 cm-1.  After reduction, the major product was 

identified as Rh(dppp)(CO)I, along with some other minor products.  When exposed to 

air it produced singlet at 32.3 ppm in the 31P NMR.  Thus the reduction reaction is similar 

to that of Rh(dppp)(COCH3)I2 as explained in Chapter 3. 

 
III.  Rh(dppp)(COC4H9)I2 

 
A.  Characterization 

 An acyl stretching band was observed by IR 1697 cm-1.  31P and 1H NMR data are 

presented in Tables 5.3 and 5.4, respectively.  A doublet was observed in the 31P NMR 

spectrum due to coupling with rhodium.  1H NMR peaks at 0.83(t), 1.21(sex.), 1.60(p) 

and 3.58(t) ppm are due to the acyl group (COCH2CH2CH2CH3) hydrogens, while peaks 

at 1.6(m), 2.48(m), and 3.15(m) are for the CH2CH2CH2 group of the dppp ligand, and 

those at 7.2-7.8(m) are due to aromatic protons in the ligand.  The integrated proton peak 

ratios were found to be in good agreement with the expected values.  Cyclic voltammetry 

experiments were carried out in acetonitrile and THF.  An irreversible reduction peak was 
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observed at -1.65 V vs. Fc+/Fc in acetonitrile, and at -1.80 V in THF.  This complex was 

stable in terms of alkyl migration, i.e. the acyl complex did not convert to the alkyl 

complex on standing in solution at room temperature.  A single crystal of 

Rh(dppp)(COC4H9)I2 was grown from a methylene chloride solution of the compound by 

slow diffusion of hexanes at low temperature.  X-ray crystallographic data will be 

discussed in Chapter 6. 

 
B.  Reduction Reaction 

 The compound was reduced with K2BP in THF-d8 and monitored with IR and 31P 

NMR.  After reducing the complex, a product IR peak was observed at 2009 cm-1 along 

with a benzophenone peak at 1663 cm-1.  After reduction, the major product was 

identified as Rh(dppp)(CO)I, along with some other minor products.  When exposed to 

air it produced singlet at 32.3 ppm in the 31P NMR.  Thus the reduction reaction is similar 

to that of Rh(dppp)(COCH3)I2 as explained in Chapter 3. 

 
IV.  Rh(dppp)(COCF2H)I2 

 
A.  Characterization 

 Carbonyl stretching bands were observed by IR at 1708 and 1686 cm-1.  The IR 

peak at 1686 cm-1 is the acyl carbonyl stretching frequency but the origin of the 1708 

cm-1 peak is unknown.  31P and 19F, and 1H NMR data are presented in Tables 5.3 and 

5.4, respectively.  A doublet was observed in the 31P NMR spectrum due to coupling with 

rhodium.  The 1H NMR peak at 6.8(t) is due to the acyl group (COCF2H) hydrogen and is 

split into a triplet due to two-bond hydrogen-fluorine coupling with JH-F = 54 Hz.  Peaks 

at 1.8(m), 2.7(m), and 3.2(m) are for the CH2CH2CH2 group of the dppp ligand, and those 
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at 7.2-7.8(m) are due to aromatic protons in the ligand.  A doublet in the 19F NMR was 

observed at -112.3 ppm due to coupling with hydrogen.  We did not observe any 

three-bond rhodium-fluorine or four-bond phosphorus-fluorine coupling in the 31P and 

19F NMR spectra.  Cyclic voltammetry experiments were carried out in CH2Cl2.  An 

irreversible reduction peak was observed at -1.60 V vs. Fc+/Fc.  Interestingly, this 

complex is very stable in terms of alkyl group migration.  The acyl complex did not 

convert to the alkyl complex on standing in solution at room temperature.  Elemental 

analysis of Rh(dppp)(COCF2H)I2 for carbon, hydrogen, fluorine and iodine was done by 

Atlantic Microlab and the results are shown in Table 5.1 along with theoretical values.  A 

single crystal of Rh(dppp)(COCF2H)I2 was grown from a methylene chloride solution of 

the compound by slow diffusion of hexanes at low temperature.  X-ray crystallographic 

data will be discussed in Chapter 6. 

 
Table 5.1.  Elemental analysis of Rh(dppp)(COCF2H)I2·CH2Cl2. 

Element  Theory (%)  Found (%)   Error 

Carbon   38.61   39.03    0.42 

Hydrogen  3.13   3.03    -0.07 

Fluorine  4.07   4.08    0.01 

Iodine   27.20   27.83    0.63 

 
 
B. Reduction Reaction 

 The compound was reduced with K2BP in THF-d8 and monitored with IR and 

NMR (31P and 19F).  After reducing the complex, a product IR peak was observed at 2000 

cm-1 along with a benzophenone peak at 1663 cm-1.  In this case the IR peak after 
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reduction is different from other dppp complexes (2009 cm-1 for Rh(dppp)(CO)I).  A 

possible reason for this is that the carbonyl stretching frequency of an intermediate may 

overlap with that of Rh(dppp)(CO)I.  Thus the peak is broad due to overlap of 

Rh(dppp)(CO)I and the intermediate peak, appearing at 2000 cm-1 as an average 

frequency.  From 31P NMR after reduction, the major product was identified as 

Rh(dppp)(CO)I, along with some other minor products.  In the 19F NMR spectrum, peaks 

were observed at -141(t) ppm for CH2F2
123 and at -88.7(ddd or dd and dd) ppm for an 

unidentified product.  When exposed to air it produced a singlet at 32.3 ppm in the 31P 

NMR.  Thus the reduction reaction is similar to those explained for other complexes in 

this dissertation. 

 
V.  Rh(dppp)(COCF2Cl)I2 

 
A.  Characterization 

 We had problems purifying this complex due to its instability, so it was 

characterized without complete purification.  While the COCF2H complex was very 

stable, replacing the hydrogen with chlorine made the complex unstable in terms of alkyl 

migration.  In COCF2Cl complex the alkyl migration was relatively faster than other 

complexes.  An acyl stretching band was observed by IR 1683 cm-1.  31P and 19F NMR 

data are presented in Table 5.3 and 1H NMR data are presented in Table 5.4.  A doublet 

was observed in the 31P NMR spectrum due to coupling with rhodium.  In 1H NMR peaks 

at 1.7(m), 2.6(m) and 3.3(m) ppm are due to the CH2CH2CH2 group in the dppp ligand 

and 7.2-8.0(m) ppm are for aromatic hydrogens.  In the 19F NMR spectrum a peak was 

observed at -53.7(s) ppm for the fluorine atoms in the acyl group.  Cyclic voltammetry 
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experiments were carried out in CH2Cl2 and an irreversible reduction was observed 

at -1.31V vs. Fc+/Fc.  A single crystal of Rh(dppp)(COCF2Cl)I2 was grown from a 

methylene chloride solution of the compound by slow diffusion of hexanes at low 

temperature.  X-ray crystallographic data will be discussed in Chapter 6. 

 
B.  Reduction Reaction 

 The compound was reduced with K2BP in THF-d8 and monitored with IR and 

NMR (31P and 19F).  After reducing the complex, a product IR peak was observed at 2009 

cm-1 along with a benzophenone peak at 1663 cm-1.  After reduction, the 31P and 19F 

NMR spectra were not very good but we did observe Rh(dppp)(CO)I by 31P NMR.  That 

means that this complex probably reduces in the same way as described for other 

complexes. 

 
VI.  Rh(dppp)(COC2F5)I2 

 
A.  Characterization 

 An acyl stretching band was observed by IR 1683 cm-1.  31P and 19F NMR data 

are presented in Table 5.3 and 1H NMR data are presented in Table 5.4.  A doublet was 

observed in the 31P NMR spectrum due to coupling with rhodium.  In the 1H NMR 

spectrum peaks at 1.7(m), 2.6(m) and 3.3(m) ppm are due to the CH2CH2CH2 group in 

the dppp ligand and 7.2-7.8(m) ppm are for aromatic hydrogens.  In the 19F NMR 

spectrum peaks were observed at -81.6(s) for CF3 and at -106(s) ppm for CF2 in the acyl 

group.  As reported in the literature,124 the three-bond fluorine-fluorine coupling constant 

is zero or very small, so we did not observe any fluorine-fluorine three-bond coupling in 

this complex.  For comparison we collected 19F NMR spectra of pentafluoropropionic 
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anhydride and heptafluorobutyryl chloride (CF3CF2CF2COCl).  In pentafluoropropionic 

anhydride we did not observe any three-bond fluorine-fluorine coupling, while in 

heptafluorobutyryl chloride we observed four-bond but not three-bond fluorine-fluorine 

couplings.  The Rh(dppp)(COC2F5)I2 complex also was unstable in terms of alkyl 

migration.  Cyclic voltammetry experiments were carried out in CH2Cl2 and an 

irreversible reduction peak was observed at -1.47 V vs. Fc+/Fc.  A single crystal of 

Rh(dppp)(COC2F5)I2 was grown from a methylene chloride solution of the compound by 

slow diffusion of hexanes at low temperature.  X-ray crystallographic data will be 

discussed in Chapter 6. 

 
B.  Reduction Reaction 

 The compound was reduced with K2BP in THF-d8 and monitored with IR and 

NMR (31P and 19F).  After reducing the complex, a product IR peak was observed at 2006 

cm-1 along with a benzophenone peak at 1663 cm-1.  After reduction, the major product 

was identified as Rh(dppp)(CO)I, along with some other minor products by 31P NMR.  

That means that this complex undergoes a reduction reaction similar to that for other 

complexes.  In the 19F NMR spectrum peaks were observed at -80.7(s), -81.6(s), -85.1(s), 

-85.8(ddd or dd and dd), -118.7(s), -138.2(s), and -138.9(s) ppm.  The numerous 19F 

NMR peaks should be for products obtained from the reaction of C2F5
- with other 

compounds in the reaction medium.  Possible fluorine-containing products include 

C2F5H, C2F5D, [Ph2C(C2F5)(O)]- and Ph2C(C2F5)(OH). 
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VII.  Rh(dppp)(COCF3)Cl2 

 An acyl stretching band was observed by IR 1684 cm-1.  31P and 19F NMR data 

are presented in Table 5.3 and 1H NMR data are presented in Table 5.4.  A doublet was 

observed in the 31P NMR spectrum due to coupling with rhodium.  In the 1H NMR 

spectrum peaks at 1.8(m), 2.5(m) and 3.2(m) ppm are due to the CH2CH2CH2 group in 

the dppp ligand and 7.2-8.0(m) ppm are for aromatic hydrogens.  In the 19F NMR 

spectrum a peak was observed at -81.6(s) for the trifluoroacetyl group fluorines.  This 

complex was not stable in solution and slowly converted from the acyl complex to the 

alkyl complex, but the conversion was slower than that observed for Rh(dppp)(COCF3)I2.   

For the alkyl complex, Rh(dppp)(CO)(CF3)Cl2, an IR peak was observed at 2092 cm-1.  

31P NMR peaks were observed at -5.5(ddq) and 18.4(ddq) ppm and a 19F NMR peak was 

observed at -15.4(dt) ppm.  All of the NMR data can be explained in the same way as we 

did in Chapter 4 for Rh(dppp)(CO)(CF3)I2.  Cyclic voltammetry experiments were carried 

out in CH2Cl2 and an irreversible reduction was observed at -1.53 V vs. Fc+/Fc.  The 

reduction potential of Rh(dppp)(COCF3)Cl2 is thus more negative than that of 

Rh(dppp)(COCF3)I2.  A single crystal of Rh(dppp)(COCF3)Cl2 was grown but did not 

produce good X-ray crystal structure data.  The compound Rh(dppp)(COCF3)Cl2 was 

reduced with K2BP in THF-d8 and the progress of the reaction was monitored by IR and 

NMR (31P and 19F) spectroscopy.  After reduction an IR peak was observed at 2008 cm-1.  

We did not study the reduction reaction of Rh(dppp)(COCF3)Cl2 in detail. 

 
VIII.  Rh(dppp)(COC6H5)Cl2 

 An acyl stretching band was observed by IR at 1697 cm-1
 in CH2Cl2.  The IR peak 

of this complex in a KBr disk has been reported to be 1641 cm-1.49  31P and 1H NMR data 
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are presented in Tables 5.3 and 5.4, respectively.  A doublet was observed in the 31P 

NMR spectrum due to coupling with rhodium.  In the 1H NMR spectrum peaks at 1.7(m), 

2.4(m) and 3.2(m) ppm are due to the CH2CH2CH2 group of the dppp ligand, and those at 

7.2-7.9(m) are due to aromatic protons in the complex.  Cyclic voltammetry experiments 

were carried out in CH2Cl2.  An irreversible reduction was observed at -1.87 V vs. 

Fc+/Fc.  A single crystal of Rh(dppp)(COC6H5)Cl2 was grown from a methylene chloride 

solution of the compound by slow diffusion of hexanes at low temperature.  We also 

determined the crystal structure of this complex though it had already been reported in 

the literature.51  X-ray crystallographic data will be discussed in Chapter 6.  The 

reduction reaction of this complex was similar to those of other complexes so it was not 

studied in detail. 

 
IX.  Rh(dppp)(COCH3)Cl2 

 An acyl stretching band was observed by IR 1708 cm-1
 in CH2Cl2.  In the 

literature the IR peak has been reported at 1705 cm-1 in CHCl3.48  31P and 1H NMR data 

are presented in Tables 5.3 and 5.4, respectively.  A doublet was observed in the 31P 

NMR spectrum due to coupling with rhodium.  1H NMR peaks observed at 1.7(m), 

2.4(m) and 3.1(m) ppm are due to the CH2CH2CH2 group of the dppp ligand, and those at 

7.2-8.0(m) are due to aromatic protons in the ligand.  The peak at 2.9(s) ppm is for the 

acyl group hydrogens.  Cyclic voltammetry experiments were carried out in CH2Cl2.  An 

irreversible reduction was observed at -2.14 V vs. Fc+/Fc.  The reduction potential of 

Rh(dppp)(COCH3)Cl2 is more negative than that of Rh(dppp)(COCH3)I2.  We did not 

study the reduction reaction of this complex in detail. 
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X.  [Rh(dppp)2(CO)][BF4] 

 The complex [Rh(dppp)2(CO)][BF4] was characterized by IR and NMR.  A 

carbonyl stretching peak in the IR was observed at 1949 cm-1.  31P and 19F NMR data are 

presented in Table 5.3 and 1H NMR data are presented in Table 5.4.  1H NMR peaks at 

1.6(m), 1.9(m), 2.3(m), 2.4(m) and 2.5(m) should be due to CH2CH2CH2 groups of the 

dppp ligands, and those at 6.9-7.9(m) are due to aromatic protons in the ligand.  The 19F 

NMR peak for BF4
- was observed at -153.9(s) with a small peak at -153.8(s) ppm.  The 

31P NMR spectrum shows a doublet of doublets of triplets A2B2X pattern.  The A2B2X 

pattern would be expected for the trigonal bipyramidal structure of 

[Rh(dppp)2(CO)][BF4] with an equatorial carbonyl ligand.125  The doublet at 7.5 ppm 

could be from the square planar complex, [Rh(dppp)2][BF4], formed after the loss of 

CO.126  

 
XI.  [Rh(dppp)2O2][BF4] 

 This compound was not obtained from a planned synthesis.  Our goal was to 

synthesize Rh(dppp)2(COCF3) and study the effect of two bidentate ligands on CF3 

migration.  From an attempt to synthesize Rh(dppp)2(COCF3) starting from 

[Rh(dppp)2(CO)][BF4] the product ended up being [Rh(dppp)2O2][BF4].  It has been 

reported that in solution [Rh(dppp)2(CO)][BF4] loses CO and generates 

[Rh(dppp)2][BF4].125  We may have produced [Rh(dppp)2O2][BF4] from the reaction of 

[Rh(dppp)2][BF4] with oxygen.  We do not have good NMR or IR data for 

[Rh(dppp)2O2][BF4].  We have characterized this complex only by X-ray crystallography 

and the crystal structure will be discussed in Chapter 6. 

 



164 
 

XII.  Rh(dppp)(C3F7)I2 

 An attempt was made to synthesize Rh(dppp)(COC3F7)I2 from the reaction of 

Rh(dppp)(CO)I with C3F7COCl.  From the reaction we obtained some impure precipitate.  

Attempts to purify or isolate the products were unsuccessful.  The impure product was 

used for crystal growth and produced the crystal structure of Rh(dppp)(C3F7)I2 which will 

be discussed in Chapter 6.  After studying the stability of Rh(dppp)(COCF3)I2, we 

realized that the impure product from this experiment might have contained 

Rh(dppp)(COC3F7)I2 and with the lapse of time it produced Rh(dppp)(C3F7)I2 in a manner 

similar to the formation of Rh(dppp)(CF3)I2 from Rh(dppp)(COCF3)I2. 

 
XIII.  Discussion About Reduction Potentials 

The reduction potentials of the complexes mentioned in this Chapter are 

summarized in Table 5.2.  The reduction potential of the complexes changes with the 

changes in the acyl ligand or in other ligands.  The reduction potentials of the chloride 

complexes are more negative than those of the iodide complexes with otherwise identical 

ligands (2 vs. 4 and 7 vs. 10 in Table 5.2).  Generally, the halide with the higher 

electronegativity value would be expected to withdraw more electron density from the 

metal, resulting less electron density on the metal and a less negative reduction potential.   

Halides can act both as an σ-acceptor and a π-acceptor ligand to the metal.127  The 

σ-acceptor order of halides is F > Cl > Br > I while the π-acceptor order is I > Br > Cl > 

F.  Due to this the electron density on the metal does not always decrease with replacing 

less electronegative halide with the more electronegative halides.  In the literature, it has 

been reported that halides are capable of π donor towards metal and the order of the 

π-donor ability of halides is F > Cl > Br > I, and this is called inverse halide order.128   
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This makes the chloride complexes more electron rich than those of the iodide 

complexes, resulting higher negative reduction potentials for the chloride complexes than 

those of the iodide complexes as we observed.  

Another point we noticed from the reduction potentials of the complexes is that 

those having less negative potentials are unstable in terms of alkyl migration. In other 

words the stability of the complexes in terms of alkyl migration increased with 

increasingly negative reduction potential.  All of the complexes showed irreversible 

reductions.  It is known that the irreversible reduction peak potential is not necessarily 

related to the thermodynamic reduction potential unless it can be assumed that they are 

affected similarly by electron transfer kinetics.   

  
Table 5.2.  IR and CV data for some rhodium diphosphine complexes in CH2Cl2. 

# Complex  Reduction potential with  Acyl carbonyl stretching 
respect to Fc+/Fc (V)  frequency, cm-1 

 
1 Rh(dppp)(COCF2Cl)I2 -1.31    1683 
 
2 Rh(dppp)(COCF3)I2  -1.36    1679 

3 Rh(dppp)(COC2F5)I2  -1.47    1683 
 
4 Rh(dppp)(COCF3)Cl2  -1.53    1684 

5 Rh(dppp)(COCF2H)I2  -1.60    1686, 1708  
 
6 Rh(dppp)(COC4H9)I2  -1.65    1697    
 
7 Rh(dppp)(COCH3)I2  -1.72    1699 

8 Rh(dppp)(COC2H5)I2  -1.78    1689, 1741   

 
9 Rh(dppp)(COC6H5)Cl2 -1.87    1697 

10 Rh(dppp)(COCH3)Cl2  -2.14    1708 
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The acyl group has also significant effect on the reduction potential of these 

complexes.  Basically the complexes containing fluorinated acyl group have less negative 

reduction potentials than those with nonfluorinated ones.  Substituting all of the acetyl 

group hydrogens with fluorine atoms makes the reduction potential less negative (2 vs. 

7).  If one of the fluorine atoms in the trifluoroacetyl complex is replaced with chlorine 

the reduction potential becomes less negative (1 vs. 2).  An increase in the alkyl chain 

length of the acyl group also makes the reduction potential less negative (6 vs. 7).  The 

acyl complex having a methyl group has a more negative potential than that having a 

phenyl group (9 vs. 10). 

 
XIV. Discussion About IR Stretching Frequencies 

The acyl carbonyl stretching frequencies of the complexes mentioned in this 

Chapter are summarized in Table 5.2.  For the complexes with otherwise identical 

ligands, the acetyl group has a higher carbonyl stretching frequency than that of the 

benzoyl group (9 vs. 10 in Figure 5.2).  The phenyl group has delocalized π-electrons and 

due to this the carbonyl carbon may have more electron density thus decreased the 

carbonyl stretching frequency.  But the trifluoroacetyl group has a lower acyl carbonyl 

stretching frequency than that of the acetyl group (2 vs. 7).  As mentioned in Chapter 3 

we do not have suitable explanation for this effect.  But this trend is just the opposite of 

terminal metal carbonyl complexes or organic carbonyl compounds and it looks like the 

fluorine atoms in the carbonyl carbon atom somehow decrease the electrophilicity of 

carbonyl carbon.  There is a slight effect on carbonyl stretching frequency when one of 

the fluorine atoms in the trifluoroacetyl group is replaced by chlorine (1 vs. 2).  The acyl 

carbonyl stretching frequency increases when the ligands on rhodium metal are chlorides 
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instead of iodides with otherwise identical ligands.  This is due to the difference in 

electronegativities of chlorides and iodides which affects the electron density to rhodium.  

