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voltage toggle switch was placed into the supply by the Chemistry Electronic Shop. This makes
conversion between the two output modes as easy as throwing a switch then removing one of
the tubes inside the supply. The switch also contributes to the ultimate goal of in situ
conversion to Hell mode during sublimation of a sample in which Hel data has just been

collected.

Tes.ting the Hell Capillary Discharge Lamp: Identification of the N, D22} Ionization.

The valence photoelectron spectrum of N, has been known for many years.>> This
spectrum has three jonizations at 15.576, 16.693, and 18.745 eV from the X2z}, A2I1,, and
B2zt jon states. These ion states correlate to ionization from the 5o, 1z, and 40 molecular
orbitals of N,. In 1975, the ionization from the 3o orbital (bonding 2s orbital combination) was
located by Gardner and Samson,35 but was poorly resolved as a broad roll in the spectra
between 38-40 eV binding energy. In this section, the integrity and performance of the Hell
capillary discharge lamp is tested through location and identification of the 3o ionization.

In Figure 10, the Hel (21.40-17.75 eV) and Hell (41.0-37.35 eV) spectra of N, are
given. The Hell spectrum in this region is complicated by the Hel photon production from
the Hell lamp. The adiabatic ionization from the 4o level (B2Z) is at 38.341 eV binding
energy plus the two vibrational progressions out to =38.6 ¢V binding energy. These ionizations
are from the Hel photons also present in the Hell source. The actual binding energy of this
ionization is 18.745 which corresponds to a electron kinetic energy from Hel photons at
21.2175 - 18.745 = 2.4725 eV. On the Hell kinetic energy scale, 2.4725 eV kinetic energy
occurs at 40.8136 - 2.4725 = 38.341 eV binding energy. Thus, the B2Z} jonization from Hel
photons appears at 38.341 eV binding energy in the HeIl spectrum.

Apart from this ionization, a new ionization feature is present at 38.92 eV that is not

assignable to the vibrational progression of the B2X} ijonization. This fact is supported by the
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Figure 10  Hel and Hell Photoelectron Spectra of N».
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absence of this feature in the 21.40-17.75 eV Hel spectral region of the B2Z{ ionization
vibrational progression. This new feature has a vertical ionization and at least one vibratjonal
progression. The vibrational spacing is 0.28 eV or 2260 cm™l. The stretching frequency of
neutral Ny is 2345 cm™’. The measured vibrational spacings in the X2£¥, AZ[I,, and B2Z{ ion
states are 2100, 1810, 2340 cm1, respectively. Despite Fhe vibrational spacing for the BZE'I‘;
ionization (2340 cm™!) being similar to the new ionization feature (2260 cm-1), the intensities of
the vibrational progressions indicate that the jonization at 38.92 eV originates from an ion state
other than the B2Z}. Also, the magnitude of the vibrational spacing of the new feature clearly
identifies this ionization as originating from N,. Based on these observables, this ionization
feature is assigned to the DZZ'g ion state originating from the 30 molecular orbital.

It is worth mentioning at this point that no other impurities were found in the full
spectrum of N, or in the full spectrum without the N, gas sample present. In addition, the
new bands cannot be attributed to an ijonization from either He I8 or Hellg photons or as a
result of shake-up structure. In the Hell spectrum, the intensity of the vertical ionization from
the 4o orbital has been decreased to make the new ionization bands easier to see.

This study and the Hell data collected since the implementation of this lamp or any of
the design predecessors is an excellent testimony to the performance of this source. Data on a
minimum of five transition metal complexes including 71-CpFe(CO),C=C(z-Bu),
CpFe(CO),SiMes, CpFe(CO),SiCls, CpRh(CO)PMe;, and CpRh(CO)PPh; have already been
collected in the first 4 months of operation. In this group of molecules, HeIl spectra of
CpFe(CO),SiMe; could not be obtained on the oscillator lamp (due to low count rates) despite
being considered an excellent sublimer. Count rates of 40-75 cps on the metal ionizations (the
range is due primarily to the difference in cross section between Fe and Rh) were routinely
obtained using the new capillary discharge lamp. Count rates on the metal ionizations of

Cp,0s from the particle oscillator lamp were in the range between 10-20 cps. These data
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indicate the capillary discharge lamp is operating at least as well as the correctly operating
charged particle oscillator lamp. As mentioned previously, the new cell designs contribute to
most of the sensitivity increase that is observed.

The full capabilities of this lamp are still not known. This is because development of
this source is not complete and further alteration of this design is planned. The Macor piece
and the top O-ring seat can be incorporated into a new glass quartz lamp that includes a 1 mm
quartz capillary blown directly to the bottom of the current Hel lamp design. This eliminates
the fragile Macor piece and also creates a continuous straight line path to the 1 mm capillary.
This path is discontinuous at the O-ring seat in the Macor disk.

Also, the stability of the source lasts for 10-15 hours before disassembly and cleaning are
required. After 15 hours, the source is unstable, although still produces good Hell photons
mixed with some voltage surges. This problem is directly related to the high temperatures at
the Macor disk where He Il photons are produced. This disk is cooled indirectly by water
recirculating at the pumping base. Once the combined quartz Hell lamp is assembled the
capillary will be jacketed where cooling water will continuously contact the outer wall of the
capillary. This should increase the long-term stability of the Hell capillary discharge lamp.

In addition to fine tuning the Hell source design, further experiments with the fully
assembled Hell lamp (with the current design or the combined quartz Hell lamp) need to be
performed. These experiments will determine if Hel and Hell spectra can be obtained in situ.
If sufficient HeI photons can be produced with the negative output voltage (Hel mode) and
with the Hell capillary discharge components in place, concurrent HeI / Hell data collections

will be possible.
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Computing & Electronic Advances,

Pre-amp/discriminator #1 (May 1987). In June 1986, the original McPherson pre-
amplifier/discriminator began to produce spurious spikes during data collection. The pre-
amplifier/discriminator converts the signals from the channel electron multiplier into pulses that
are interpreted by the counting interface as electron counts. Multiple noise spikes indicate a
failure of the discriminator integrated circuit as the discriminator can no longer determine
between dark current and real electron counts. There are several pre-amplifier/discriminator
circuits commercially available due to the many types of channel electron multipliers and
operating modes. The manufacturer of our channel electron multiplier (Galileo-Electro Optics)
recommended their PAD-401 model pre-amplifier/discriminator from description of our interface
hardware and current type of channel electron multiplier. This model has both a fixed 30 ns
pulse for the more advance electron counting hardware and a variable (1000-100 ns) pulse for
slower electron counting hardware. The existing electron counting interface on our instrument
is slow and requires =100 ns pulse. Thus, this model has the versatility of immediate use on
our instrument (slow counting) and allows for possible expansion to a faster pulse counting
system.

The PAD-401 was mounted by the Electronic Shop into the aluminum housing that held
the old pre-amplifier/discriminator. The pulse width control and discriminator control are
hardwired from the 8 pin connector on the unit to the exterior of the housing for easier access.
The discriminator control sets a minimum voltage produced by the channel electron multiplier
to be considered by the PAD-401 as an electron count. The shape and width of the pulse
produced by the unit can be viewed on an oscilloscope. Normally, a scan of the argon
ionization is terminated ("J" command) close to the 2P5;, jonization band maximum. This
supplies the pre-amplifier/discriminator with "counts” that can be observed on the oscilloscope

as