As mentioned in previous section, halides can act as a π donor to the metal and the halide 

order for this behavior is reversing their electron withdrawing order. That means chloride 

can donate more electron density to the rhodium than that of iodide and this is called 

inverse halide order.128  If this is the halide effect then it is similar to the effects of 

diphosphine ligands as mentioned in Chapter 3 (more electron donating diphosphine 

ligands result to increase in carbonyl stretching frequency or carbonyl stretching 

frequencies of the electron rich rhodium complexes is higher).  Still there is a big 

question how the metal with more electron density results an increase in the acyl carbonyl 

stretching frequency.  We did not observe a big difference in acyl carbonyl stretching 

frequency between COCF3 and COC2F5 groups but we did observe a big difference in 

COC2H5 and COC4H9 groups (2 vs. 3 and 7 vs. 8).  Surprisingly we observed two 

carbonyl stretching frequencies for Rh(dppp)(COCF2H)I2 and Rh(dppp)(COC2H5)I2 

complexes.  We do not have satisfactory explanation for this.  We feel sure the extra peak 

is not from any impurity since we observed both peaks for pure Rh(dppp)(COCF2H)I2 

complex which produced good elemental analysis data.  It will be discussed in Chapter 6, 

the carbonyl carbon-oxygen bond length is the shortest in Rh(dppb)(COCF3)I2 but the 

carbonyl stretching frequency of this complex, 1691 cm-1, is not the strongest.  That 

means there is some complicated chemistry has been involved to affect the carbonyl 

stretching frequencies of the complexes discussed in this dissertation. 
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XV. Correlation between IR Stretching Frequencies and Reduction Potentials 

While looking on the IR and CV data presented in Table 4.2, it can be seen that 

the carbonyl stretching frequency increases with increasingly negative reduction 

potentials.  That means there is a good correlation between carbonyl stretching 

frequencies and the reduction potentials.  It is known that the electron rich complexes 

have higher negative reduction potentials.  That means electron rich complexes have 

higher carbonyl frequencies as well.  But it is quite interesting that how the more electron 

density increased the acyl carbonyl frequency.  In the case of terminal carbonyl 

complexes this trend is just reverse.  In the complexes having terminal carbonyl ligands it 

takes the formation of metal-carbonyl backbonding but in the acyl complexes it does not 

look quite possible.  Thus there may have involved some different chemistry in the IR 

stretching frequencies of these complexes.  

 
XVI. NMR Data 

The NMR data of the complexes presented in this chapter are summarized in the 

following two tables.  31P and 19F NMR data are presented in Table 5.3, and 1H NMR 

data are presented in Table 5.4. A brief discussion about NMR data has been presented in 

each respective compound’s subsection.   

 
Table 5.3.  31P and 19F NMR data for some rhodium diphosphine complexes in CD2Cl2. 

Complex   31P (ppm); J(Hz)   19F(ppm); J(Hz) 
 
Rh(dppp)(COC2H5)I2  19.8(d); JRh-P = 131   - 
 
Rh(dppp)(COC4H9)I2  18.5(d); JRh-P = 131   - 

  
Rh(dppp)(COCF2H)I2  18.5(d); JRh-P = 123   -112.3(d);  

JH-F = 54 Hz 
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Table 5.3.  Continued. 

Complex   31P (ppm); J(Hz)   19F(ppm); J(Hz) 
 
Rh(dppp)(COCF2Cl)I2 17.4(d) ; JRh-P = 117   -53.7(s) 
 
Rh(dppp)(COC2F5)I2  15.8(d) ; JRh-P = 115   -81.6(s), -106(s) 
 
Rh(dppp)(COCF3)Cl2  23.5(d); JRh-P = 121   -71.3 

Rh(dppp)(COC6H5)Cl2 24.9(d) ; JRh-P = 135   - 

Rh(dppp)(COCH3)Cl2  23.7(d) ; JRh-P = 136   - 

[Rh(dppp)2(CO)][BF4]  15.2(dt); JRh-P = 121, JP-P = 30, -153.9(s), 
-12.8(dt); JRh-P = 85, JP-P = 30, -153.8(s) (small) 

[Rh(dppp)2]+   7.5(d); JRh-P = 132  
      
 
 
 

Table 5.4.  1H NMR data for some rhodium diphosphine complexes in CD2Cl2. 

Complex    1H (ppm) 
 

Rh(dppp)(COC2H5)I2  COC2H5: 1.04(t), 3.56(q)); 
CH2CH2CH2: 1.6(m), 2.48(m), 3.15(m); 
Aromatic protons: (7.2-7.7(m); 

 
Rh(dppp)(COC4H9)I2  COC4H9: 0.83(t), 1.21(sex.), 1.60(p), 3.58(t); 

CH2CH2CH2: 1.6(m), 2.48(m), 3.15(m); 
Aromatic protons: (7.2-7.8(m) 

 
Rh(dppp)(COCF2H)I2  COCF2H: 6.8(t); JH-F = 56 Hz 

CH2CH2CH2: 1.8(m), 2.7(m), 3.2(m); 
Aromatic protons: (7.2-7.8(m); 

 
Rh(dppp)(COCF2Cl)I2 CH2CH2CH2: 1.7(m), 2.6(m), 3.3(m); 

Aromatic protons: 7.2-8.0(m); 
 

Rh(dppp)(COC2F5)I2  CH2CH2CH2: 1.7(m), 2.6(m), 3.3(m); 
Aromatic protons: 7.2-8.0(m); 

 
Rh(dppp)(COCF3)Cl2  CH2CH2CH2: 1.8(m), 2.5(m), 3.2(m); 

Aromatic protons: 7.2-8.0(m); 
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Table 5.4.  Continued. 

Complex    1H (ppm) 

Rh(dppp)(COC6H5)Cl2 CH2CH2CH2: 1.7(m), 2.4(m), 3.2(m); 
Aromatic protons: 7.2-8.0(m); 

Rh(dppp)(COCH3)Cl2  COCH3: 2.9(s); 
CH2CH2CH2: 1.7(m), 2.4(m), 3.1(m); 
Aromatic protons: 7.2-8.0(m); 

 
[Rh(dppp)2(CO)][BF4]  CH2CH2CH2: 1.6(m), 1.9(m), 2.3(m), 2.4(m), 

2.5(m); Aromatic protons: 6.9-7.9(m); 
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CHAPTER SIX 
 

Crystal Structures of Rhodium Diphosphine  
Complexes 

 
 

I.  Introduction 

 One of our goals for this project was to measure the single crystal X-ray structures 

of rhodium diphosphine acyl complexes with different diphosphine ligands and various 

acyl groups, then compare the bond lengths and bond angles of these complexes to 

determine the effects of substitution on their structures.  We were able to measure the 

crystal structures of nineteen rhodium diphosphine complexes.  Most of them were very 

good quality crystals but some of them had problems in refining and obtaining good 

structural data.  X-ray crystal structures and crystallographic data will be presented in this 

chapter with some discussions. 

 
II.  Crystal Structure of Rh(dppp)(COCH3)I2 

 Single crystal data for Rh(dppp)(COCH3)I2 have been reported in the 

literature.52,129  We also measured the X-ray crystal structure of Rh(dppp)(COCH3)I2.   

X-ray crystallographic and experimental data of Rh(dppp)(COCH3)I2 are given in Table 

6.1.  The complex Rh(dppp)(COCH3)I2 associated with three molecules of methylene 

chloride crystallized as a monoclinic structure with space group P21/m.  The ORTEP 

diagram of Rh(dppp)(COCH3)I2 is shown in Figure 6.1 with the numbering scheme of the 

atoms.  Selected bond lengths and bond angles are presented in Table 6.2.  As can be seen 

in the diagram this complex has a square pyramidal geometry with the phosphorus and 
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iodine atoms occupying the equatorial sites and the acetyl group occupying the apical 

position.  Square pyramidal is the preferred orientation for five-coordinate d6 

complexes.130  This orientation makes the two phosphorus atoms equivalent to each other.  

The two iodine atoms are also equivalent to each other.  On comparing our measured 

structural data with the reported values we noticed some differences.  Our measured 

rhodium-carbon bond length is almost the same as that reported in the literature.  We 

observed the same rhodium-iodine bond lengths but in the literature they are different by 

0.05 Ǻ.  Also we observed the same rhodium-phosphorus bond lengths while they are 

slightly different in the literature.  The big difference we noticed with the literature value 

is the trans phosphorus-iodine bond angle.  We observed the trans 

phosphorus-rhodium-iodine bond angles (P-Rh-I) as 169.60˚ but in one of the literature 

reports they are 156.79˚ and 179.36˚.129  In the other literature report crystal data was 

collected from single asymmetric unit with two independent molecules having trans 

phosphorus-rhodium-iodine bond angles (P-Rh-I) of 161.4˚ and 175.3˚, and 169.5˚ and 

166.7˚.129  All other geometric parameters are almost the same between the literature 

values and our values.  Similar single crystal data for Rh(dppe-(NMe2)4)(COCH3)I2 

(dppe-(NMe2)4) = 1,2-bis(di{4-dimethylaminophenyl)phosphino-ethane has been 

reported in the literature.131  In this complex the rhodium-carbon bond length (2.227 Å) is 

significantly longer than that of Rh(dppp)(COCH3)I2 (1.979 Å).  Similarly the average 

rhodium-iodine bond length (2.7396 Å) is longer than that of Rh(dppp)(COCH3)I2 

(2.6975 Å), but the average rhodium-phosphorus bond length (2.2945 Å) is slightly 

longer than that of Rh(dppp)(COCH3)I2 (2.2863 Å). 
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Table 6.1.  Experimental and crystallographic data for Rh(dppp)(COCH3)I2·3CH2Cl2. 
 
Empirical formula    C32H35Cl6I2OP2Rh 
Formula weight    1066.95 
Temperature     110(2) K 
Wavelength     0.71073 Å 
Crystal system, space group   Monoclinic, P21/m 
a(Å)      8.8815(8) 
b(Å)      22.000(2) 
c(Å)      10.4727(9) 
α(°)      90 
β(°)      111.562(4 
γ(°)      90 
V(Å3)      1903.1(3) 
Z      2 
Calculated density (Mg/m3)   1.862 
Absorption coefficient (mm-1)  2.602 
F(000)      1036  
Crystal size (mm3)    0.23 × 0.15 × 0.12 
Theta range for data collection (°)  2.09 to 25.36 
Limiting indices    -10<=h<=10, -26<=k<=26, -12<=l<=12 
Reflections collected / unique   34164 / 3547 [R(int) = 0.0435] 
Completeness to theta = 25.00  98.8 % 
Absorption correction    Semi-empirical from equivalents 
Max. and min. transmission   0.7454 and 0.5847 
Refinement method    Full-matrix least-squares on F2 
Data / restraints / parameters   3547 / 0 / 210 
Goodness-of-fit on F2    1.041 
Final R indices [I>2sigma(I)]   R1 = 0.0174, wR2 = 0.0381 
R indices (all data)    R1 = 0.0201, wR2 = 0.0396 
Largest diff. peak and hole   0.425 and -0.339 e 
 
 
Table 6.2.  Selected Bond lengths (Å) and angles (deg) for Rh(COCH3)(dppp)I2·3CH2Cl2. 
 
I(1)-Rh(1)                     2.6975(3) Rh(1)-C(1)                     1.979(3) 
Rh(1)-P(1)                     2.2863(5) Rh(1)-P(1A)                   2.2863(5) 
Rh(1)-I(1A)                   2.6975(3) P(1)-C(3)                      1.819(2) 
P(1)-C(21)                     1.822(2) P(1)-C(11)                     1.822(2) 
O(1)-C(1)                      1.194(4) C(1)-C(2)                      1.514(4) 
C(3)-C(4)                      1.527(3) C(4)-C(3A)   1.527(3) 
 
C(1)-Rh(1)-P(1)               91.75(6)      C(1)-Rh(1)-P(1A)            91.75(6) 
P(1)-Rh(1)-P(1A)             90.96(3)         C(1)-Rh(1)-I(1)              101.65(6) 
P(1)-Rh(1)-I(1)               88.621(15)     P(1A)-Rh(1)-I(1)            166.599(18) 
C(1)-Rh(1)-I(1A)            101.65(6)      P(1)-Rh(1)-I(1A)            166.599(18) 
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Table 6.2.  Continued 
 
P(1A)-Rh(1)-I(1A)           88.621(15)    I(1)-Rh(1)-I(1A)             88.696(11) 
C(3)-P(1)-C(21)              105.20(10)    C(3)-P(1)-C(11)              100.77(9) 
C(21)-P(1)-C(11)             105.51(10)     C(3)-P(1)-Rh(1)              116.62(7) 
C(21)-P(1)-Rh(1)             109.14(7)        C(11)-P(1)-Rh(1)             118.29(6) 
O(1)-C(1)-C(2)               121.4(3)          O(1)-C(1)-Rh(1)              125.9(2) 
C(2)-C(1)-Rh(1)              112.7(2)       C(4)-C(3)-P(1)               115.06(17) 
C(3)-C(4)-C(3A)             113.3(2) 
 

 

 

Figure 6.1.  ORTEP diagram of Rh(dppp)(COCH3)I2.  Phenyl groups and solvent 
molecules are omitted for clarity.  Thermal ellipsoids are drawn at the 40% probability 
level. 

 
 

III.  Crystal Structure of Rh(dppp)(COC2H5)I2 

 The crystal structure of Rh(dppp)(COC2H5)I2 was measured and crystallographic 

and experimental data are given in Table 6.3.  The complex Rh(dppp)(COC2H5)I2 

associated with one molecule of methylene chloride crystallized as a monoclinic structure 
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with space group P21/c.  The ORTEP diagram of Rh(dppp)(COC2H5)I2 is shown in Figure 

6.2 with the numbering scheme of the atoms.  Selected bond lengths and bond angles are 

presented in Table 6.4.  As can be seen in the diagram this complex has a square 

pyramidal geometry with the phosphorus and iodine atoms occupying the equatorial sites 

and the acyl group occupying the apical position.  This orientation makes the two 

phosphorus atoms equivalent to each other.  The two iodine atoms are also equivalent to 

each other.  The rhodium-carbon bond length (1.983 Å) is slightly longer than that in 

cis-Rh(PPh3)2(COC2H5)Cl2 (1.953 Å).58  The rhodium-phosphorus bond lengths are 

slightly longer in cis-Rh(PPh3)2(COC2H5)Cl2 (2.315 Å) than in Rh(dppp)(COC2H5)I2 

(2.287 Å).  Comparing other bond lengths between Rh(dppp)(COCH3)I2 and 

Rh(dppp)(COC2H5)I2, the rhodium-phosphorus bond lengths are the same.  The two 

rhodium-iodine bond lengths are slightly different within the complexes but they are 

almost the same between the two complexes.  The carbon-oxygen bond length is also the 

same in both the complexes.  The trans phosphorus-iodine bond angles (P-Rh-I) are 

different by 5° in Rh(dppp)(COC2H5)I2 while this difference is 23.6° in 

Rh(dppp)(COCH3)I2.  All other bond angles are almost the same in the two complexes. 

 
Table 6.3.  Experimental and crystallographic data for Rh(dppp)(COC2H5)I2·CH2Cl2. 

 
Empirical formula    C31H33Cl2I2OP2Rh 
Formula weight    909.11 
Temperature     293(2) K 
Wavelength      0.71073 Å 
Crystal system, space group    Monoclinic, P21/c 
a (Å)      13.625(2) 
b (Å)      13.663(2) 
c (Å)      18.518(3) 
β (°)        105.406(7) 
V(Å3)      3323.4(9) 
Z      4 
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Table 6.3.  Continued 
 
Dcalc (Mg m-3)     1.817 
Absorption coefficient (mm-1)  2.652 
F(000)      1760 
Crystal size (mm3)    0.17 × 0.10 × 0.06  
Theta range for data collection (o)    2.15 to 25.37 
Limiting indices    -14<=h<=16, -15<=k<=16, -22<=l<=19 
Reflections collected / unique   56473 / 6102 [R(int) = 0.0496] 
Completeness to theta = 25.00       99.9 % 
Absorption correction               Semi-empirical from equivalents 
Max. and min. transmission          0.8550 and 0.6657 
Refinement method                   Full-matrix least-squares on F2 

Data / restraints / parameters      6102 / 0 / 362 
Goodness-of-fit on F2               1.049 
Final R indices [I>2sigma(I)]       R1 = 0.0308, wR2 = 0.0652 
R indices (all data)                 R1 = 0.0474, wR2 = 0.0728 
Largest diff. peak and hole         0.884 and -0.611 e.Å-3 

 

 

Figure 6.2.  ORTEP diagram of Rh(dppp)(COC2H5)I2.  Phenyl groups and solvent 
molecules are omitted for clarity.  Thermal ellipsoids are drawn at the 40% probability 
level. 
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Table 6.4.  Selected Bond lengths (Å) and angles (deg) for Rh(dppp)(COC2H5)I2·CH2Cl2. 
 
I(1)-Rh(1)                     2.6829(5) I(2)-Rh(1)                     2.7074(5) 
Rh(1)-C(1)                    1.983(5) Rh(1)-P(1)                    2.2811(11) 
Rh(1)-P(2)                     2.2922(12) P(1)-C(21)                    1.813(4) 
P(1)-C(4)                       1.816(4) P(1)-C(11)                    1.822(4) 
P(2)-C(31)                     1.817(4)         P(2)-C(6)                      1.816(4) 
P(2)-C(41)                     1.817(4)          O(1)-C(1)                     1.174(5) 
C(1)-C(2)                       1.522(7)         C(2)-C(3)                     1.499(9) 
C(4)-C(5)                     1.530(6) C(5)-C(6)                       1.516(6) 
 
C(1)-Rh(1)-P(1)              92.77(14) C(1)-Rh(1)-P(2)          93.22(14)  
P(1)-Rh(1)-P(2)              89.61(4)          C(1)-Rh(1)-I(1)           97.16(14)  
P(1)-Rh(1)-I(1)               88.57(3)          P(2)-Rh(1)-I(1)            169.53(3)  
C(1)-Rh(1)-I(2)               102.33(14)     P(1)-Rh(1)-I(2)            164.89(3)  
P(2)-Rh(1)-I(2)               89.90(3)      I(1)-Rh(1)-I(2)             89.184(17) 
C(21)-P(1)-C(4)              105.4(2)         C(21)-P(1)-C(11)         105.7(2)  
C(4)-P(1)-C(11)              99.43(19)       C(21)-P(1)-Rh(1)        108.02(14) 
C(4)-P(1)-Rh(1)              117.19(16)      C(11)-P(1)-Rh(1)         119.76(14) 
C(31)-P(2)-C(6)              104.8(2)         C(31)-P(2)-C(41)       105.7(2)  
C(6)-P(2)-C(41)              101.1(2)          C(31)-P(2)-Rh(1)      111.13(14)  
C(6)-P(2)-Rh(1)              115.58(15)      C(41)-P(2)-Rh(1)         117.23(15)  
O(1)-C(1)-C(2)               121.8(5)         O(1)-C(1)-Rh(1)     124.8(4)  
C(2)-C(1)-Rh(1)              113.4(4)         C(3)-C(2)-C(1)         110.6(6)  
C(5)-C(4)-P(1)             115.5(3) C(6)-C(5)-C(4)                 114.5(4) 
C(5)-C(6)-P(2)                 116.9(3) 
 

 
 

IV. Crystal Structure of Rh(dppp)(COC4H9)I2 

 The crystal structure of Rh(dppp)(COC4H9)I2 was measured and crystallographic 

and experimental data are given in Table 6.5.  The complex Rh(dppp)(COC4H9)I2 

crystallized as a monoclinic structure with space group P21/n.  The ORTEP diagram of 

Rh(dppp)(COC4H9)I2 is shown in Figure 6.3 with the numbering scheme of the atoms.  

Selected bond lengths and bond angles are presented in Table 6.6.  As can be seen in the 

diagram this complex has a square pyramidal geometry with the phosphorus and iodine 

atoms occupying the equatorial sites and the acyl group occupying the apical position.  

This orientation makes the two phosphorus atoms equivalent to each other.  The two 
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iodine atoms are also equivalent to each other.  The bond distances and bond angles are 

almost the same as in Rh(dppp)(COCH3)I2 and Rh(dppp)(COC2H5)I2. 

 
Table 6.5.  Experimental and crystallographic data for Rh(dppp)(COC4H9)I2. 

 
Empirical formula    C32H35I2OP2Rh 

 
Formula weight    854.25  
Temperature     110(2) K  
Wavelength     0.71073 Å  
Crystal system, space group   Monoclinic, P21/n 
a (Å)      11.899(2) 
b (Å)      16.870(3) 
c (Å)      16.694(4) 
α (°)        90 
β (°)        104.660(7) 
γ (°)        90 
V(Å3)      3242.0(11) 
Z      4 
Dcalc (Mg m-3)     1.750 
Absorption coefficient (mm-1)  2.553 
F(000)      1664  
Crystal size (mm3)    0.14 × 0.09 × 0.08  
Theta range for data collection (o)  1.75 to 25.37  
Limiting indices    -11<=h<=14, -20<=k<=18, -20<=l<=19  
Reflections collected / unique   43524 / 5949 [R(int) = 0.0518]  
Completeness to theta = 25.00  99.9 %  
Absorption correction    Semi-empirical from equivalents  
Max. and min. transmission   0.8257 and 0.7116  
Refinement method    Full-matrix least-squares on F2  
Data / restraints / parameters   5949 / 0 / 344  
Goodness-of-fit on F2    1.030  
Final R indices [I>2sigma(I)]   R1 = 0.0230, wR2 = 0.0572  
R indices (all data)    R1 = 0.0266, wR2 = 0.0598  
Largest diff. peak and hole   2.309 and -1.249 e.Å-3 
 
 

Table 6.6.  Selected bond lengths (Å) and angles (deg) for Rh(dppp)(COC4H9)I2. 
 
I(1)-Rh(1)                2.7266(6)       I(2)-Rh(1)                2.7122(5)  
Rh(1)-C(4)                 1.980(3)           Rh(1)-P(5)                  2.2989(9)  
Rh(1)-P(4)                2.3004(9)       P(4)-C(1)                      1.830(3)  
P(4)-C(11)                 1.830(3)         P(4)-C(21)                    1.831(3)  
P(5)-C(31)                 1.826(3)          P(5)-C(3)                      1.832(3)  
P(5)-C(41)                 1.833(3)        O(1)-C(4)                     1.197(4)  
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Table 6.6. Continued 
 
C(1)-C(2)                   1.535(4)         C(2)-C(3)                      1.531(5)  
C(4)-C(5)                   1.537(4)      C(5)-C(6)                      1.512(5)  
C(6)-C(7)                    1.570(7)        C(7)-C(8)                      1.549(11)  
 
C(4)-Rh(1)-P(5)        92.28(9)         C(4)-Rh(1)-P(4)               92.64(10)  
P(5)-Rh(1)-P(4)          91.16(3)         C(4)-Rh(1)-I(2)                97.24(9)  
P(5)-Rh(1)-I(2)           87.71(2)           P(4)-Rh(1)-I(2)                170.09(2)  
C(4)-Rh(1)-I(1)           101.21(9)        P(5)-Rh(1)-I(1)                166.51(2)  
P(4)-Rh(1)-I(1)          87.93(2)         I(2)-Rh(1)-I(1)                 90.880(12)  
C(1)-P(4)-C(11)       100.54(14)     C(1)-P(4)-C(21)               104.54(15)  
C(11)-P(4)-C(21)        105.49(14)      C(1)-P(4)-Rh(1)               115.60(11)  
C(11)-P(4)-Rh(1)       117.05(10)      C(21)-P(4)-Rh(1)             112.13(10) 
C(31)-P(5)-C(3)          105.24(15)      C(31)-P(5)-C(41)             104.27(14)  
C(3)-P(5)-C(41)        100.35(15)      C(31)-P(5)-Rh(1)             109.00(10)  
C(3)-P(5)-Rh(1)        117.54(11)       C(41)-P(5)-Rh(1)             118.88(10)  
C(2)-C(1)-P(4)          114.5(2)        C(3)-C(2)-C(1)           113.1(3) 
C(2)-C(3)-P(5)          115.7(2)        O(1)-C(4)-C(5)                  122.0(3) 
O(1)-C(4)-Rh(1)         125.1(2)  C(5)-C(4)-Rh(1)                113.0(2) 
C(6)-C(5)-C(4)                  111.6(3)  C(5)-C(6)-C(7)                 111.6(4)  
 
 

 

Figure 6.3.  ORTEP diagram of Rh(dppp)(COC4H9)I2.  Phenyl groups are omitted for 
clarity.  Thermal ellipsoids are drawn at the 40% probability level. 
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V.  Crystal Structure of Rh(dppp)(COCF2H)I2 

 The crystal structure of Rh(dppp)(COCF2H)I2 was measured and crystallographic 

and experimental data are given in Table 6.7.  The complex Rh(dppp)(COCF2H)I2 

associated with one molecule of methylene chloride crystallized as a monoclinic structure 

with space group P21/c.  The ORTEP diagram of Rh(dppp)(COCF2H)I2 is shown in 

Figure 6.4 with the numbering scheme of the atoms.  Selected bond lengths and bond 

angles are presented in Table 6.8.  As can be seen in the diagram this complex has a 

square pyramidal geometry with the phosphorus and iodine atoms occupying the 

equatorial sites and the acyl group occupying the apical position.  This orientation makes 

the two phosphorus atoms equivalent to each other.  The two iodine atoms are also 

equivalent to each other.  The rhodium-carbon bond length is 1.941 Å, which is shorter 

than that in Rh(dppp)(COCH3)I2 (1.979 Å).  The carbon-oxygen bond length (1.188 Å) is 

almost the same as in Rh(dppp)(COCH3)I2 (1.194 Å).   

 
Table 6.7.  Experimental and crystallographic data for Rh(dppp)(COCF2H)I2·CH2Cl2. 

 
Empirical formula    C30H29Cl2F2I2OP2Rh 
Formula weight                       933.08 
Temperature                          110(2) K  
Wavelength                           0.71073 Å 
Crystal system, space group         Monoclinic, P21/c 
a(Å)        13.483(3) 
b(Å)        13.313(2) 
c(Å)        18.192(3) 
α(°)          90  
β(°)         105.346(9) 
γ(°)      90  
V(Å3)      3149.0(10) 
Z      4 
Calculated density (Mg/m3)   1.968 
Absorption coefficient (mm-1)             2.810 
F(000)                               1800  
Crystal size (mm3)                        0.23 × 0.17 × 0.13 
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Table 6.7. Continued 
 
Theta range for data collection (°)     1.92 to 23.46 
Limiting indices                     -15<=h<=15, -14<=k<=14, -20<=l<=20  
Reflections collected / unique      41464 / 4622 [R(int) = 0.0404]  
Completeness to theta = 23.46       99.7 %  
Absorption correction               Semi-empirical from equivalents  
Max. and min. transmission          0.7202 and 0.5592  
Refinement method                   Full-matrix least-squares on F2  
Data / restraints / parameters      4622 / 0 / 361  
Goodness-of-fit on F2               1.082  
Final R indices [I>2sigma(I)]       R1 = 0.0358, wR2 = 0.0974  
R indices (all data)                 R1 = 0.0384, wR2 = 0.0992  
Largest diff. peak and hole         1.371 and -1.884 e.Å-3  
 
 

 

Figure 6.4.  ORTEP diagram of Rh(dppp)(COCF2H)I2.  Phenyl groups and solvent 
molecules are omitted for clarity.  Thermal ellipsoids are drawn at the 40% probability 
level. 
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Table 6.8.  Selected bond lengths (Å) and angles (deg) for Rh(dppp)(COCF2H)I2·CH2Cl2. 
 
I(1)-Rh(1)                  2.6537(7)     I(2)-Rh(1)                       2.6847(6)  
Rh(1)-C(1)                   1.941(6)         Rh(1)-P(1)                      2.2866(15)  
Rh(1)-P(2)                  2.3050(16  P(1)-C(21)                      1.810(6)  
P(1)-C(11)                   1.818(6)          P(1)-C(3)                        1.818(6)  
P(2)-C(31)                   1.816(6)        P(2)-C(5)                        1.817(6)  
P(2)-C(41)                   1.826(6)         F(1)-C(2)                        1.359(9)  
F(2)-C(2)                    1.342(10)       O(1)-C(1)                       1.188(7)  
C(1)-C(2)                   1.560(9)          C(2)-H(2)                       1.0000  
C(3)-C(4)                  1.530(8)         C(4)-C(5)                        1.536(8)  
 
C(1)-Rh(1)-P(1)     91.77(18)      C(1)-Rh(1)-P(2)               94.06(19)  
P(1)-Rh(1)-P(2)           89.46(6)          C(1)-Rh(1)-I(1)               94.41(18)  
P(1)-Rh(1)-I(1)           89.47(4)          P(2)-Rh(1)-I(1)               171.50(4)  
C(1)-Rh(1)-I(2)           99.68(18)       P(1)-Rh(1)-I(2)               168.52(4)  
P(2)-Rh(1)-I(2)            90.55(4)        I(1)-Rh(1)-I(2)                88.83(2)  
C(21)-P(1)-C(11)        106.1(3)       C(21)-P(1)-C(3)               106.0(3)  
C(11)-P(1)-C(3)          100.4(3)        C(21)-P(1)-Rh(1)             107.00(19)  
C(11)-P(1)-Rh(1)       119.27(19)     C(3)-P(1)-Rh(1)               117.0(2)  
C(31)-P(2)-C(5)         102.1(3)       C(31)-P(2)-C(41)             106.2(3)  
C(5)-P(2)-C(41)        106.4(3)      C(31)-P(2)-Rh(1)             115.8(2)  
C(5)-P(2)-Rh(1)         115.7(2)        C(41)-P(2)-Rh(1)             109.67(19)  
O(1)-C(1)-C(2)            116.4(6)         O(1)-C(1)-Rh(1)              128.6(5)  
C(2)-C(1)-Rh(1)         115.0(4)          F(2)-C(2)-F(1)                 107.6(6)  
F(2)-C(2)-C(1)             106.9(6)        F(1)-C(2)-C(1)                 106.6(6)  
F(2)-C(2)-H(2)            111.8              F(1)-C(2)-H(2)                 111.8  
C(1)-C(2)-H(2)             111.8              C(4)-C(3)-P(1)                 115.6(4)  
P(2)-C(5)-H(5A)               107.9 
 
 
 

VI.   Crystal Structure of Rh(dppp)(COCF2Cl)I2 

 The crystal structure of Rh(dppp)(COCF2Cl)I2 was measured and crystallographic 

and experimental data are given in Table 6.9.  The complex Rh(dppp)(COCF2Cl)I2 

associated with one molecule of methylene chloride crystallized as a triclinic structure 

with space group P-1.  The ORTEP diagram of Rh(dppp)(COCF2Cl)I2 is shown in Figure 

6.5 with the numbering scheme of the atoms.  Selected bond lengths and bond angles are 

presented in Table 6.10.  As can be seen in the diagram this complex has a square 
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pyramidal geometry with the phosphorus and iodine atoms occupying the equatorial sites 

and the acyl group occupying the apical position.  This orientation makes the two 

phosphorus atoms equivalent to each other.  The two iodine atoms are also equivalent to 

each other.  The rhodium-carbon bond length is 1.946 Å, which is shorter than that in 

Rh(dppp)(COCH3)I2 (1.979 Å).  The carbon-oxygen bond length (1.201Å) is almost the 

same as in Rh(dppp)(COCH3)I2 (1.194 Å).   

 
Table 6.9.  Experimental and crystallographic data for Rh(dppp)(COCF2Cl)I2·CH2Cl2. 

 
Empirical formula    C30H28Cl3F2I2OP2Rh 
Formula weight                       967.52 
Temperature                          110(2) K  
Wavelength                           0.71073 Å  
Crystal system, space group         Triclinic, P-1 
a(Å)        9.5875(12) 
b(Å)        13.3333(17) 
c(Å)        14.0006(18) 
α(°)          75.597(7) 
β(°)         79.465(7) 
γ(°)      71.132(6) 
V(Å3)                              1630.1(4) 
Z      2 
Calculated density (Mg/m3)   1.971 
Absorption coefficient (mm-1)             2.798 
F(000)                               932  
Crystal size (mm3)                        0.25 × 0.17 × 0.14 
Theta range for data collection (°)     1.65 to 25.35 
Limiting indices                     -11<=h<=11, -16<=k<=16, -16<=l<=16  
Reflections collected / unique      29115 / 5956 [R(int) = 0.0439]  
Completeness to theta = 25.00       99.8 %  
Absorption correction               Semi-empirical from equivalents  
Max. and min. transmission          0.6938 and 0.5437  
Refinement method                   Full-matrix least-squares on F2  
Data / restraints / parameters      5956 / 0 / 370  
Goodness-of-fit on F2               1.047  
Final R indices [I>2sigma(I)]       R1 = 0.0200, wR2 = 0.0457  
R indices (all data)                 R1 = 0.0229, wR2 = 0.0471  
Largest diff. peak and hole         0.853 and -0.943 e.Å-3 
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Figure 6.5.  ORTEP diagram of Rh(dppp)(COCF2Cl)I2.  Phenyl groups and solvent 
molecules are omitted for clarity.  Thermal ellipsoids are drawn at the 40% probability 
level. 
 
 

Table 6.10.  Selected bond lengths (Å) and angles (deg) for 
Rh(dppp)(COCF2Cl)I2·CH2Cl2. 

 
I(1)-Rh(1)                      2.6718(4)       I(2)-Rh(1)                         2.6888(4) 
Rh(1)-C(1)                     1.946(2)        Rh(1)-P(1)                        2.3050(7) 
Rh(1)-P(2)                     2.3104(7)        P(1)-C(21)                     1.814(2) 
P(1)-C(11)                        1.818(3)  P(1)-C(3)                       1.827(3) 
P(2)-C(41)                        1.816(3)  P(2)-C(5)                       1.825(2) 
P(2)-C(31)                        1.825(2)  F(1)-C(2)                       1.329(3) 
F(2)-C(2)                          1.355(3)  Cl(1)-C(2)                        1.752(3) 
O(11)-C(1)                    1.201(3) C(1)-C(2)                          1.574(4) 
C(3)-C(4)                      1.530(3) C(4)-C(5)                          1.531(4) 
 
C(1)-Rh(1)-P(1)              90.82(8)       C(1)-Rh(1)-P(2)              92.54(7)  
P(1)-Rh(1)-P(2)               89.94(2)          C(1)-Rh(1)-I(1)               101.74(7)  
P(1)-Rh(1)-I(1)               88.226(19)     P(2)-Rh(1)-I(1)               165.624(18) 
C(1)-Rh(1)-I(2)               101.86(7)        P(1)-Rh(1)-I(2)               167.318(18) 
P(2)-Rh(1)-I(2)               89.045(19)    I(1)-Rh(1)-I(2)                89.621(11) 
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Table 6.10. Continued 
 
C(21)-P(1)-C(11)            105.39(12)      C(21)-P(1)-C(3)              105.38(12) 
C(11)-P(1)-C(3)              100.19(11)      C(21)-P(1)-Rh(1)            108.69(8) 
C(11)-P(1)-Rh(1)            119.00(9)      C(3)-P(1)-Rh(1)              116.84(9) 
C(41)-P(2)-C(5)              101.32(12)   C(41)-P(2)-C(31)            106.99(11) 
C(5)-P(2)-C(31)              105.70(12)     C(41)-P(2)-Rh(1)            116.43(8) 
C(5)-P(2)-Rh(1)              116.47(8)      C(31)-P(2)-Rh(1)            109.00(8) 
O(11)-C(1)-C(2)             113.1(2)         O(11)-C(1)-Rh(1)            127.39(19) 
C(2)-C(1)-Rh(1)             119.52(17)    F(1)-C(2)-F(2)                 106.0(2) 
F(1)-C(2)-C(1)                117.6(2)        F(2)-C(2)-C(1)                 106.4(2) 
F(1)-C(2)-Cl(1)               108.12(18)      F(2)-C(2)-Cl(1)                109.24(17) 
C(1)-C(2)-Cl(1)               109.21(17)     C(4)-C(3)-P(1)                 115.89(17) 
C(3)-C(4)-C(5)                 114.2(2) 
 
 
 

VII.  Crystal Structure of Rh(dppp)(COCF3)I2 

 The crystal structure of Rh(dppp)(COCF3)I2 was measured and crystallographic 

and experimental data are given in Table 6.11.  The complex Rh(dppp)(COCF3)I2 

associated with one molecule of methylene chloride crystallized as a triclinic structure 

with space group P-1.  The ORTEP diagram of Rh(dppp)(COCF3)I2 is shown in Figure 

6.6 with the numbering scheme of the atoms.  Selected bond lengths and bond angles are 

presented in Table 6.12.  As can be seen in the diagram this complex has a square 

pyramidal geometry with the phosphorus and iodine atoms occupying the equatorial sites 

and the trifluoroacetyl group occupying the apical position.  This orientation makes the 

two phosphorus atoms equivalent to each other.  The two iodine atoms are also 

equivalent to each other.  The rhodium-carbon bond length is shorter in the trifluoroacetyl 

complex (1.946 Å) than in the acetyl complex (1.979 Å) with otherwise identical ligands. 

 The structure of Rh(dppp)(COCF3)I2 is distorted from the ideal square pyramidal 

geometry.  The positions of the two iodine atoms are more distorted than those of the 

phosphorus atoms.  The two iodine atoms are ca. 10°  and 14° out of the plane while the 
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two phosphorus atoms are only ca. 1.3° and 2° out of plane from the ideal square 

pyramidal structure.  Due to the unequal distortions in the phosphorus and iodine atoms, 

the two trans phosphorus-iodine bond angles (P-Rh-I) are different by ca. 4.8° from each 

other.  The two trans phosphorus-iodine (P-Rh-I) bond angles are ca. 11.5° and 16.3° less 

than the ideal 180°.  One of the cis phosphorus-iodine bond angles, I(2)-Rh(1)-P(1) 

deviates by ca. -2° from the ideal 90° and the other three bond angles, P(1)-Rh(1)-P(2), 

I(1)-Rh(1)-I(2) and I(1)-Rh(1)-P(2), deviate only slightly. 

 
Table 6.11.  Experimental and crystallographic data for Rh(dppp)(COCF3)I2·CH2Cl2. 

 
Empirical formula    C30H28Cl2F3I2OP2Rh 

 
Formula weight                       951.07 
Temperature                          110(2) K  
Wavelength                           0.71073 Å  
Crystal system, space group         Triclinic,  P-1  
a(Å)        9.500(2) 
b(Å)        13.385(4)      
c(Å)        14.187(4) 
α(°)          74.522(14)  
β(°)         79.145(12)  
γ(°)      70.165(12)  
V(Å3)                              1625.8(7)  
Z      2 
Calculated density (Mg/m3)   1.943  
Absorption coefficient (mm-1)             2.728   
F(000)                               916  
Crystal size (mm3)                        0.21 × 0.19 × 0.13 
Theta range for data collection (°)     1.66 to 25.34 
Limiting indices                     -11<=h<=11, -16<=k<=16, -17<=l<=17  
Reflections collected / unique      26253 / 5890 [R(int) = 0.0440]  
Completeness to theta = 25.00       99.8 %  
Absorption correction               Semi-empirical from equivalents  
Max. and min. transmission          0.7113 and 0.5942  
Refinement method                   Full-matrix least-squares on F2  
Data / restraints / parameters      5890 / 0 / 370  
Goodness-of-fit on F2               1.040  
Final R indices [I>2sigma(I)]       R1 = 0.0223, wR2 = 0.0480  
R indices (all data)                 R1 = 0.0266, wR2 = 0.0505  
Largest diff. peak and hole         0.806 and -0.691 e.Å-3 
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Figure 6.6.  ORTEP diagram of Rh(dppp)(COCF3)I2.  Phenyl groups and solvent 
molecules are omitted for clarity.  Thermal ellipsoids are drawn at the 40% probability 
level. 
 
 
Table 6.12.  Selected bond lengths (Å) and angles (deg) for Rh(dppp)(COCF3)I2·CH2Cl2. 
 
I(1)-Rh(1)                     2.6926(6)         I(2)-Rh(1)                       2.6798(7)  
Rh(1)-C(6)                   1.946(3)        Rh(1)-P(2)                      2.3102(9)  
Rh(1)-P(1)                   2.3140(9)      P(1)-C(11)                      1.820(3) 
P(1)-C(21)                   1.825(3)         P(1)-C(3)                        1.832(3)  
P(2)-C(41)                    1.823(3)         P(2)-C(31)                      1.824(3)  
P(2)-C(5)                      1.831(3)       F(1)-C(2)                        1.319(4)  
F(2)-C(2)                     1.333(3)       F(3)-C(2)                        1.331(4)  
O(1)-C(6)                     1.207(3)       C(6)-C(2)                        1.579(4)  
C(3)-C(4)                     1.528(4)         C(4)-C(5)                        1.538(4)  
 
C(6)-Rh(1)-P(2)              92.08(9)   C(6)-Rh(1)-P(1)              91.31(9)  
P(2)-Rh(1)-P(1)               89.86(3)          C(6)-Rh(1)-I(2)               104.06(8)  
P(2)-Rh(1)-I(2)               163.75(2)       P(1)-Rh(1)-I(2)               87.90(3)  
C(6)-Rh(1)-I(1)               100.17(9)      P(2)-Rh(1)-I(1)              89.65(2)  
P(1)-Rh(1)-I(1)               168.52(2)        I(2)-Rh(1)-I(1)               89.370(18) 
C(11)-P(1)-C(21)            105.20(13)       C(11)-P(1)-C(3)              100.29(13) 
C(21)-P(1)-C(3)              105.29(13)      C(11)-P(1)-Rh(1)            118.60(10) 
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Table 6.12.  Continued 
 
C(21)-P(1)-Rh(1)            109.67(10)   C(3)-P(1)-Rh(1)              116.41(10) 
C(41)-P(2)-C(31)            107.06(13)     C(41)-P(2)-C(5)              101.33(13) 
C(31)-P(2)-C(5)              105.84(13)    C(41)-P(2)-Rh(1)            117.11(9) 
C(31)-P(2)-Rh(1)            107.86(9)       C(5)-P(2)-Rh(1)             116.74(9) 
O(1)-C(6)-C(2)               112.2(3)        O(1)-C(6)-Rh(1)              127.8(2)  
C(2)-C(6)-Rh(1)              120.1(2)      F(1)-C(2)-F(3)                 107.6(3)  
F(1)-C(2)-F(2)                 107.7(3)         F(3)-C(2)-F(2)                 107.1(3)  
F(1)-C(2)-C(6)                 118.3(3)        F(3)-C(2)-C(6)                 107.9(2)  
F(2)-C(2)-C(6)                 107.7(2)      C(4)-C(3)-P(1)                 115.7(2)  
C(3)-C(4)-C(5)                 113.8(2) 
 
 

 
VIII.  Crystal Structure of Rh(dppp)(COC2F5)I2 

 The crystal structure of Rh(dppp)(COC2F5)I2 was measured and crystallographic 

and experimental data are given in Table 6.13.  The complex Rh(dppp)(COC2F5)I2 

associated with one molecule of methylene chloride crystallized as a monoclinic structure 

with space group P21/c.  The ORTEP diagram of Rh(dppp)(COC2F5)I2 is shown in Figure 

6.7 with the numbering scheme of the atoms.  Selected bond lengths and bond angles are 

presented in Table 6.14.  As can be seen in the diagram this complex has a square 

pyramidal geometry with the phosphorus and iodine atoms occupying the equatorial sites 

and the acyl group occupying the apical position.  This orientation makes the two 

phosphorus atoms equivalent to each other.  The two iodine atoms are also equivalent to 

each other.  The rhodium-carbon bond length (1.9449 Å) is shorter than that in 

Rh(dppp)(COC2H5)I2(1.983 Å).  On comparing the other bond angles and lengths 

between Rh(dppp)(COC2H5)I2 and Rh(dppp)(COC2F5)I2, the carbon-oxygen bond length 

is 0.023 Å longer in Rh(dppp)(COC2F5)I2.  All other bond lengths and angles are very 

similar in both the complexes. 
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Table 6.13.  Experimental and crystallographic data for Rh(dppp)(COC2F5)I2·CH2Cl2. 
 
Empirical formula    C31H28Cl2F5I2OP2Rh 
Formula weight                       1001.08 
Temperature                          110(2) K  
Wavelength                           0.71073 Å  
Crystal system, space group         Monoclinic, P21/c 
a(Å)        14.0722(6) 
b(Å)        14.6113(6) 
c(Å)        17.8539(7) 
β(°)         109.503(2) 
V(Å3)                              3460.4(2) 
Z      4 
Calculated density (Mg/m3)   1.922 
Absorption coefficient (mm-1)             2.577 
F(000)                               1928  
Crystal size (mm3)                        0.17 × 0.15 × 0.09 
Theta range for data collection (°)     2.65 to 25.35 
Limiting indices                     -16<=h<=16, -17<=k<=17, -21<=l<=21  
Reflections collected / unique      60780 / 6328 [R(int) = 0.0344]  
Completeness to theta = 25.00       99.8 %  
Absorption correction               Semi-empirical from equivalents  
Max. and min. transmission          0.8069 and 0.6714  
Refinement method                   Full-matrix least-squares on F2  
Data / restraints / parameters      6328 / 0 / 397  
Goodness-of-fit on F2               1.023  
Final R indices [I>2sigma(I)]       R1 = 0.0144, wR2 = 0.0326  
R indices (all data)                 R1 = 0.0174, wR2 = 0.0339  
Largest diff. peak and hole         0.386 and -0.314 e.Å-3 
 
 
Table 6.14.  Selected bond lengths (Å) and angles (deg) for Rh(dppp)(COC2F5)I2·CH2Cl2. 
 
I(1)-Rh(1)                       2.6813(2)        I(2)-Rh(1)                       2.68125(19)  
Rh(1)-C(1)                     1.9449(19)      Rh(1)-P(1)                      2.3067(5)  
Rh(1)-P(2)                      2.3089(5)        P(1)-C(21)                      1.819(2)   
P(1)-C(11)                      1.8235(19)      P(1)-C(4)                        1.8250(19)  
P(2)-C(31)                     1.818(2)      P(2)-C(41)                      1.8251(19)  
P(2)-C(6)                       1.8258(18)    F(1)-C(2)                        1.328(2)  
F(2)-C(2)                       1.354(2)          F(3)-C(3)                        1.320(2)  
F(4)-C(3)                       1.328(2)           F(5)-C(3)                        1.325(2)  
O(1)-C(1)                      1.197(2)          C(1)-C(2)                        1.583(3)  
C(2)-C(3)                      1.540(3)          C(4)-C(5)                        1.526(3)  
C(5)-C(6)                      1.526(3) 
 
C(1)-Rh(1)-P(1)            89.90(6)          C(1)-Rh(1)-P(2)              91.98(6)  
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Table 6.14.  Continued 
 
P(1)-Rh(1)-P(2)            90.917(17)      C(1)-Rh(1)-I(1)               106.22(6)  
P(1)-Rh(1)-I(1)              86.764(13)       P(2)-Rh(1)-I(1)               161.640(14)  
C(1)-Rh(1)-I(2)               101.66(6)        P(1)-Rh(1)-I(2)              168.437(14)  
P(2)-Rh(1)-I(2)               88.396(13)   I(1)-Rh(1)-I(2)                90.258(6)  
C(21)-P(1)-C(11)            103.44(9)       C(21)-P(1)-C(4)              104.76(9)  
C(11)-P(1)-C(4)              101.66(9)        C(21)-P(1)-Rh(1)            111.10(6)  
C(11)-P(1)-Rh(1)            118.72(6)        C(4)-P(1)-Rh(1)              115.55(7)  
C(31)-P(2)-C(41)            105.41(9)        C(31)-P(2)-C(6)              105.23(9)  
C(41)-P(2)-C(6)              100.46(9)        C(31)-P(2)-Rh(1)            107.89(6)  
C(41)-P(2)-Rh(1)            120.17(6)         C(6)-P(2)-Rh(1)              116.30(7)  
O(1)-C(1)-C(2)               112.36(17)       O(1)-C(1)-Rh(1)              128.39(15)  
C(2)-C(1)-Rh(1)              119.20(13)       F(1)-C(2)-F(2)                 107.29(16)  
F(1)-C(2)-C(3)                106.64(16)      F(2)-C(2)-C(3)                107.68(16)  
F(1)-C(2)-C(1)                116.09(16)       F(2)-C(2)-C(1)                106.77(15)  
C(3)-C(2)-C(1)                112.01(16)     F(3)-C(3)-F(5)                 108.59(18)  
F(3)-C(3)-F(4)                 107.66(17)      F(5)-C(3)-F(4)                 107.90(17)  
F(3)-C(3)-C(2)                 112.22(17)      F(5)-C(3)-C(2)                 109.82(16)  
F(4)-C(3)-C(2)                 110.52(17)      C(5)-C(4)-P(1)                 114.35(13)  
C(5)-C(6)-P(2)                 115.75(13) 
 
 

 
IX.  Crystal Structure of Rh(dppp)(COC6H5)Cl2 

 Single crystal data for Rh(dppp)(COC6H5)Cl2 have been reported in the 

literature.51  We also measured the single crystal X-ray structure of 

Rh(dppp)(COC6H5)Cl2 and the crystallographic and experimental data are given in Table 

6.15.  The complex Rh(dppp)(COC6H5)Cl2 crystallized as a triclinic structure with space 

group P-1.  The ORTEP diagram of Rh(dppp)(COC6H5)Cl2 is shown in Figure 6.8 with 

the numbering scheme of the atoms.  Selected bond lengths and bond angles are 

presented in Table 6.16.  As can be seen in the diagram this complex has a square 

pyramidal geometry with the phosphorus and chlorine atoms occupying the equatorial 

sites and the acyl group occupying the apical position.  This orientation makes the two 

phosphorus atoms equivalent to each other.  The two chlorine atoms are also equivalent 



191 
 

to each other.  The rhodium-carbon bond length is 1.986 Å and carbon-oxygen bond 

length is 1.204 Å.  All geometric parameters are almost the same between our values and 

the literature values. 

 

 

Figure 6.7.  ORTEP diagram of Rh(dppp)(COC2F5)I2.  Phenyl groups and solvent 
molecules are omitted for clarity.  Thermal ellipsoids are drawn at the 40% probability 
level. 
 
 

Table 6.15.  Experimental and crystallographic data for Rh(dppp)(COC6H5)Cl2. 
 
Empirical formula    C34H31Cl2OP2Rh 
Formula weight                       691.34 
Temperature                          110(2) K  
Wavelength                           0.71073 Å  
Crystal system, space group         Triclinic, P-1 
a(Å)        9.1940(6) 
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Table 6.15. Continued 
 
b(Å)        10.7037(7) 
c(Å)        15.9662(11) 
α(°)          97.754(4) 
β(°)         105.226(4) 
γ(°)      94.610(4) 
V(Å3)                              1491.15(17) 
Z      2 
Calculated density (Mg/m3)   1.540 
Absorption coefficient (mm-1)             0.886 
F(000)                               704  
Crystal size (mm3)                        0.14 × 0.09 × 0.07 
Theta range for data collection (°)     1.93 to 27.66 
Limiting indices                     -11<=h<=11, -13<=k<=13, -20<=l<=20  
Reflections collected / unique      28851 / 6828 [R(int) = 0.0430] 
Completeness to theta = 25.00       99.3 %  
Absorption correction               Semi-empirical from equivalents  
Max. and min. transmission          0.9397 and 0.8882  
Refinement method                   Full-matrix least-squares on F2  
Data / restraints / parameters      6828 / 0 / 361  
Goodness-of-fit on F2               1.042  
Final R indices [I>2sigma(I)]       R1 = 0.0297, wR2 = 0.0653  
R indices (all data)                 R1 = 0.0389, wR2 = 0.0697  
Largest diff. peak and hole         0.881 and -0.640 e.Å-3 
 

Table 6.16.  Selected bond lengths (Å) and angles (deg) for Rh(dppp)(COC6H5)Cl2. 
 
Cl(1)-Rh(1)          2.3903(6)      Cl(2)-Rh(1)                    2.3716(6)  
Rh(1)-C(1)               1.986(2)          Rh(1)-P(1)                     2.2693(6)  
Rh(1)-P(2)                     2.2888(6)        P(1)-C(8)                      1.820(2)  
P(1)-C(11)                     1.823(2)        P(1)-C(21)                     1.825(2)  
P(2)-C(41)                     1.817(3)        P(2)-C(10)                     1.819(2)  
P(2)-C(31)                     1.823(2)        O(1)-C(1)                      1.204(3)  
C(1)-C(2)                      1.505(3)       C(2)-C(7)                      1.394(3)  
C(2)-C(3)                      1.402(3)       C(3)-C(4)                      1.378(3)  
C(4)-C(5)                      1.387(4)  C(5)-C(6)                      1.385(3)  
C(6)-C(7)                      1.382(3) C(8)-C(9)                      1.533(3)  
C(9)-C(10)                     1.531(4) 
 
C(1)-Rh(1)-P(1)               90.97(7)      C(1)-Rh(1)-P(2)               89.34(7)  
P(1)-Rh(1)-P(2)               94.21(2)        C(1)-Rh(1)-Cl(2)             105.41(7)  
P(1)-Rh(1)-Cl(2)             163.55(2)      P(2)-Rh(1)-Cl(2)              87.67(2)  
C(1)-Rh(1)-Cl(1)             100.65(7)       P(1)-Rh(1)-Cl(1)              85.79(2)  
P(2)-Rh(1)-Cl(1)             170.01(2)       Cl(2)-Rh(1)-Cl(1)             89.56(2)  
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Table 6.16.  Continued 
 
C(8)-P(1)-C(11)              100.54(11)  C(8)-P(1)-C(21)              105.56(11)  
C(11)-P(1)-C(21)             105.53(11)      C(8)-P(1)-Rh(1)              116.68(9)  
C(11)-P(1)-Rh(1)             118.13(7)       C(21)-P(1)-Rh(1)             109.14(8)  
C(41)-P(2)-C(10)             103.63(12)      C(41)-P(2)-C(31)             104.21(11)  
C(10)-P(2)-C(31)             101.28(11)      C(41)-P(2)-Rh(1)             116.79(8)  
C(10)-P(2)-Rh(1)             117.16(8)      C(31)-P(2)-Rh(1)             111.89(8)  
O(1)-C(1)-C(2)               120.52(19)      O(1)-C(1)-Rh(1)              122.60(16)  
C(2)-C(1)-Rh(1)              116.87(16)       C(7)-C(2)-C(3)               119.2(2)  
C(7)-C(2)-C(1)               124.5(2)         C(3)-C(2)-C(1)               116.3(2)  
C(4)-C(3)-C(2)               120.2(2)       C(6)-C(5)-C(4)               119.9(2) 
C(7)-C(6)-C(5)               120.4(2) C(6)-C(7)-C(2)               120.1(2) 
C(9)-C(8)-P(1)               115.17(16) C(10)-C(9)-C(8)              112.4(2) 
C(9)-C(10)-P(2)              113.82(16) 
 
 

 

Figure 6.8.  ORTEP diagram of Rh(dppp)(COC6H5)Cl2.  Phenyl groups in the 
diphosphine ligands are omitted for clarity.  Thermal ellipsoids are drawn at the 40% 
probability level. 
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X.  Crystal Structure of Rh(dippp)(COCH3)I2 

 The crystal structure of Rh(dippp)(COCH3)I2 was measured and crystallographic 

and experimental data are given in Table 6.17.  The complex Rh(dippp)(COCH3)I2 

associated with one molecule of methylene chloride crystallized as a monoclinic structure 

with space group P21/c.  The ORTEP diagram of Rh(dippp)(COCH3)I2 is shown in Figure 

6.9 with the numbering scheme of the atoms.  Selected bond lengths and bond angles are 

presented in Table 6.18.  As can be seen in the diagram this complex has a square 

pyramidal geometry with the phosphorus and iodine atoms occupying the equatorial sites 

and the acetyl group occupying the apical position.  This orientation makes the two 

phosphorus atoms equivalent to each other.  The two iodine atoms are also equivalent to 

each other.  The rhodium-carbon bond distance is almost the same as in 

Rh(dppp)(COCH3)I2.  In Rh(dppp)(COCH3)I2 the two rhodium-iodine bond distances are 

different by 0.05 Å but in Rh(dippp)(COCH3)I2 we found them to be almost the same.  

All other bond distances are very similar in both the complexes except the 

phosphorus-carbon bond lengths in the ligand.  The average rhodium-phosphorus bond 

length in Rh(dippp)(COCH3)I2 (2.3135 Å) is relatively shorter than that in 

trans-HRh(PiPr3)2(COC6H5)Cl (2.3965 Å) but surprisingly the rhodium-carbon bond 

length between them is the same.132 

 
Table 6.17.  Experimental and crystallographic data for Rh(dippp)(COCH3)I2·CH2Cl2. 

 
Empirical formula    C18H39Cl2I2OP2Rh 
Formula weight    761.04 
Temperature     110(2) K 
Wavelength     0.71073 Å 
Crystal system, space group   Monoclinic, P21/c  
a (Å)      12.6552(14)   
b (Å)      9.1208(9)     
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Table 6.17.  Continued 
 
c (Å)      23.247(2) 
β (°)        98.501(4) 
V(Å3)      2653.8(5) 
Z      4 
Dcalc (Mg m-3)     1.905 
Absorption coefficient (mm-1)  3.299 
F(000)      1480 
Crystal size (mm3)    0.20 × 0.11 × 0.05 
Theta range for data collection (o)  1.77 to 26.43 
Limiting indices    -15<=h<=11, -11<=k<=11, -28<=l<=29 
Reflections collected / unique   47921 / 5411 [R(int) = 0.0537] 
Completeness to theta = 25.00  99.5 % 
Absorption correction    Semi-empirical from equivalents 
Max. and min. transmission   0.8472 and 0.5583 
Refinement method    Full-matrix least-squares on F2 

Data / restraints / parameters   5411 / 0 / 244 
Goodness-of-fit on F2    1.273 
Final R indices [I>2sigma(I)]   R1 = 0.0650, wR2 = 0.1360 
R indices (all data)    R1 = 0.0704, wR2 = 0.1381 
Largest diff. peak and hole   3.515 and -2.172 e.Å-3 

 

 
Table 6.18.  Selected bond lengths (Å) and angles (deg) for 

Rh(dippp)(COCH3)I2·CH2Cl2. 
 
Rh(1)-I(1)   2.7324(10) Rh(1)-C(1)   1.984(9) 
Rh(1)-P(1)   2.309(2) Rh(1)-P(2)   2.318(2) 
Rh(1)-I(2)   2.7364(9) P(1)-C(5)   1.825(9) 
P(1)-C(6)   1.854(9)  P(1)-C(9)   1.870(10) 
O(1)-C(1)   1.182(12)  C(1)-C(2)   1.517(14) 
P(2)-C(3)   1.832(9) P(2)-C(15)   1.849(9) 
P(2)-C(12)   1.861(9) C(3)-C(4)   1.534(13) 
C(4)-C(5)   1.524(13) 
 
C(1)-Rh(1)-P(1)           91.8(3)             C(1)-Rh(1)-P(2)          91.0(3) 
P(1)-Rh(1)-P(2)           91.36(8)          C(1)-Rh(1)-I(1)          102.4(3) 
P(1)-Rh(1)-I(1)            89.34(6)          P(2)-Rh(1)-I(1)           166.54(7) 
C(1)-Rh(1)-I(2)           100.1(3)          P(1)-Rh(1)-I(2)           167.88(7) 
P(2)-Rh(1)-I(2)            90.23(6)         I(1)-Rh(1)-I(2)         86.35(3) 
C(5)-P(1)-C(6)             102.6(4)          C(5)-P(1)-C(9)           106.4(4) 
C(6)-P(1)-C(9)            106.5(5)           C(5)-P(1)-Rh(1)         115.4(3) 
C(6)-P(1)-Rh(1)           117.2(3)         C(9)-P(1)-Rh(1)         107.9(3) 
O(1)-C(1)-C(2)            121.8(9)          O(1)-C(1)-Rh(1)       126.3(7) 
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Table 6.18.  Continued 
 
C(2)-C(1)-Rh(1)  111.9(7)          C(3)-P(2)-C(15)         102.9(4) 
C(3)-P(2)-C(12)      104.0(4)          C(15)-P(2)-C(12)      108.0(4) 
C(3)-P(2)-Rh(1)           115.6(3)         C(15)-P(2)-Rh(1)        117.2(3) 
C(12)-P(2)-Rh(1)         108.2(3)         C(4)-C(3)-P(2)           115.8(6) 
C(5)-C(4)-C(3)      114.7(8) C(4)-C(5)-P(1)         119.6(6) 
 
 

 

Figure 6.9.  ORTEP diagram of Rh(dippp)(COCH3)I2.  Isopropyl groups and solvent 
molecules are omitted for clarity.  Thermal ellipsoids are drawn at the 40% probability 
level. 

 
 

XI.  Crystal Structure of Rh(dppb)(COCH3)I2 

 The crystal structure of Rh(dppb)(COCH3)I2 was measured and crystallographic 

and experimental data are given in Table 6.19.  The complex Rh(dppb)(COCH3)I2 

crystallized as a monoclinic structure with space group P21/c.  The ORTEP diagram of 
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Rh(dppb)(COCH3)I2 is shown in Figure 6.10 with the numbering scheme of the atoms.  

Selected bond lengths and bond angles are presented in Table 6.20.  As can be seen in the 

diagram this complex has a square pyramidal geometry with the phosphorus and iodine 

atoms occupying the equatorial sites and the acetyl group occupying the apical position.  

This orientation makes the two phosphorus atoms equivalent to each other.  The two 

iodine atoms are also equivalent to each other.  The acetyl rhodium-carbon bond distance 

is 1.998 Å.  A similar crystal structure, Rh(dppX)(COCH3)I2 (dppX = 

1,2-bis((diphenylphosphino)methyl)benzene), with four carbon atoms  between the two 

phosphorus atoms has been reported.66  In Rh(dppX)(COCH3)I2 the P(1)-Rh(1)-P(2) bond 

angle (100.31 Å) is larger while the I(1)-Rh(1)-I(2) bond angle (85.63 Å) is smaller than 

that of Rh(dppb)(COCH3)I2.  The average rhodium-phosphorus bond length (2.309 Å) of 

Rh(dppX)(COCH3)I2 is longer than that of Rh(dppb)(COCH3)I2 (2.263 Å) while the 

rhodium-iodine bond lengths are almost the same.  The rhodium-carbon bond lengths are 

1.982 and 1.995 Å, and carbon-oxygen bond lengths are 1.210 and 1.195 Å, in 

Rh(dppX)(COCH3)I2 and Rh(dppb)(COCH3)I2, respectively.  The average 

rhodium-phosphorus bond length in Rh(dppb)(COCH3)I2 ( 2.2632 Å) is relatively shorter 

than that in the six-coordinate [HRh(dppb)2(CH3CN)][BF4]2 (2.3553 Å) complex.99  

 
Table 6.19.  Experimental and crystallographic data for Rh(dppb)(COCH3)I2. 

 
Empirical formula    C32H27I2OP2Rh 
Formula weight    846.19 
Temperature     110(2) K 
Wavelength      0.71073 Å 
Crystal system, space group    Monoclinic, P21/c 
a (Å)      13.8734(3) 
b (Å)      10.4132(2) 
c (Å)      20.9817(4) 
β (°)        90.1760(10) 
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Table 6.19. Continued 
 
V(Å3)      3031.14(10) 
Z      4 
Dcalc (Mg m-3)     1.854 
Absorption coefficient (mm-1)  2.730 
F(000)      1632 
Crystal size (mm3)    0.18 × 0.18 × 0.09 
Theta range for data collection (o)  2.45 to 32.68 
Limiting indices    -20<=h<=13, -15<=k<=13, -30<=l<=26 
Reflections collected / unique   66289 / 10142 [R(int) = 0.0371] 
Completeness to theta = 25.00  99.7% 
Absorption correction    Semi-empirical from equivalents 
Max. and min. transmission   0.7873 and 0.6364 
Refinement method    Full-matrix least-squares on F2 

Data / restraints / parameters   10142 / 0 / 344 
Goodness-of-fit on F2    1.030 
Final R indices [I>2sigma(I)]   R1 = 0.0250, wR2 = 0.0528 
R indices (all data)    R1 = 0.0340, wR2 = 0.0573 
Largest diff. peak and hole   2.186 and -1.067 e.Å-3 

 
 

 

Figure 6.10.  ORTEP diagram of Rh(dppb)(COCH3)I2.  Phenyl groups are omitted for 
clarity.  Thermal ellipsoids are drawn at the 40% probability level. 
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Table 6.20.  Selected bond lengths (Å) and angles (deg) for Rh(dppb)(COCH3)I2. 
 
Rh(1)-I(1)   2.70497(19)    Rh(1)-C(1)        1.9948(19) 
Rh(1)-P(1)                    2.2618(5)        Rh(1)-P(2)         2.2647(5) 
Rh(1)-I(2)                     2.7019(2)       P(1)-C(11)                  1.8175(19) 
P(1)-C(21)                    1.8199(19)     P(1)-C(3)                     1.8275(19) 
C(1)-O(8)                     1.195(2)     C(1)-C(2)                     1.502(3) 
P(2)-C(41)                    1.8169(19)      P(2)-C(31)                    1.820(2) 
P(2)-C(4)                      1.8230(19)     C(3)-C(8)                      1.395(3) 
C(3)-C(4)                  1.405(3) C(4)-C(5)                      1.395(3) 
C(5)-C(6)                   1.393(3) C(6)-C(7)                    1.385(3) 
 
C(1)-Rh(1)-P(1)          90.07(6)        C(1)-Rh(1)-P(2)          92.20(6) 
P(1)-Rh(1)-P(2)               82.744(18)     C(1)-Rh(1)-I(2)           100.30(6) 
P(1)-Rh(1)-I(2)               167.909(14)    P(2)-Rh(1)-I(2)           90.593(13) 
C(1)-Rh(1)-I(1)               99.24(5)          P(1)-Rh(1)-I(1)           91.810(13) 
P(2)-Rh(1)-I(1)               167.352(14)    I(2)-Rh(1)-I(1)            92.636(6) 
C(11)-P(1)-C(21)            104.88(9)       C(11)-P(1)-C(3)           108.23(9) 
C(21)-P(1)-C(3)              104.14(9)        C(11)-P(1)-Rh(1)       119.33(6) 
C(21)-P(1)-Rh(1)            111.79(7)        C(3)-P(1)-Rh(1)         107.43(6) 
O(8)-C(1)-C(2)                 122.39(18)      O(8)-C(1)-Rh(1)        125.08(15) 
C(2)-C(1)-Rh(1)               112.49(14)      C(41)-P(2)-C(31)        106.28(9) 
C(41)-P(2)-C(4)               106.58(9)       C(31)-P(2)-C(4)          105.09(9) 
C(41)-P(2)-Rh(1)             119.60(7)         C(31)-P(2)-Rh(1)       110.87(7) 
C(4)-P(2)-Rh(1)              107.45(6)        C(8)-C(3)-C(4)            119.48(18) 
C(8)-C(3)-P(1)                  125.12(15)  C(4)-C(3)-P(1)             115.38(14) 
C(5)-C(4)-C(3)                  120.23(17)      C(5)-C(4)-P(2)            123.61(15) 
C(3)-C(4)-P(2)                   116.15(14)      C(6)-C(5)-C(4)        119.76(19) 
C(7)-C(6)-C(5)                  120.24(19)   C(6)-C(7)-C(8)          120.39(19) 
C(3)-C(8)-C(7)                  119.90(19) 
 
 

 
XII.  Crystal Structure of [Rh(dppp)(COCH3)I]2[SO3CF3]2 

 The crystal structure of [Rh(dppp)(COCH3)I]2[SO3CF3]2 was measured and 

crystallographic and experimental data are given in Table 6.21.  The complex 

[Rh(dppp)(COCH3)I]2[CF3SO3]2 associated with one molecule of methylene chloride 

crystallized as a monoclinic structure with space group P21/n.  The ORTEP diagram of 

Rh(dppp)(COCH3)I is shown in Figure 6.11 with the numbering scheme of the atoms.  

Selected bond lengths and bond angles are presented in Table 6.22.  The complex 
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[Rh(dppp)(COCH3)I]2[CF3SO3]2 consists of discrete rhodium dimer, 

[Rh(dppp)(COCH3)I]2
2+, di-cations and CF3SO3

- anions separated by van der Waals 

distances.  The coordination around each rhodium atom is square pyramidal with the 

acetyl group occupying the apical position.  The rhodium-carbon bond distance is 2.022 

Å, which is slightly longer than in Rh(dppp)(COCH3)I2 (1.981 Å).  The rhodium-carbon 

bond length is slightly shorter than that reported in another iodide-bridged rhodium acetyl 

complex [Rh(CO)(CH3CN)(COCH3)I2]2 (2.067 Å).108  The rhodium-carbon bond length 

in [Rh(dppp)(COCH3)I]2[CF3SO3]2 is slightly longer than that reported in the 

chloride-bridged rhodium acetyl monophosphine complex 

[Rh2(PMe2Ph)4(COCH3)2Cl3][PF6] (2.002 Å).133   One of the rhodium-iodine bond 

lengths (2.7404 Å) is longer than the other (2.7059 Å) while both the 

rhodium-phosphorus bond lengths are the same.  The I(1)-Rh(1)-I(1) and P(2)-Rh(1)-P(3) 

bond angles are 82.9° and 91.4°, respectively.  The trans phosphorus-iodine bond angles 

(P-Rh-I) are 175.1° and 160.4° while the cis phosphorus-rhodium-iodine bond angles are 

89.9° and 94.4°. 

 
Table 6.21.  Experimental and crystallographic data for 

[Rh(dppp)(COCH3)I]2[CF3SO3]2·2CH2Cl2. 
 
Empirical formula    C32H31Cl3.99F3IO4P2RhS* 
Formula weight    1001.91 
Temperature     110(2) K  
Wavelength     0.71073 Å  
Crystal system, space group   Monoclinic, P21/n 
a(Å)      11.6585(18) 
b(Å)      19.804(3) 
c(Å)      16.845(3) 
β(°)      97.090(6) 
V(Å3)      3859.5(10) 
Z      4 
Calculated density (Mg/m3)   1.724 
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Table 6.21. Continued 
 
Absorption coefficient (mm-1)  1.705 
F(000)      1975  
Crystal size (mm3)    0.16 × 0.14 × 0.09 
Theta range for data collection (°)  2.39 to 25.36 
Limiting indices    -14<=h<=14, -23<=k<=23, -19<=l<=20  
Reflections collected / unique   32729 / 7041 [R(int) = 0.0407]  
Completeness to theta = 25.00  99.5 %  
Absorption correction    Semi-empirical from equivalents  
Max. and min. transmission   0.8617 and 0.7721  
Refinement method    Full-matrix least-squares on F2  
Data / restraints / parameters   7041 / 0 / 461  
Goodness-of-fit on F2    1.038 
Final R indices [I>2sigma(I)]   R1 = 0.0312, wR2 = 0.0760  
R indices (all data)    R1 = 0.0397, wR2 = 0.0818  
Largest diff. peak and hole   0.976 and -0.563 e.Å-3 
 
* In the crystal unit cell one of the solvent molecules and one of the CF3SO3 anions were 
terribly disordered and when solving the structure they are assigned as only CH2Cl2 thus, 
the empirical formula does not look correct. 
 
 

Table 6.22.  Selected bond lengths (Å) and angles (deg) for 
[Rh(dppp)(COCH3)I]2[SO3CF3]2·2CH2Cl2. 

 
I(1)-Rh(1)                   2.7404(5)  Rh(1)-C(2)                     2.022(3) 
Rh(1)-P(2)                   2.2929(10)  Rh(1)-P(3)                     2.3032(9) 
Rh(1)-I(1A)                2.7059(4) O(1)-C(2)                      1.197(4) 
P(2)-C(11)                     1.817(4)          P(2)-C(21)                    1.821(4)  
P(2)-C(4)                      1.830(3) C(2)-C(3)                      1.499(5) 
P(3)-C(6)                      1.821(3) P(3)-C(41)               1.825(4)  
P(3)-C(31)                     1.827(4) C(4)-C(5)                     1.536(5) 
C(5)-C(6)                      1.532(5) 
 
Rh(1A)1-I(1)-Rh(1)            97.086(13)     C(2)-Rh(1)-P(2)      94.25(10)  
C(2)-Rh(1)-P(3)               87.11(9)         P(2)-Rh(1)-P(3)       91.41(3)  
C(2)-Rh(1)-I(1A)             97.52(9)        P(2)-Rh(1)-I(1A)      89.85(2)  
P(3)-Rh(1)-I(1A)            175.10(3)      C(2)-Rh(1)-I(1)          104.76(10)  
P(2)-Rh(1)-I(1)              160.36(3)        P(3)-Rh(1)-I(1)          94.39(3)  
I(1A)-Rh(1)-I(1)             82.914(13)    C(11)-P(2)-C(21)       105.02(17)  
C(11)-P(2)-C(4)              106.26(17)      C(21)-P(2)-C(4)        104.55(17)  
C(11)-P(2)-Rh(1)             106.19(12)       C(21)-P(2)-Rh(1)       114.94(12)  
C(4)-P(2)-Rh(1)              118.79(12)       O(1)-C(2)-C(3)          124.5(3)  
O(1)-C(2)-Rh(1)              122.5(3)          C(3)-C(2)-Rh(1)         113.0(2)  
C(6)-P(3)-C(41)      105.13(17)  C(6)-P(3)-C(31)              105.76(16) 
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Table 6.22.  Continued 
 
C(41)-P(3)-C(31)        103.84(16)  C(6)-P(3)-Rh(1)              114.52(12) 
C(41)-P(3)-Rh(1)         115.45(12)  C(31)-P(3)-Rh(1)             111.16(11) 
C(5)-C(4)-P(2)          114.0(2)  C(6)-C(5)-C(4)           114.2(3) 
C(5)-C(6)-P(3)             114.0(2) 
 
 

 

Figure 6.11.  ORTEP diagram of [Rh(dppp)(COCH3)I]2[SO3CF3]2.  Only one 
[Rh(dppp)(COCH3)I]+ unit is shown.  Phenyl groups, SO3CF3

- anions and solvent 
molecules are omitted for clarity.  Thermal ellipsoids are drawn at the 40% probability 
level. 

 
 

XIII.  Crystal Structure of [Rh(dppp)(CH3CN)3(COCH3)][PF6]2 

The crystal structure of [Rh(dppp)(CH3CN)3(COCH3)][PF6]2 was measured and 

crystallographic and experimental data are given in Table 6.23.  The complex 

[Rh(dppp)(CH3CN)3(COCH3)][PF6]2 associated with three molecules of methylene 

chloride crystallized as a triclinic structure with space group P-1.  The ORTEP diagram 

of [Rh(dppp)(CH3CN)3(COCH3)][PF6]2 is shown in Figure 6.12 with the numbering 
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scheme of the atoms.  Selected bond lengths and bond angles are presented in Table 6.24.  

[Rh(dppp)(CH3CN)3(COCH3)][PF6]2 is only the second example of a structurally 

characterized mononuclear cationic octahedral acetyl complex of rhodium(III).  The 

crystal structure of [Rh(dppp)(CH3CN)3(COCH3)][PF6]2 consists of discrete 

[Rh(dppp)(CH3CN)3(COCH3)]2+ cations and PF6
-
 anions separated by normal van der 

Waals distances.  The [Rh(dppp)(CH3CN)3(COCH3)]2+ cation has a distorted octahedral 

geometry.  The two phosphorus atoms and two of the acetonitrile ligands are in a plane 

while the other acetonitrile and the acetyl group are axial to this plane.  The 

rhodium-carbon bond length is 2.022 Å.  From a literature search we found one structure 

of a mononuclear cationic six-coordinate rhodium complex with an acetyl ligand and a 

number of five-coordinate acetyl rhodium structures with other ligands.134  Some of the 

six-coordinate rhodium complexes are rhodium dimers.  When we compare the 

rhodium-carbon bond lengths of the other complexes with our value, ours is in between 

those of other reported complexes.  The rhodium-nitrogen bond length of the acetonitrile 

ligand trans to the acetyl group (2.232 Å) is slightly longer than the average of the cis 

acetonitrile ligands (2.101 Å).  The two rhodium-phosphorus bond lengths are almost the 

same. 

 
Table 6.23.  Experimental and crystallographic data for 

[Rh(dppp)(CH3CN)3(COCH3)][PF6]2·1.5CH2Cl2. 
 
Empirical formula    C73H82Cl6F24N6O2P8Rh2 
Formula weight    2197.73 
Temperature     110(2) K 
Wavelength     0.71073 Å 
Crystal system, space group   Triclinic, P-1 
a(Å)      11.0507(13) 
b(Å)      18.797(2) 
c(Å)      23.204(3) 
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Table 6.23.  Continued 
 
α(°)      109.537(6) 
β(°)      90.206(7) 
γ(°)      99.648(7) 
V(Å3)      4468.9(9) 
Z      2 
Calculated density (Mg/m3)   1.633 
Absorption coefficient (mm-1)  0.789 
F(000)       2212 
Crystal size (mm3)    0.22 × 0.17 × 0.09 
Theta range for data collection (°)  1.87 to 25.35 
Limiting indices    -13<=h<=13, -22<=k<=22, -27<=l<=27  
Reflections collected / unique      59005 / 15977 [R(int) = 0.0551]  
Completeness to theta = 25.00       97.6 %  
Absorption correction               Semi-empirical from equivalents  
Max. and min. transmission          0.9309 and 0.8486  
Refinement method                   Full-matrix least-squares on F2  
Data / restraints / parameters      15977 / 0 / 1098  
Goodness-of-fit on F2               1.039  
Final R indices [I>2sigma(I)]       R1 = 0.0408, wR2 = 0.0897  
R indices (all data)                 R1 = 0.0598, wR2 = 0.0997  
Largest diff. peak and hole         1.569 and -1.418 e.Å-3 
 
 

Table 6.24.  Selected bond lengths (Å) and angles (deg) for 
[Rh(dppp)(CH3CN)2(COCH3)][PF6]2·3CH2Cl2. 

 
Rh(1A)-C(1A)                    2.011(4)        Rh(1A)-N(2A)                   2.098(3)  
Rh(1A)-N(1A)                    2.104(3)      Rh(1A)-N(3A)                   2.232(3)  
Rh(1A)-P(2A)                    2.3041(9)       Rh(1A)-P(1A)                   2.3094(10)  
P(1A)-C(21A)                     1.815(4)          P(1A)-C(9A)                     1.822(4)  
P(1A)-C(31A)                     1.825(4)         P(2A)-C(41A)                   1.815(3)  
P(2A)-C(11A)                     1.814(4)        P(2A)-C(51A)                   1.828(4)  
O(1A)-C(1A)                      1.202(4)          N(1A)-C(3A)                     1.142(4)  
N(2A)-C(5A)                      1.135(4)          N(3A)-C(7A)                     1.134(5)  
C(1A)-C(2A)                      1.517(5)           C(3A)-C(4A)                      1.449(5) 
C(5A)-C(6A)                      1.457(5)           C(7A)-C(8A)                      1.459(5) 
C(9A)-C(10A)                    1.533(5)        C(10A)-C(11A)                  1.530(5) 
 
C(1A)-Rh(1A)-N(2A)            86.63(13) C(1A)-Rh(1A)-N(1A)            93.47(13) 
N(2A)-Rh(1A)-N(1A)            87.35(11)  C(1A)-Rh(1A)-N(3A)           168.53(12) 
N(2A)-Rh(1A)-N(3A)            82.12(11)  N(1A)-Rh(1A)-N(3A)            83.84(11) 
C(1A)-Rh(1A)-P(2A)             88.86(10)  N(2A)-Rh(1A)-P(2A)           173.36(8) 
N(1A)-Rh(1A)-P(2A)             88.06(8)  N(3A)-Rh(1A)-P(2A)           102.15(8) 
C(1A)-Rh(1A)-P(1A)             89.77(10)  N(2A)-Rh(1A)-P(1A)            93.04(8) 
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Table 6.24. Continued 
 
N(1A)-Rh(1A)-P(1A)             176.75(8)  N(3A)-Rh(1A)-P(1A)            93.02(8) 
P(2A)-Rh(1A)-P(1A)             91.82(3)  C(21A)-P(1A)-C(9A)           104.81(16) 
C(21A)-P(1A)-C(31A)           104.64(16)  C(9A)-P(1A)-C(31A)           101.57(16) 
C(21A)-P(1A)-Rh(1A)           113.11(11)  C(9A)-P(1A)-Rh(1A)           117.30(12) 
C(31A)-P(1A)-Rh(1A)           113.94(12)  C(41A)-P(2A)-C(11A)          106.67(16) 
C(41A)-P(2A)-C(51A)           107.25(16)  C(11A)-P(2A)-C(51A)          103.16(16) 
C(41A)-P(2A)-Rh(1A)           112.64(11)  C(11A)-P(2A)-Rh(1A)          116.86(12) 
C(51A)-P(2A)-Rh(1A)           109.49(11)  C(3A)-N(1A)-Rh(1A)            176.1(3) 
C(5A)-N(2A)-Rh(1A)           173.7(3) C(7A)-N(3A)-Rh(1A)            168.7(3)  
O(1A)-C(1A)-C(2A)            120.4(3) O(1A)-C(1A)-Rh(1A)            124.5(3) 
C(2A)-C(1A)-Rh(1A)           115.1(3) N(1A)-C(3A)-C(4A)              178.4(4) 
N(2A)-C(5A)-C(6A)            178.0(4) N(3A)-C(7A)-C(8A)            177.0(4) 
C(10A)-C(9A)-P(1A)           114.8(2) C(11A)-C(10A)-C(9A)          112.4(3) 
C(10A)-C(11A)-P(2A)          116.3(2)  
 
 

 

Figure 6.12.  ORTEP diagram of [Rh(dppp)(CH3CN)3(COCH3)][PF6]2.  Only the cation 
is shown.  Phenyl groups, anions and solvent molecules are omitted for clarity.  Thermal 
ellipsoids are drawn at the 40% probability level. 



206 
 

XIV.  Crystal Structure of Rh(dppp)(COCF3)(CO2CF3)I 

 The crystal structure of Rh(dppp)(COCF3)(CO2CF3)I was measured and 

crystallographic and experimental data are given in Table 6.25.  The complex 

Rh(dppp)(COCF3)(CO2CF3)I crystallized as a triclinic structure with space group P-1.  

The ORTEP diagram of Rh(dppp)(COCF3)(CO2CF3)I is shown in Figure 6.13 with the 

numbering scheme of the atoms.  Selected bond lengths and bond angles are presented in 

Table 6.26.  As can be seen in the diagram this complex has a distorted octahedral 

geometry.  The two phosphorus atoms, one of the trifluoroacetate oxygens and the iodine 

form a plane while the other trifluoroacetate oxygen and the trifluoroacetyl group are 

axial to this plane.  The rhodium-carbon bond length (1.961 Å) is slightly longer than that 

of Rh(dppp)(COCF3)I2 (1.946 Å).  The rhodium-phosphorus bond length is longer (2.312 

Å) for the phosphorus atom trans to iodine than that cis to iodine (2.279 Å).  The two 

rhodium-oxygen bond lengths differ by 0.187 Å.  The average rhodium-oxygen bond 

length of Rh(dppp)(COCF3)(CO2CF3)I (2.285 Å)  is longer than the equitorial 

rhodium-oxygen bond length (2.039 Å) and shorter than the axial rhodium-oxygen bond 

length (2.337 Å) of dirhodium tetra(trifluoroacetate).135  The acetate group carbon is not 

bonded with rhodium but the distance between rhodium and that carbon is relatively short 

(2.596 Å).  The two phosphorus atoms are ca. 13.3° and -0.6° out of plane from the ideal 

octahedral positions.  The iodine and the acetate oxygen are ca. 1.8° and 13.3°, 

respectively above the plane from the ideal positions.  The three trans ligand bond angles 

i.e. C1-Rh1-O2, P2-Rh1-I1 and P1-Rh1-O3, are 160.16°, 175.43° and 166.95°, 

respectively. 
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Table 6.25.  Experimental and crystallographic data for Rh(dppp)(COCF3)(CO2CF3)I 
 
Empirical formula    C31H26F6IO3P2Rh 
Formula weight    852.27  
Temperature      110(2) K  
Wavelength     0.71073 Å 
Crystal system, space group   Triclinic, P-1  
a(Å)        9.5228(6) 
b(Å)        13.8483(7) 
c(Å)        14.3352(9) 
α(°)          82.999(3) 
β(°)         80.457(2) 
γ(°)      71.800(2) 
V(Å3)      1766.06(18) 
Z      2 
Calculated density (Mg/m3)   1.603 
Absorption coefficient (mm-1)             1.508 
F(000)                               836 
Crystal size (mm3)                        0.14 × 0.12 x 0.10 
Theta range for data collection (°)     1.55 to 25.37 
Limiting indices                     -11<=h<=11, -16<=k<=15, -17<=l<=17 
Reflections collected / unique      29600 / 6468 [R(int) = 0.0331] 
Completeness to theta = 25.00       99.7 %  
Absorption correction               Semi-empirical from equivalents 
Max. and min. transmission          0.8700 and 0.8110  
Refinement method                   Full-matrix least-squares on F2  
Data / restraints / parameters      6468 / 0 / 397  
Goodness-of-fit on F2               1.032 
Final R indices [I>2sigma(I)]       R1 = 0.0412, wR2 = 0.1133 
R indices (all data)                 R1 = 0.0504, wR2 = 0.1195  
Largest diff. peak and hole         1.190 and -0.834 e.Å-3 
 

Table 6.26.  Bond lengths (Å) and angles (deg) for Rh(dppp)(COCF3)(CO2CF3)I. 
 
I(1)-Rh(1)               2.6827(5)      Rh(1)-C(1)                 1.961(5)  
Rh(1)-O(3)                 2.192(3)        Rh(1)-P(1)                   2.2793(12)  
Rh(1)-P(2)                  2.3121(13)     Rh(1)-O(2)                   2.379(3)  
Rh(1)-C(3)             2.596(4)          P(1)-C(11)                   1.819(5)  
P(1)-C(21)                  1.826(5)          P(1)-C(5)                    1.832(5)  
P(2)-C(31)                  1.813(5)          P(2)-C(7)                   1.818(5)  
P(2)-C(41)                  1.819(5)          F(1)-C(2)                     1.264(8)  
F(2)-C(2)                    1.230(8)        F(3)-C(2)                  1.275(8)  
F(4)-C(4)                    1.214(9)          F(5)-C(4)                     1.195(9)  
F(6)-C(4)                     1.255(11)       O(1)-C(1)                   1.170(7)  
O(2)-C(3)                    1.238(6)          O(3)-C(3)                     1.243(6)  
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Table 6.26.  Continued 
 
C(1)-C(2)                   1.549(8)         C(3)-C(4)                    1.500(7)  
C(5)-C(6)                    1.530(7) 
 
C(1)-Rh(1)-O(3)          103.31(18)     C(1)-Rh(1)-P(1)           89.65(16)  
O(3)-Rh(1)-P(1)          166.95(10)      C(1)-Rh(1)-P(2)         89.39(16)  
O(3)-Rh(1)-P(2)          88.88(10)         P(1)-Rh(1)-P(2)          92.78(5)  
C(1)-Rh(1)-O(2)         160.16(18)       O(3)-Rh(1)-O(2)         56.90(12)  
P(1)-Rh(1)-O(2)          110.10(9)         P(2)-Rh(1)-O(2)         91.34(9)  
C(1)-Rh(1)-C(3)          131.77(19)       O(3)-Rh(1)-C(3)        28.54(13)  
P(1)-Rh(1)-C(3)          138.42(11)       P(2)-Rh(1)-C(3)         91.29(10)  
O(2)-Rh(1)-C(3)         28.40(13)        C(1)-Rh(1)-I(1)            91.78(16)  
O(3)-Rh(1)-I(1)           86.56(9)         P(1)-Rh(1)-I(1)           91.65(3)  
P(2)-Rh(1)-I(1)           175.43(4)        O(2)-Rh(1)-I(1)            86.07(9)  
C(3)-Rh(1)-I(1)            84.64(10)        C(11)-P(1)-C(21)        104.2(2)  
C(11)-P(1)-C(5)           106.3(2)          C(21)-P(1)-C(5)           102.1(2)  
C(11)-P(1)-Rh(1)        107.45(16)      C(21)-P(1)-Rh(1)         119.01(16)  
C(5)-P(1)-Rh(1)           116.51(18)      C(31)-P(2)-C(7)          101.9(3)  
C(31)-P(2)-C(41)       104.4(2)          C(7)-P(2)-C(41)          106.1(3)  
C(31)-P(2)-Rh(1)         117.96(17)       C(7)-P(2)-Rh(1)           114.34(18)  
C(41)-P(2)-Rh(1)         110.94(17)      C(3)-O(2)-Rh(1)         85.5(3)  
C(3)-O(3)-Rh(1)          94.1(3)           O(1)-C(1)-C(2)          112.4(5)  
O(1)-C(1)-Rh(1)           130.0(5)         C(2)-C(1)-Rh(1)      117.5(4)  
F(2)-C(2)-F(1)              107.7(7)        F(2)-C(2)-F(3)          106.4(8)  
F(1)-C(2)-F(3)              101.6(7)          F(2)-C(2)-C(1)           119.5(5)  
F(1)-C(2)-C(1)             110.4(6)         F(3)-C(2)-C(1)           109.7(6)  
O(2)-C(3)-O(3)        123.3(4)          O(2)-C(3)-C(4)           118.7(5)  
O(3)-C(3)-C(4)            118.0(5)          O(2)-C(3)-Rh(1)      66.1(2)  
O(3)-C(3)-Rh(1)          57.4(2)           C(4)-C(3)-Rh(1)          172.5(4)  
F(5)-C(4)-F(4)                    110.3(9)          F(5)-C(4)-F(6)                    98.5(10)  
F(4)-C(4)-F(6)                   103.8(9)         F(5)-C(4)-C(3)                   116.2(6)  
F(4)-C(4)-C(3)                   115.9(6)        F(6)-C(4)-C(3)                  110.1(7)  
C(6)-C(5)-P(1)                  116.9(4) 
 
 
 

XV.  Crystal Structure of Rh(dppp)(COCF3)(NO3)2 

 The crystal structure of Rh(dppp)(COCF3)(NO3)2 was measured and 

crystallographic and experimental data are given in Table 6.27.  The complex 

Rh(dppp)(COCF3)(NO3)2 crystallized as an orthorhombic structure with space group 

Pna21.  The ORTEP diagram of Rh(dppp)(COCF3)(NO3)2 is shown in Figure 6.14 with 
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the numbering scheme of the atoms.  Selected bond lengths and bond angles are 

presented in Table 6.28.  As can be seen in the diagram this complex has an octahedral 

structure.  One of the nitrate groups is bonded to the rhodium through one oxygen atom 

while the other one is bonded by two oxygen atoms.  The acyl carbon atom and the two 

phosphorus atoms are trans to oxygen atoms of the nitrate ligands.  The rhodium-carbon 

bond length (2.043 Å) is longer than that in Rh(dppp)(COCF3)I2 (1.946 Å).  The 

rhodium-oxygen bond length (2.071 Å) of the nitrate group bonded to rhodium by a 

single oxygen is shorter than the other two.  The rhodium-oxygen bond lengths of the 

nitrate group bonded to rhodium by two oxygen atoms are not equal to each other, with 

the one trans to the acyl group being longer (2.302 Å) than the one trans to a phosphorus 

atom (2.190 Å).  These oxygen atoms have slightly different bond lengths to nitrogen as 

well.  The rhodium-oxygen bond lengths are the same as in [Cp*Rh(NO3)(OTf)].136  The 

two rhodium-phosphorus bond distances are different and the one trans to the nitrate 

group bonded to rhodium by a single oxygen is longer than the other one.  The bond 

angles of this complex differ from those of an ideal octahedral structure.  The bond 

angles between the trans ligands are 4˚ to 18˚ less than the ideal 180˚.  The bond angles 

between the cis ligands also deviate somewhat from the ideal 90˚.  The 

O(3B)-Rh(1B)-O(2B) bond angle deviates the most (57.8˚).  The coordination sphere of 

the rhodium in this complex is somewhat comparable to the six-coordinate 

Rh(dppp)(COCF3)(CO2CF3)I complex. 
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Figure 6.13.  ORTEP diagram of Rh(dppp)(COCF3)(CO2CF3)I.  Phenyl groups are 
omitted for clarity.  Thermal ellipsoids are drawn at the 40% probability level. 
 
 

Table 6.27.  Experimental and crystallographic data for Rh(dppp)(COCF3)(NO3)2. 
 
Empirical formula    C29H26F3N2O7P2Rh 
Formula weight                       736.37 
Temperature                          110(2) K  
Wavelength                           0.71073 Å  
Crystal system, space group         Orthorhombic, Pna21 
a(Å)        16.2247(15) 
b(Å)        12.4639(12) 
c(Å)        36.852(3) 
α(°)          90 
β(°)         90  
γ(°)      90 
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Table 6.27. Continued 
 
V(Å3)                              7452.3(12) 
Z      8 
Calculated density (Mg/m3)   1.313 
Absorption coefficient (mm-1)             0.599 
F(000)                               2976  
Crystal size (mm3)                        0.22 × 0.17 × 0.09 
Theta range for data collection (°)     1.11 to 25.38 
Limiting indices                     -19<=h<=19, -15<=k<=15, -32<=l<=44  
Reflections collected / unique      74622 / 12477 [R(int) = 0.1056]  
Completeness to theta = 25.00       99.7 %  
Absorption correction               Semi-empirical from equivalents  
Max. and min. transmission          0.9458 and 0.8805  
Refinement method                   Full-matrix least-squares on F2  
Data / restraints / parameters      12477 / 1 / 249  
Goodness-of-fit on F2               1.590  
Final R indices [I>2sigma(I)]       R1 = 0.1362, wR2 = 0.3795  
R indices (all data)                 R1 = 0.1682, wR2 = 0.4028  
Absolute structure parameter        0.40(9)  
Extinction coefficient               0.0251(18)  
Largest diff. peak and hole         3.119 and -3.927 e.Å-3 
 
 

Table 6.28.  Selected bond lengths (Å) and angles (deg) for Rh(dppp)(COCF3)(NO3)2. 
 
Rh(1B)-C(1B)                    2.043(11)        Rh(1B)-O(5B)                    2.072(15)  
Rh(1B)-O(3B)                    2.190(14)        Rh(1B)-P(1B)                    2.249(5)  
Rh(1B)-P(2B)                    2.293(5)          Rh(1B)-O(2B)                    2.302(13)  
P(1B)-C(3B)                      1.690(15)       P(1B)-C(11B)                    1.818(14)  
P(1B)-C(21B)                    1.854(11)        P(2B)-C(31B)                    1.811(10)  
P(2B)-C(41B)                    1.825(9)          P(2B)-C(5B)                      1.834(15)  
F(1B)-C(2B)                      1.17(2)  F(2B)-C(2B)                      1.297(19) 
F(3B)-C(2B)                      1.439(18) O(1B)-C(1B)                      1.124(18)  
O(2B)-N(1B)                 1.235(18)       O(3B)-N(1B)                      1.31(2)  
O(4B)-N(1B)                   1.20(2)          O(5B)-N(2B)                      1.15(2)  
O(6B)-N(2B)                  1.33(2)           O(7B)-N(2B)                      1.31(2)  
 
C(1B)-Rh(1B)-O(5B)           95.2(5)  C(1B)-Rh(1B)-O(3B)            104.5(4) 
O(5B)-Rh(1B)-O(3B)           87.2(5)  C(1B)-Rh(1B)-P(1B)             88.3(3)  
O(5B)-Rh(1B)-P(1B)            89.0(4)  O(3B)-Rh(1B)-P(1B)            166.8(4)  
C(1B)-Rh(1B)-P(2B)            88.3(4)  O(5B)-Rh(1B)-P(2B)           176.0(4)  
O(3B)-Rh(1B)-P(2B)            90.1(4)  P(1B)-Rh(1B)-P(2B)       93.07(19) 
C(1B)-Rh(1B)-O(2B)           161.7(4) O(5B)-Rh(1B)-O(2B)            80.3(5)  
O(3B)-Rh(1B)-O(2B)            57.8(5)  P(1B)-Rh(1B)-O(2B)            109.2(3)  
P(2B)-Rh(1B)-O(2B)             95.8(3)  C(3B)-P(1B)-C(11B)            103.3(7)  
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Table 6.28. Continued 
 
C(3B)-P(1B)-C(21B)             104.7(6)  C(11B)-P(1B)-C(21B)           107.1(7)  
C(3B)-P(1B)-Rh(1B)             117.9(5)  C(11B)-P(1B)-Rh(1B)           114.5(6)  
C(21B)-P(1B)-Rh(1B)           108.5(5)  C(31B)-P(2B)-C(41B)           104.3(6)  
C(31B)-P(2B)-C(5B)             101.9(7)  C(41B)-P(2B)-C(5B)            104.5(6)  
C(31B)-P(2B)-Rh(1B)           113.5(5)  C(41B)-P(2B)-Rh(1B)           112.7(4)  
C(5B)-P(2B)-Rh(1B)             118.5(5)  N(1B)-O(2B)-Rh(1B)             90.5(10)  
N(1B)-O(3B)-Rh(1B)            93.6(9)  N(2B)-O(5B)-Rh(1B)            132.4(13)  
O(4B)-N(1B)-O(2B)              123.9(15)  O(4B)-N(1B)-O(3B)             118.8(14)  
O(2B)-N(1B)-O(3B)              117.3(16)   O(5B)-N(2B)-O(6B)             126.1(17)  
O(5B)-N(2B)-O(7B)              115.6(17) O(6B)-N(2B)-O(7B)             118.2(17)  
O(1B)-C(1B)-C(2B)               114.8(8)  O(1B)-C(1B)-Rh(1B)             129.9(10)  
C(2B)-C(1B)-Rh(1B)             112.1(3) F(1B)-C(2B)-F(2B)                107.4(14)  
F(1B)-C(2B)-F(3B)                111.8(11)  F(2B)-C(2B)-F(3B)                101.9(13)  
F(1B)-C(2B)-C(1B)                117.3(10) F(2B)-C(2B)-C(1B)               107.7(7)  
F(3B)-C(2B)-C(1B)                109.4(7)  C(4B)-C(3B)-P(1B)               119.6(10)  
C(5B)-C(4B)-C(3B)              114.1(14)  C(4B)-C(5B)-P(2B)                113.0(11) 
 
 

 

Figure 6.14.  ORTEP diagram of Rh(dppp)(COCF3)(NO3)2.  Phenyl groups are omitted 
for clarity.  Thermal ellipsoids are drawn at the 40% probability level. 
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XVI. Crystal Structure of Rh(dppb)(COCF3)I2 

 The crystal structure of Rh(dppb)(COCF3)I2 was measured and crystallographic 

and experimental data are given in Table 6.29.  The complex Rh(dppb)(COCF3)I2 

crystallized as a monoclinic structure with space group P21/c.  The ORTEP diagram of 

Rh(dppb)(COCF3)I2 is shown in Figure 6.15 with the numbering scheme of the atoms.  

Selected bond lengths and bond angles are presented in Table 6.30.  As can be seen in the 

diagram this complex has a square pyramidal geometry with the phosphorus and iodine 

atoms occupying the equatorial sites and the trifluoroacetyl group occupying the apical 

position.  This orientation makes the two phosphorus atoms equivalent to each other.  The 

two iodine atoms are also equivalent to each other.  The rhodium-carbon bond length 

(2.156 Å) is much longer than that of Rh(dppp)(COCF3)I2 (1.946 Å), and is even longer 

than that of Rh(dppb)(COCH3)I2 (1.995 Å).  Comparing other bond lengths between 

Rh(dppp)(COCF3)I2 and Rh(dppb)(COCF3)I2, the rhodium-phosphorus bond lengths are 

0.033 Å shorter in Rh(dppb)(COCF3)I2.  The rhodium-iodine bond lengths are almost the 

same.  The carbon-oxygen bond length is 0.063 Å shorter in Rh(dppb)(COCF3)I2.  

Similarly, the P(1)-Rh(1)-P(2) bond angle is ca. 6.8° smaller in Rh(dppb)(COCF3)I2 but 

the I(1)-Rh(1)-I(2) bond angle is ca. 4.8° larger in Rh(dppb)(COCF3)I2.  The rest of the 

bond angles are very similar in both the complexes and they differ from each other by 

less than 1°. 

 
Table 6.29.  Experimental and crystallographic data for Rh(dppb)(COCF3)I2. 

 
Empirical formula    C32H24F3I2OP2Rh 
Formula weight                       900.16 
Temperature                          110(2) K 
Wavelength                           0.71073 Å 
Crystal system, space group         Monoclinic, P21/c 
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Table 6.29.  Continued 
 
a(Å)        9.8841(5) 
b(Å)        16.4797(9) 
c(Å)        20.9592(9) 
α(°)          90 
β(°)         116.538(2) 
γ(°)      90 
V(Å3)      3054.3(3) 
Z      4 
Calculated density (Mg/m3)   1.958 
Absorption coefficient (mm-1)             2.729 
F(000)                               1728 
Crystal size (mm3)                        0.16 × 0.12 × 0.09 
Theta range for data collection (°)     2.50 to 25.35 
Limiting indices                     -11<=h<=11, -19<=k<=19, -24<=l<=25 
Reflections collected / unique      49377 / 5503 [R(int) = 0.0343] 
Completeness to theta = 25.00       98.7 % 
Absorption correction               Semi-empirical from equivalents 
Max. and min. transmission          0.7972 and 0.6739 
Refinement method                   Full-matrix least-squares on F2 
Data / restraints / parameters      5503 / 0 / 365 
Goodness-of-fit on F2               1.080 
Final R indices [I>2sigma(I)]       R1 = 0.0367, wR2 = 0.0841 
R indices (all data)                 R1 = 0.0404, wR2 = 0.0864 
Largest diff. peak and hole         4.690 and -1.031 e.Å-3 
 
 

Table 6.30.  Selected bond lengths (Å) and angles (deg) for Rh(dppb)(COCF3)I2. 
 
I(1)-Rh(1)                      2.6845(5)       I(3)-Rh(1)                      2.6801(5)  
Rh(1)-C(1)                     2.156(5)         Rh(1)-P(2)                     2.2772(13)  
Rh(1)-P(1)                      2.2807(13)     P(1)-C(21)                     1.811(5)  
P(1)-C(11)                      1.819(5)          P(1)-C(3)                       1.820(5)  
P(2)-C(41)                      1.807(5)          P(2)-C(4)                       1.817(5)  
P(2)-C(31)                      1.820(5)          F(1)-C(2)                       1.336(6)  
F(2)-C(2)                        1.321(7)          F(3)-C(2)                       1.348(7)  
O(4)-C(1)                       1.144(7)       C(1)-C(2)                      1.398(8) 
C(3)-C(8)                       1.394(7)         C(3)-C(4)                      1.401(7) 
C(4)-C(5)                     1.379(7)          C(5)-C(6)                        1.388(8)  
C(6)-C(7)                        1.385(8)  C(7)-C(8)                        1.376(8)  
 
C(1)-Rh(1)-P(2)               93.42(15)        C(1)-Rh(1)-P(1)              90.00(15)  
P(2)-Rh(1)-P(1)               83.02(5)          C(1)-Rh(1)-I(3)               102.01(14)  
P(2)-Rh(1)-I(3)               162.82(4)        P(1)-Rh(1)-I(3)               89.42(4)  
C(1)-Rh(1)-I(1)               98.92(14)        P(2)-Rh(1)-I(1)               90.82(3)  
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Table 6.30. Continued 
 
P(1)-Rh(1)-I(1)               169.47(4)        I(3)-Rh(1)-I(1)               94.146(16)  
C(21)-P(1)-C(11)            108.5(2)          C(21)-P(1)-C(3)              104.7(2)  
C(11)-P(1)-C(3)              104.1(2)         C(21)-P(1)-Rh(1)            120.35(17)  
C(11)-P(1)-Rh(1)            110.81(18)     C(3)-P(1)-Rh(1)              107.01(17)  
C(41)-P(2)-C(4)              105.1(2)         C(41)-P(2)-C(31)            108.0(2)  
C(4)-P(2)-C(31)              104.0(2)          C(41)-P(2)-Rh(1)            123.09(17)  
C(4)-P(2)-Rh(1)              107.38(17)      C(31)-P(2)-Rh(1)            107.74(17)  
O(4)-C(1)-C(2)               129.1(5)          O(4)-C(1)-Rh(1)             116.4(4)  
C(2)-C(1)-Rh(1)             114.1(4)          F(2)-C(2)-F(1)                107.6(5)  
F(2)-C(2)-F(3)                106.5(5)          F(1)-C(2)-F(3)                106.6(4)  
F(2)-C(2)-C(1)                123.1(5)          F(1)-C(2)-C(1)                109.2(5)  
F(3)-C(2)-C(1)                102.7(5)         C(8)-C(3)-C(4)               119.0(5)  
C(8)-C(3)-P(1)                124.4(4)           C(4)-C(3)-P(1)                116.6(4)  
C(5)-C(4)-C(3)              120.4(5)           C(5)-C(4)-P(2)                123.3(4)  
C(3)-C(4)-P(2)                 116.3(4)          C(4)-C(5)-C(6)                  120.1(5)  
C(7)-C(6)-C(5)                119.7(5)         C(7)-C(8)-C(3)                120.1(5) 
 
 

 

Figure 6.15.  ORTEP diagram of Rh(dppb)(COCF3)I2.  Phenyl groups are omitted for 
clarity.  Thermal ellipsoids are drawn at the 40% probability level. 
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XVII.  Crystal Structure of Rh(dppp)(CF3)I2 

 The crystal structure of Rh(dppp)(CF3)I2 was measured and crystallographic and 

experimental data are given in Table 6.31.  The complex Rh(dppp)(CF3)I2 associated with 

three molecules of methylene chloride crystallized as a monoclinic structure with space 

group P21/m.  The ORTEP diagram of Rh(dppp)(CF3)I2 is shown in Figure 6.16 with the 

numbering scheme of the atoms.  Selected bond lengths and bond angles are presented in 

Table 6.32.  As can be seen in the diagram this complex has a square pyramidal geometry 

with the phosphorus and iodine atoms occupying the equatorial sites and the 

trifluoromethyl group occupying the apical position.  This orientation makes the two 

phosphorus atoms equivalent to each other.  The two iodine atoms are also equivalent to 

each other.  There is no report of the crystal structure of Rh(dppp)(CH3)I2 in the 

literature.  Thus we are unable to directly compare the rhodium-carbon bond lengths of 

the trifluoromethyl and methyl rhodium complexes with otherwise identical ligands.  But 

there is a report of the crystal structure of  trans-Rh(PPh3)2(CH3)I2 with a rhodium-carbon 

bond length 2.06 Å,137 which is longer than that in Rh(dppp)(CF3)I2 (2.014 Å).  The 

rhodium-carbon bond length in Rh(dppp)(CF3)I2 is longer than that of the trifluoroacetyl 

complex with identical other ligands.  Both of the iodine atoms are ca. 10° and both the 

phosphorus atoms are ca. 3.4° out of the plane from the ideal square pyramidal structure.  

The two trans phosphorus-iodine (P-Rh-I) bond angles are ca. 13° less than the ideal 

180°.  The P(1)-Rh(1)-P(1A), P(1A)-Rh(1)-I(1A), I(1A)-Rh(1)-I(1) and I(1)-Rh(1)-P(1) 

bond angles deviate by ca. 1.8°, -1.6°, -1.7° and -1.6°, respectively from the ideal 90°. 
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Table 6.31.  Experimental and crystallographic data for Rh(dppp)(CF3)I2·3CH2Cl2. 
 
Empirical formula    C31H32Cl6F3I2P2Rh 
Formula weight                       1092.92 
Temperature                          110(2) K  
Wavelength                           0.71073 Å  
Crystal system, space group         Monoclinic, P21/m 
a(Å)      8.7676(5) 
b(Å)        22.1871(13) 
c(Å)        10.3947(6) 
α(°)          90  
β(°)         110.587(2) 
γ(°)      90  
V(Å3)                              1892.93(19) 
Z      2 
Calculated density (Mg/m3)   1.917 
Absorption coefficient (mm-1)             2.628   
F(000)                               1056  
Crystal size (mm3)                        0.13 x 0.09 x 0.07 
Theta range for data collection (°)     1.84 to 25.35 
Limiting indices                     -10<=h<=10, -26<=k<=26, -12<=l<=12  
Reflections collected / unique      24456 / 3561 [R(int) = 0.0335]  
Completeness to theta = 25.00       99.7 %  
Absorption correction               Semi-empirical from equivalents  
Max. and min. transmission          0.8354 and 0.7230  
Refinement method                   Full-matrix least-squares on F2  
Data / restraints / parameters      3561 / 0 / 211  
Goodness-of-fit on F2               1.051  
Final R indices [I>2sigma(I)]       R1 = 0.0194, wR2 = 0.0451  
R indices (all data)                 R1 = 0.0239, wR2 = 0.0478  
Largest diff. peak and hole         0.779 and -0.362 e.Å-3 
 
 

Table 6.32.  Selected bond lengths (Å) and angles (deg) for Rh(dppp)(CF3)I2·3CH2Cl2. 
 
I(1)-Rh(1)                   2.6884(3)      Rh(1)-C(1)                      2.014(4)  
Rh(1)-P(1)                   2.3012(6)       Rh(1)-P(1A)                  2.3012(6)  
Rh(1)-I(1A)                  2.6884(3)       P(1)-C(11)                      1.825(2)  
P(1)-C(21)                      1.825(2)  P(1)-C(2)                        1.827(2)  
F(1)-C(1)                        1.327(3)  F(2)-C(1)                        1.341(4)  
C(1)-F(1A)                    1.327(3)  C(2)-C(3)                        1.526(3)  
C(3)-C(2A)   1.526(3) 
 
C(1)-Rh(1)-P(1)               93.36(7)         C(1)-Rh(1)-P(1A)           93.36(7)  
P(1)-Rh(1)-P(1A)            91.84(3)         C(1)-Rh(1)-I(1A)            99.98(7)  
P(1)-Rh(1)-I(1A)            166.619(19)  P(1A)-Rh(1)-I(1A)        88.391(17)  
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Table 6.32.  Continued 
 
C(1)-Rh(1)-I(1)                99.98(7)        P(1)-Rh(1)-I(1)                 88.391(17)  
P(1A)-Rh(1)-I(1)            166.619(19)    I(1A)-Rh(1)-I(1)             88.319(11)  
C(11)-P(1)-C(21)             105.32(11)   C(11)-P(1)-C(2)               104.85(11)  
C(21)-P(1)-C(2)               101.31(11)   C(11)-P(1)-Rh(1)             107.42(8)  
C(21)-P(1)-Rh(1)             119.86(8)   C(2)-P(1)-Rh(1)               116.67(8)  
F(1)-C(1)-F(1A)              107.2(3)        F(1)-C(1)-F(2)                  106.0(2)  
F(1A)-C(1)-F(2)              106.0(2)      F(1)-C(1)-Rh(1)                110.94(18)  
F(1A)-C(1)-Rh(1)            110.94(18)    F(2)-C(1)-Rh(1)                115.4(2)  
C(3)-C(2)-P(1)                  115.63(19)    C(2)-C(3)-C(2A)              114.1(3) 
 
 

 

Figure 6.16.  ORTEP diagram of Rh(dppp)(CF3)I2.  Phenyl groups and solvent molecules 
are omitted for clarity.  Thermal ellipsoids are drawn at the 40% probability level. 

 
 

XVIII.  Crystal Structure of Rh(dppp)(C3F7)I2
102 

 The crystal structure of Rh(dppp)(C3F7)I2 was measured and crystallographic and 

experimental data are given in Table 6.33.  The complex Rh(dppp)(C3F7)I2 associated 
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with one molecule of methylene chloride crystallized as a monoclinic structure with 

space group P21/c.  The ORTEP diagram of Rh(dppp)(C3F7)I2 is shown in Figure 6.17 

with the numbering scheme of the atoms.  Selected bond lengths and bond angles are 

presented in Table 6.34.  As can be seen in the diagram, this complex has a square 

pyramidal geometry with the phosphorus and iodine atoms occupying the equatorial sites 

and the perfluoroalkyl group occupying the apical position.  The rhodium-carbon bond 

length (1.996 Å) is almost the same as in Rh(dppp)(CF3)I2 (2.014 Å).  The two 

rhodium-phosphorus bond lengths are slightly longer while the two rhodium-iodine bond 

lengths are slightly shorter than those of the other rhodium acyl complexes described 

here.  The structure of Rh(dppp)(C3F7)I2 is distorted from the ideal square pyramidal 

structure.  The two iodine atoms are ca. 9.4° and 13.9° out of the plane while the two 

phosphorus atoms are ca. 6° and -0.2° out of the plane of an ideal square pyramidal 

structure.  The two trans phosphorus-rhodium-iodine bond angles (P-Rh-I) are ca. 14° 

and 15.5° smaller than the ideal 180°. 

 
Table 6.33.  Experimental and crystallographic data for Rh(dppp)(C3F7)I2·CH2Cl2. 

Empirical formula    C31H28Cl2F7I2P2Rh 
Formula weight    1023.08 
Temperature     110(2) K 
Wavelength      0.71073 Å 
Crystal system, space group    Monoclinic, P21/c  
a (Å)      14.0419(6) 
b (Å)      15.1273(6) 
c (Å)      17.7722(7) 
β (°)        110.299(2) 
V(Å3)      3540.6(2) 
Z      4 
Dcalc (Mg m-3)     1.919 
Absorption coefficient (mm-1)  2.526 
F(000)      1968 
Crystal size (mm3)    0.19 × 0.09 × 0.08  
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Table 6.33.  Continued 
 
Theta range for data collection (o)  1.82 to 25.35 
Limiting indices    -16<=h<=16, -18<=k<=18, -21<=l<=21 
Reflections collected / unique   56038 / 6467 [R(int) = 0.0765] 
Completeness to theta = 25.00  99.9 % 
Absorption correction    Semi-empirical from equivalents 
Max. and min. transmission   0.8331 and 0.6440 
Refinement method    Full-matrix least-squares on F2 

Data / restraints / parameters   6467 / 0 / 406 
Goodness-of-fit on F2    1.044 
Final R indices [I>2sigma(I)]   R1 = 0.0407, wR2 = 0.0804 
R indices (all data)    R1 = 0.0593, wR2 = 0.0891 
Largest diff. peak and hole   1.718 and -0.894 e.Å-3 
 
 

 

Figure 6.17.  ORTEP diagram of Rh(dppp)(C3F7)I2.  Phenyl groups and solvent 
molecules are omitted for clarity.  Thermal ellipsoids are drawn at the 40% probability 
level. 
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Table 6.34.  Selected bond lengths (Å) and angles (deg) for Rh(dppp)(C3F7)I2·CH2Cl2. 
 
I(1)-Rh(1)                     2.6920(6)         I(2)-Rh(1)             2.6743(6) 
Rh(1)-C(4)                     1.996(6)         Rh(1)-P(2)            2.3185(15) 
Rh(1)-P(1)                     2.3248(15)      P(1)-C(21)          1.826(6) 
P(1)-C(1)                      1.827(5)          P(1)-C(11)                1.830(6) 
P(2)-C(41)                     1.821(6)         P(2)-C(31)                1.821(6) 
P(2)-C(3)                      1.832(6)          F(1)-C(4)                 1.353(7) 
F(2)-C(4)                      1.428(7)          F(3)-C(5)                  1.362(8) 
F(4)-C(5)                      1.351(7)          F(5)-C(6)                  1.317(8) 
F(6)-C(6)                      1.345(8)          F(7)-C(6)                  1.367(9) 
C(1)-C(2)                      1.518(8)          C(2)-C(3)                 1.517(8) 
C(4)-C(5)                      1.562(9)           C(5)-C(6)                  1.522(10) 
 
C(4)-Rh(1)-P(2)               89.82(18)        C(4)-Rh(1)-P(1)          96.10(19)  
P(2)-Rh(1)-P(1)               92.02(5)          C(4)-Rh(1)-I(2)           99.44(18)  
P(2)-Rh(1)-I(2)               88.04(4)          P(1)-Rh(1)-I(2)            164.46(4)  
C(4)-Rh(1)-I(1)              103.92(17)     P(2)-Rh(1)-I(1)            166.17(4)  
P(1)-Rh(1)-I(1)               88.17(4)         I(2)-Rh(1)-I(1)            88.105(17)  
C(21)-P(1)-C(1)              104.1(3)          C(21)-P(1)-C(11)        105.5(3)  
C(1)-P(1)-C(11)              101.2(3)         C(21)-P(1)-Rh(1)        107.23(19)  
C(1)-P(1)-Rh(1)              116.1(2)          C(11)-P(1)-Rh(1)        121.06(19)  
C(41)-P(2)-C(31)             102.8(3)          C(41)-P(2)-C(3)         102.2(3)  
C(31)-P(2)-C(3)              104.1(3)          C(41)-P(2)-Rh(1)        121.14(19)  
C(31)-P(2)-Rh(1)             109.46(19)     C(3)-P(2)-Rh(1)          115.3(2)  
C(2)-C(1)-P(1)               115.6(4)        C(3)-C(2)-C(1)               113.8(5) 
C(2)-C(3)-P(2)               114.3(4)        F(1)-C(4)-F(2)               103.1(4) 
F(1)-C(4)-C(5)            106.6(5)  F(2)-C(4)-C(5)                99.3(5) 
F(1)-C(4)-Rh(1)          114.9(4) F(2)-C(4)-Rh(1)              112.0(4) 
C(5)-C(4)-Rh(1)          118.8(4)  F(4)-C(5)-F(3)               110.5(5) 
F(4)-C(5)-C(6)            106.2(6) F(3)-C(5)-C(6)               103.9(6) 
F(4)-C(5)-C(4)            110.9(5) F(3)-C(5)-C(4)               108.4(5) 
C(6)-C(5)-C(4)            116.7(6) F(5)-C(6)-F(6)               110.1(6) 
F(5)-C(6)-F(7)             106.6(6) F(6)-C(6)-F(7)               102.9(6) 
F(5)-C(6)-C(5)             113.8(6) F(6)-C(6)-C(5)               110.0(6) 
F(7)-C(6)-C(5)             112.8(6) 
 

 
 

XIX. Crystal Structure of Rh(dpfppe)(CO)I 

 The crystal structure of Rh(dpfppe)(CO)I was measured and crystallographic and 

experimental data are given in Table 6.35.  The complex Rh(dpfppe)(CO)I crystallized as 

a monoclinic structure with space group P21/c.  The ORTEP diagram of Rh(dpfppe)(CO)I 
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is shown in Figure 6.18 with the numbering scheme of the atoms.  Selected bond lengths 

and bond angles are presented in Table 6.36.  As can be seen in the diagram this complex 

has a square planar geometry.  The rhodium-phosphorus bond distance of the phosphorus 

atom trans to the carbonyl group is longer (2.277 Å) than the one trans to the iodine atom 

(2.203 Å).  A similar result has been reported for Rh(dppbu)(CO)I, dppbu = 

1,4-bis(diphenylphosphino)butane66 and Rh(dppe-(NMe2)4)(CO)Cl.131  The 

C(1)-Rh(1)-P(2) bond angle (96.84°) is larger than that of P(1)-Rh(1)-I(1) (90.93°).  The 

C(1)-Rh(1)-P(1) bond angle is 172.29° and the I(1)-Rh(1)-P(2) bond angle is 173.74°.  

This means that the structure is not ideally square planar and is slightly distorted.  These 

bond angles are also similar to Rh(dppbu)(CO)I. 

 
Table 6.35.  Experimental and crystallographic data for Rh(dpfppe)(CO)I. 

 
Empirical formula    C27H4F20IOP2Rh 
Formula weight                       1016.05 
Temperature                          110(2) K  
Wavelength                           0.71073 Å  
Crystal system, space group         Monoclinic, P21/c 
a(Å)        12.5545(10) 
b(Å)        24.903(2) 
c(Å)        12.2822(9) 
α(°)          90 
β(°)         112.229(3) 
γ(°)      90 
V(Å3)                              3554.5(5) 
Z      4 
Calculated density (Mg/m3)   1.899 
Absorption coefficient (mm-1)             1.566 
F(000)                               1928  
Crystal size (mm3)                        0.22 × 0.15 × 0.10  
Theta range for data collection (°)     1.64 to 25.38 
Limiting indices                     -15<=h<=14, -30<=k<=29, -14<=l<=14 
Reflections collected / unique      43104 / 6505 [R(int) = 0.0498]  
Completeness to theta = 25.00       99.7 %  
Absorption correction               Semi-empirical from equivalents  
Max. and min. transmission          0.8655 and 0.7295  
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Table 6.35.  Continued 
 
Refinement method                   Full-matrix least-squares on F2  
Data / restraints / parameters      6505 / 0 / 469  
Goodness-of-fit on F2               1.025  
Final R indices [I>2sigma(I)]       R1 = 0.0325, wR2 = 0.0677  
R indices (all data)                 R1 = 0.0425, wR2 = 0.0707  
Largest diff. peak and hole         0.945 and -0.612 e.Å-3  
 
 

 
 
Figure 6.18.  ORTEP diagram of Rh(dpfppe)(CO)I.  Phenyl groups are omitted for 
clarity.  Thermal ellipsoids are drawn at the 40% probability level. 
 
 

Table 6.36.  Selected bond lengths (Å) and angles (deg) for Rh(dpfppe)(CO)I. 
 
I(1)-Rh(1)             2.6482(4)        Rh(1)-C(1)             1.923(4)  
Rh(1)-P(2)                    2.2032(9)         Rh(1)-P(1)                2.2770(9)  
P(1)-C(11)                1.822(4)          P(1)-C(21)                  1.829(4)  
P(1)-C(2)                   1.849(3)          P(2)-C(41)                 1.832(4)  
P(2)-C(31)                  1.840(4)          P(2)-C(3)                     1.844(3)  
O(1)-C(1)                1.096(4)          C(2)-C(3)                    1.526(5)  
 
C(1)-Rh(1)-P(2)         96.84(10)       C(1)-Rh(1)-P(1)           172.29(10)  
P(2)-Rh(1)-P(1)            85.23(3)         C(1)-Rh(1)-I(1)           86.33(10)  
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Table 6.36.  Continued 
 
P(2)-Rh(1)-I(1)             173.74(3)        P(1)-Rh(1)-I(1)           90.93(2)  
C(11)-P(1)-C(21)         105.80(16)      C(11)-P(1)-C(2)           102.67(16)  
C(21)-P(1)-C(2)           106.12(17)       C(11)-P(1)-Rh(1)        118.32(12)  
C(21)-P(1)-Rh(1)       111.92(12)       C(2)-P(1)-Rh(1)           110.98(11)  
C(41)-P(2)-C(31)         100.49(16)     C(41)-P(2)-C(3)           100.25(16)  
C(31)-P(2)-C(3)           108.14(16)      C(41)-P(2)-Rh(1)         122.52(12)  
C(31)-P(2)-Rh(1)         112.73(11)      C(3)-P(2)-Rh(1)         111.21(11)  
O(1)-C(1)-Rh(1)         177.1(3)          C(3)-C(2)-P(1)             108.9(2)  
C(2)-C(3)-P(2)           112.9(2) 
 

  

XX. Crystal Structure of [Rh(dppp)2O2][BF4] 

 The crystal structure of [Rh(dppp)2O2][BF4] was measured and crystallographic 

and experimental data are given in Table 6.37.  The complex [Rh(dppp)2O2][BF4] 

associated with one molecule of methylene chloride crystallized as a monoclinic structure 

with space group P21/c.  The ORTEP diagram of [Rh(dppp)2O2][BF4] is shown in Figure 

6.19 with the numbering scheme of the atoms.  Selected bond lengths and bond angles 

are presented in Table 6.38.  As can be seen in the diagram this complex has a distorted 

octahedral structure.  The two rhodium-oxygen bond lengths are almost the same (2.045 

Å) and are the same as the literature values of other rhodium dioxygen complexes.138-140 

The oxygen-oxygen bond length is 1.430 Å, which is same as in [Rh(dppe)2O2][PF6] 

(1.418 Å).139  Out of the four rhodium-phosphorus bond lengths, two are longer and two 

are shorter.  The O-Rh-O bond angle is 40.95˚, the same as in [Rh(dppe)2O2][PF6] 

(41.0˚).   Actually, most of the geometric parameters between the rhodium cations of 

[Rh(dppp)2O2][BF4] and [Rh(dppe)2O2][PF6] are almost the same.The trans 

oxygen-phosphorus bond angles are ca. 150˚ while the trans phosphorus-phosphorus 

bond angle is 171.60˚.  All other bond angles between cis ligands deviate somewhat from 
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90˚.  A single crystal structure of [Rh(dppe)2][BPh4] (dppe = 

1,2-bis(diphenylphosphino)ethane) has been reported in the literature and in this complex 

the rhodium-phosphorus bond lengths (2.3115 Å) are relatively shorter than that in 

[Rh(dppp)2O2][BF4].  The difference may be due to the complexes containing 

four-cordinate and six-coordiante rhodium, respectively.141 

 
Table 6.37.  Experimental and crystallographic data for [Rh(dppp)2O2][BF4]·CH2Cl2. 

 
Empirical formula    C55H54BCl2F4O2P4Rh 
Formula weight                       1131.48 
Temperature                          110(2) K  
Wavelength                           0.71073 Å  
Crystal system, space group         Monoclinic, P21/c 
a(Å)        11.696(4) 
b(Å)        14.821(4) 
c(Å)        31.459(9) 
β(°)         102.623(11) 
V(Å3)                              5321(3) 
Z      4 
Calculated density (Mg/m3)   1.412 
Absorption coefficient (mm-1)             0.596 
F(000)                               2320  
Crystal size (mm3)                        0.18 × 0.16 × 0.10 
Theta range for data collection (°)     1.33 to 25.36 
Limiting indices                     -14<=h<=14, -17<=k<=15, -37<=l<=37  
Reflections collected / unique      52668 / 9727 [R(int) = 0.0649]  
Completeness to theta = 25.00       99.9 %  
Absorption correction               Semi-empirical from equivalents  
Max. and min. transmission          0.9455 and 0.8982  
Refinement method                   Full-matrix least-squares on F2  
Data / restraints / parameters      9727 / 0 / 622  
Goodness-of-fit on F2               1.039  
Final R indices [I>2sigma(I)]       R1 = 0.0425, wR2 = 0.0990  
R indices (all data)                 R1 = 0.0523, wR2 = 0.1040  
Largest diff. peak and hole   0.878 and -2.230 e.Å-3 
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Figure 6.19.  ORTEP diagram of [Rh(dppp)2O2][BF4].  Only the cation is shown.  Phenyl 
groups and solvent molecules are omitted for clarity.  Thermal ellipsoids are drawn at the 
40% probability level. 
 
 
Table 6.38.  Selected bond lengths (Å) and angles (deg) for [Rh(dppp)2O2][BF4]·CH2Cl2. 
 
Rh(1)-O(1)                     2.043(2)          Rh(1)-O(2)                 2.046(2)  
Rh(1)-P(2)                     2.3364(10)       Rh(1)-P(3)                    2.3383(12)  
Rh(1)-P(1)                     2.3828(11)       Rh(1)-P(4)                    2.3912(11)  
P(1)-C(11)                     1.826(3)           P(1)-C(21)                    1.833(3)  
P(1)-C(3)                      1.834(3)           P(2)-C(5)                      1.831(3)  
P(2)-C(31)                     1.832(3)           P(2)-C(41)                  1.834(3)  
P(3)-C(51)                     1.834(3)           P(3)-C(61)                    1.834(3)  
P(3)-C(6)                      1.847(3)          P(4)-C(8)                      1.830(3)  
P(4)-C(71)               1.834(3)         P(4)-C(81)                    1.835(3)  
O(1)-O(2)                      1.430(3)         C(3)-C(4)                     1.538(4)  
C(4)-C(5)                      1.516(4)         C(6)-C(7)                     1.528(4)  
C(7)-C(8)                      1.526(5)          
 
O(1)-Rh(1)-O(2)               40.95(9)       O(1)-Rh(1)-P(2)    110.01(7)  
O(2)-Rh(1)-P(2)              150.30(7)        O(1)-Rh(1)-P(3)      150.23(6)  
O(2)-Rh(1)-P(3)              109.73(7)         P(2)-Rh(1)-P(3)     99.67(3)  
O(1)-Rh(1)-P(1)               87.48(7)           O(2)-Rh(1)-P(1)     83.28(7)  
P(2)-Rh(1)-P(1)              90.43(3)          P(3)-Rh(1)-P(1)       94.64(3)  



227 
 

Table 6.38.  Continued 
 
O(1)-Rh(1)-P(4)               84.60(7)           O(2)-Rh(1)-P(4)     88.89(7)  
P(2)-Rh(1)-P(4)               94.90(3)           P(3)-Rh(1)-P(4)        90.87(3)  
P(1)-Rh(1)-P(4)              171.60(3)        C(11)-P(1)-C(21)         101.80(15)  
C(11)-P(1)-C(3)              102.81(16)      C(21)-P(1)-C(3)           104.19(16)  
C(11)-P(1)-Rh(1)             114.14(11)     C(21)-P(1)-Rh(1)         114.70(11)  
C(3)-P(1)-Rh(1)              117.30(11)      C(5)-P(2)-C(31)           101.47(15)  
C(5)-P(2)-C(41)              100.73(14)     C(31)-P(2)-C(41)       103.14(15)  
C(5)-P(2)-Rh(1)              115.67(11)      C(31)-P(2)-Rh(1)         120.71(10)  
C(41)-P(2)-Rh(1)             112.50(10)       C(51)-P(3)-C(61)         103.25(15)  
C(51)-P(3)-C(6)              100.89(15)      C(61)-P(3)-C(6)           100.46(15)  
C(51)-P(3)-Rh(1)             113.24(11)      C(61)-P(3)-Rh(1)         120.81(11)  
C(6)-P(3)-Rh(1)              115.48(11)      C(8)-P(4)-C(71)           103.55(15)  
C(8)-P(4)-C(81)              104.54(15)      C(71)-P(4)-C(81)         99.71(14)  
C(8)-P(4)-Rh(1)              115.92(11)      C(71)-P(4)-Rh(1)         115.39(11)  
C(81)-P(4)-Rh(1)             115.68(10)     O(2)-O(1)-Rh(1)          69.65(12)  
O(1)-O(2)-Rh(1)               69.40(12)         C(4)-C(3)-P(1)             117.2(2)  
C(5)-C(4)-C(3)             114.3(3) C(4)-C(5)-P(2)             114.6(2)  
C(7)-C(6)-P(3)             113.5(2) C(8)-C(7)-C(6)            114.8(3)  
C(7)-C(8)-P(4)             115.4(2) 
 
 
 

XXI.  Effect of Alkyl Chain Length on Crystal Structures 

  For the comparison of crystal structures of rhodium diphosphine acyl complexes 

with changes in alkyl chain length of the acyl group but otherwise identical ligands, we 

have three crystal structures (Rh(dppp)(COCH3)I2, Rh(dppp)(COC2H5)I2 and 

Rh(dppp)(COC4H9)I2).  All the crystal structures have square pyramidal geometry.  The 

rhodium-carbon bond lengths of Rh(dppp)(COCH3)I2 (1.979 Å), Rh(dppp)(COC2H5)I2 

(1.983 Å) and Rh(dppp)(COC4H9)I2 (1.980 Å) are essentially identical within 

experimental error.  The average rhodium-phosphorus bond length is slightly longer in 

Rh(dppp)(COC4H9)I2 (2.2996 Å) than in Rh(dppp)(COCH3)I2 (2.2863 Å) and 

Rh(dppp)(COC2H5)I2 (2.2866 Å).  Similarly, the average rhodium-iodine bond length is 

also slightly longer in Rh(dppp)(COC4H9)I2 (2.7194 Å) than in Rh(dppp)(COCH3)I2 
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(2.6975 Å) and Rh(dppp)(COC2H5)I2 (2.6951 Å).  Due to the increase in the alkyl chain 

lengh of the acyl group the electron density on the metal might have slightly increased.  

Thus the rhodium-iodine and rhodium-phosphorus bond lengths in Rh(dppp)(COC4H9)I2 

are slightly longer than those in the other two complexes.  The carbon-oxygen bond 

length of the carbonyl group is ca. 0.02 Å shorter in Rh(dppp)(COC2H5)I2 than those in 

the other two complexes.  All other bond lengths and bond angles are almost the same in 

all the complexes with only slight differences.  The carbon-carbon bond lengh between 

the carbonyl and alkyl carbons increases slightly with the increase in alkyl chain length. 

 
XXII.  Alkyl vs. Aryl Effect on Crystal Structures 

We do not have crystal structures of rhodium diphosphine acyl complexes with 

methyl and phenyl acyl groups and otherwise identical ligands for determination of the 

effect of alkyl to aryl change on the crystal structures.  But we do have crystal structures 

of Rh(dppp)(COCH3)I2 and Rh(dppp)(COC6H5)Cl2 and can compare bond angles and 

bond lengths between them.  The rhodium-carbon bond lengths of Rh(dppp)(COCH3)I2 

(1.979 Å) and Rh(dppp)(COC6H5)Cl2 (1.986 Å) are almost identical within experimental 

error; and also identical with that of Rh(dppp)(COC2H5)I2 (1.983 Å) and 

Rh(dppp)(COC4H9)I2 (1.980 Å).  The rhodium-carbon bond lengh in the monophosphine 

complex, cis-Rh(PPh3)2(COC2H5)Cl2 (1.953 Å), is shorther than that in these diphosphine 

complexes.58 The average rhodium-phosphorous bond length in Rh(dppp)(COC6H5)Cl2 

(2.2760 Å) is slightly shorter than that in those alkyl complexes.  But whether this change 

is due to the change from iodide to chloride or the chage from alkyl to aryl group is not 

known.  The phosphorus-rhodium-phosphorus bond angle is greater in 

Rh(dppp)(COC6H5)Cl2 (94.21˚) than in Rh(dppp)(COCH3)I2 (90.96˚).  The 
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chlorine-rhodium-chlorine bond angle in Rh(dppp)(COC6H5)Cl2 (89.56˚) is slightly 

greater than the iodine-rhodium-iodine bond angle in Rh(dppp)(COCH3)I2 (88.69˚).  The 

two trans iodine-rhodium-phosphorus bond angles are the same in Rh(dppp)(COCH3)I2 

(166.599˚) while the two trans chlorine-rhodium-phosphorus bond angles (170.01˚ and 

163.55˚) differ from each other by 6.46˚ in Rh(dppp)(COC6H5)Cl2.  In both the 

complexes the halide atoms deviate more than the phosphorus atoms from the ideal 

positions. 

 
XXIII. Effect of Fluorination on Crystal Structures 

 We have crystal structures of rhodium diphosphine acyl complexes with methyl, 

difluoromethyl, chlorodifluoromethyl, trifluoromethyl and pentafluoroethyl acyl groups 

with otherwise identical ligands to compare the effect of halide substitution for the acetyl 

hydrogens on the crystal structures.  The rhodium-carbon bond in Rh(dppp)(COCH3)I2 

(1.979 Å) is longer than that in Rh(dppp)(COCF3)I2 (1.946 Å) suggesting that  the 

rhodium-carbon bond is stronger in the trifluoroacetyl complex than in the acetyl 

complex.  The rhodium-carbon bond lengths in Rh(dppp)(COCF2H)I2 (1.941 Å) and 

Rh(dppp)(COCF2Cl)I2 (1.946 Å) are almost the same as in Rh(dppp)(COCF3)I2.  There 

are no significant differences in the other bond lengths among all these complexes.  One 

of the carbon-rhodium-iodine bond angles in Rh(dppp)(COCF2H)I2 (94.41˚) is least 

distorted and one of the carbon-rhodium-iodine bond angles in Rh(dppp)(COCF3)I2 

(104.06˚) is most distorted from the ideal 90˚ while the other carbon-rhodium-iodine 

bond angles are almost equally distorted.  One of the trans phosphorus-rhodium-iodine 

bond angles in Rh(dppp)(COCF2H)I2 (171.50˚) is least distorted and one of the 

phosphorus-rhodium-iodine bond angles in Rh(dppp)(COCF3)I2 (163.75˚) is most 
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distorted from the ideal 180˚ while the other phosphorus-rhodium-iodine bond angles are 

almost equally distorted.  All other bond angles in all these complexes are almost 

identical with only slight variations. 

 The rhodium-carbon bond in Rh(dppb)(COCH3)I2 (1.9948 Å) is shorter than that 

in Rh(dppb)(COCF3)I2 (2.156 Å).  The carbon-oxygen bond in the carbonyl group is 

significantly shorter in Rh(dppb)(COCF3)I2 (1.144 Å) than that in Rh(dppb)(COCH3)I2 

(1.195 Å).  These variations are just the opposite of those between Rh(dppp)(COCH3)I2 

and Rh(dppp)(COCF3)I2.  All other bond lengths and bond angles are almost identical in 

both the complexes.  The variation of geometric parameters between 

Rh(dppp)(COC2H5)I2 and Rh(dppp)(COC2F5)I2 are almost the same as those between 

Rh(dppp)(COCH3)I2 and Rh(dppp)(COCF3)I2. 

 
XXIV. Effect of Diphosphine Ligand on Crystal Structures of Acetyl Complexes 

 We have crystal structures of rhodium diphosphine acetyl complexes with different 

diphosphine ligands and otherwise identical ligands to compare the effect of diphosphine 

ligands on the crystal structures.  The rhodium-carbon bond is slightly longer in 

Rh(dppb)(COCH3)I2 (1.995 Å) than in Rh(dippp)(COCH3)I2 (1.984 Å) and 

Rh(dppp)(COCH3)I2 (1.979 Å), which suggests that the rhodium-carbon bond length is 

longer in the complex having the most electron donating ability diphosphine ligand 

(dppb).  The average rhodium-phosphorus bond is longer in Rh(dippp)(COCH3)I2 (2.313 

Å) than in Rh(dppp)(COCH3)I2 (2.286 Å) and even longer than in Rh(dppb)(COCH3)I2 

(2.263 Å).  The shorter rhodium-phosphorus bond length in Rh(dppb)(COCH3)I2 suggests 

that it has the strongest rhodium-phosphorus bonds among these three complexes or dppb 

is the most electron donating ligand among dppp, dippp and dppb.  The average 
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rhodium-iodine bond is longer in Rh(dippp)(COCH3)I2 (2.7344 Å) than in 

Rh(dppb)(COCH3)I2 (2.7034 Å) and Rh(dppp)(COCH3)I2 (2.6975 Å).  This suggests that 

rhodium-iodine bond is weaker in complexes having a diphosphine ligand with lesser 

electron donating ability.  The carbon-oxygen bond in the carbonyl group is slightly 

shorter in Rh(dippp)(COCH3)I2 (1.182 Å) than in Rh(dppb)(COCH3)I2 (1.195 Å) and 

Rh(dppp)(COCH3)I2 (1.194 Å).  It is interesting to note that the carbonyl carbon-oxygen 

bond is stronger in the complex having higher electron density in the metal though we do 

not know the exact reason for this.  The phosphorus-rhodium-phosphorus bond angle is 

smaller in Rh(dppb)(COCH3)I2 (82.74˚) than in Rh(dippp)(COCH3)I2 (91.36 ˚) and 

Rh(dppp)(COCH3)I2 (90.92˚), while the iodine-rhodium-iodine bond angle is larger in 

Rh(dppb)(COCH3)I2 (92.64˚) than in Rh(dippp)(COCH3)I2 (86.35˚) and 

Rh(dppp)(COCH3)I2 (88.70˚).  All other bond lengths and bond angles among these 

complexes are almost identical. 

 
XXV. Crystal Structures of Perfluoroacyl vs. Perfluoroalkyl Complexes 

 The rhodium-carbon bond in the trifluoroacetyl complex (1.946 Å) is shorter than 

that of the trifluoromethyl complex (2.014 Å).  This indicates that the rhodium-carbon 

bond of the trifluoroacetyl complex is stronger than that of the trifluoromethyl complex.  

This trend is in agreement with a previously reported pair of perfluoroacyl and 

perfluoroalkyl complexes with otherwise identical ligands.142  But this trend is just the 

opposite of that reported for the cobalt trifluoroacetyl, Co(COCF3)(PPh3)(CO)3 (1.962 

Å), and cobalt trifluoromethyl, Co(CF3)(PPh3)(CO)3 (1.953 Å), complexes.143  The 

rhodium-phosphorus bond length is slightly longer is the trifluoroacetyl complex than in 

the trifluoromethyl complex.  One of the carbon-rhodium-iodine bond angles and one of 
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the trans phosphorus-rhodium-iodine bond angles in the trifluoroacetyl complex are more 

distorted.  All other geometric parameters are almost identical in both the complexes. 

 
XXVI.  Effect of Perfluoroalkyl Chain Length on Crystal Structures 

 Crystal structures of two perfluoroalkyl complexes Rh(dppp)(Rf)I2 (Rf = CF3 and 

C3F7) were measured.  On comparing these two structures, both of them have square 

pyramidal structures.  The rhodium-carbon bond length is only slightly longer in 

Rh(dppp)(CF3)I2 (2.014 Å) than in Rh(dppp)(C3F7)I2 (1.996 Å).  An increase in 

rhodium-carbon bond length with the increase in perfluoroalkyl chain length does not 

look normal since the electron withdrawing capacity of CF3 is higher than C3F7.144  Thus 

CF3 should attract more electron density from rhodium than C3F7 resulting stronger 

rhodium-carbon bond.  The average rhodium-phosphorus bond length is slightly longer in 

Rh(dppp)(C3F7)I2 (2.3216 Å) than in Rh(dppp)(CF3)I2 (2.3012 Å), while the 

rhodium-iodine bond lengths are almost the same.  If more electron density from rhodium 

is withdrawn by CF3 than C3F7, then dppp should donate more electron density to the 

rhodium resulting stronger rhodium-phosphorus bond in CF3 complex as observed.  All 

other geometric parameters are almost identical between the two complexes. 

 
XXVII.  Anion Effect on Crystal Structures of Trifluoroacetyl Complexes 

 We have crystal structures of rhodium diphosphine trifluoroacetyl complexes with 

iodide, nitrate and trifluoroacetate anionic ligands.  It is worthwhile to compare their 

structures and see how anions other than halide affect their geometric parameters.  The 

rhodium in Rh(dppp)(COCF3)I2 is five-coordinate while it is six-coordinate in 

Rh(dppp)(COCF3)(NO3)2 and Rh(dppp)(COCF3)(CO2CF3)I.  The rhodium-carbon bond 
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is shorter in Rh(dppp)(COCF3)I2 (1.946 Å) than that in Rh(dppp)(COCF3)(CO2CF3)I 

(1.961 Å) and Rh(dppp)(COCF3)(NO3)2 (1.978 Å).  The carbon-carbon bond between the 

carbonyl carbon and the CF3 carbon is longer in Rh(dppp)(COCF3)I2 (1.579 Å) than in 

Rh(dppp)(COCF3)(CO2CF3)I (1.549 Å) and Rh(dppp)(COCF3)(NO3)2 (1.520 Å).  The 

rhodium-phosphorus bond lengths are almost identical in Rh(dppp)(COCF3)I2 (2.3102 Å 

and 2.3140 Å) while they are different in Rh(dppp)(COCF3)(CO2CF3)I (2.2793 Å and 

2.3121 Å) and Rh(dppp)(COCF3)(NO3)2 (2.249 Å and 2.293 Å).  That suggests that the 

trifluoroacetyl complex with the weaker rhodium-phosphorus bonds has the stronger 

rhodium-carbon bond.  The two rhodium-oxygen bond lengths of the trifluoroacetate 

ligand and the nitrate bonded to rhodium with two oxygen atoms are not identical to each 

other.  They are 2.140 Å and 2.237 Å in the nitrate complex, and 2.192 Å and 2.379 Å in 

the trifluoroacetate complex. 

 
XXVIII.  Crystal Structures of Neutral, Mono-Cationic and Di-Cationic Acetyl 

Complexes 
 

 We have crystal structures of acetyl diphosphine complexes with various other 

ligands.  It is worthwhile to compare the geometric parameters among 

Rh(dppp)(COCH3)I2, [Rh(dppp)(COCH3)I]2[SO3CF3]2 and 

[Rh(dppp)(CH3CN)3(COCH3)][PF6]2.  The rhodium-carbon bond of the acetyl ligand is 

shorter in Rh(dppp)(COCH3)I2 (1.979 Å) than in [Rh(dppp)(CH3CN)3(COCH3)][PF6]2 

(2.011 Å) and [Rh(dppp)(COCH3)I]2[SO3CF3]2 (2.022 Å).  There is no significant 

difference in the carbon-oxygen bonds of the acetyl group among these complexes.  The 

average rhodium-phosphorus bond length is slightly shorter in Rh(dppp)(COCH3)I2 
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(2.2863 Å) than in [Rh(dppp)(COCH3)I]2[SO3CF3]2 (2.2980 Å) and 

[Rh(dppp)(CH3CN)3(COCH3)][PF6]2 (2.3067 Å). 

 
XXIX.  Discussion About All the Crystal Structures 

 So far we have presented individual crystal structures first and then presented 

some comparison groups of structures.  Now let’s discuss the general trends in all the 

crystal structures presented in this chapter.  Mostly we will be comparing the 

rhodium-carbon, rhodium-halide, rhodium-phosphorus and carbon-oxygen bond lengths.  

Selected bond lengths of the rhodium diphosphine complexes are grouped in Table 6.39.  

While going through Table 6.39, it is clear that all the rhodium-ligand bond lengths are 

shortest in the four-coordinate Rh(dpfppe)(CO)I complex.  In this complex the carbonyl 

ligand is terminal, thus rhodium-carbon and carbon-oxygen bonds are shorter and 

stronger.  Also the shorter rhodium-phosphorus and rhodium-iodine bond lengths suggest 

that the rhodium-ligand bonds are stronger in four-coordinate complex than those in 

five- or six-coordinate complexes. 

 It is clear from the data that the rhodium-carbon bond length in acyl complexes is 

shorter in perfluoroacyl complexes compared to acyl complexes.  The rhodium-carbon 

bond length increases with the substitution of iodides by other anions.  The 

rhodim-carbon bond length increases with the increase in electron donation ability of 

diphosphine ligands.  From electrochemistry it is found that dippp complex is richer in 

electron density than dppp complex.  The rhodium-carbon bond length is slightly longer 

in dippp complex than in dppp complex.  The rhodium-carbon bond length is 

exceptionally longer in Rh(dppb)(COCF3)I2 than in any other complexes. 
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Table 6.39.  Selected bond lengths (Å) of rhodium diphosphine complexes. 

Complex   Rh-C  Rh-P  Rh-I  C=O 
   (Average) (Average) 

 
Rh(dppp)(COCH3)I2 1.979           2.2863             2.6975           1.194 

Rh(dppp)(COC2H5)I2 1.983           2.2866             2.6951              1.174 

Rh(dppp)(COC4H9)I2 1.980           2.2996             2.7194           1.197 

Rh(dppp)(COCF2H)I2 1.941           2.2958             2.6692           1.188 

Rh(dppp)(COCF2Cl)I2 1.946           2.3077             2.6803           1.201 

Rh(dppp)(COCF3)I2 1.946           2.3121             2.6862           1.207 

Rh(dppp)(COC2F5)I2 1.945           2.3078             2.6813           1.197 

Rh(dppp)(COC6H5)Cl2 1.986           2.2760      -           1.204 

Rh(dippp)(COCH3)I2 1.984           2.3135             2.7344           1.182 

Rh(dppb)(COCH3)I2 1.995           2.2632             2.7034           1.195 

[Rh(dppp)(COCH3)I]2 
[SO3CF3]2 2.022           2.2980             2.7231           1.197 

[Rh(dppp)(CH3CN)3 
(COCH3)][PF6]2 2.011           2.3067      -                   1.202 

Rh(dppp)(COCF3) 
(CO2CF3)I 1.961           2.2957             2.6827           1.170 

Rh(dppp)(COCF3) 
(NO3)2 1.978           2.2760      -           1.192 

Rh(dppb)(COCF3)I2 2.156           2.2789             2.6823           1.144 

Rh(dppp)(CF3)I2 2.014           2.3012             2.6884      -  

Rh(dppp)(C3F7)I2 1.996           2.3216             2.6831      -  

Rh(dpfppe)(CO)I 1.923           2.2401             2.6482           1.096 

[Rh(dppp)2O2][BF4]  -           2.3622       -       - 
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 On comparing the general trend of rhodium-phosphorus bond lengths it is seen that 

the rhodium-phosphorus bond length decreases with the increase in electron donation 

ability of diphosphine ligands.  Interestingly the rhodium-phosphorus bond lengths are 

shorter in acyl complexes than those in perfluoroalkyl and perfluoroacyl complexes.  The 

rhodium-phosphorus bonds are the longest in the complex having two diphosphine 

ligands.  The rhodium-phosphorus bond lengths are relatively shorter in the benzoyl 

complex.  The rhodium-iodine bond lengths are relatively shorter in the perfluoroalkyl 

and perfluoroacyl complexes than those in acyl complexes and this trend is just the 

opposite of the rhodium-phosphorus bond lengths.  The carbonyl carbon-oxygen bond 

length is the shortest in Rh(dppb)(COCF3)I2, the complex with the longest 

rhodium-carbon bond length.  The carbonyl carbon-oxygen bond length is also relatively 

shorter in Rh(dppp)(COCF3)(CO2CF3)I.  In all other complexes the carbon-oxygen bond 

length order is random within the range of ca. 0.02 Å.   
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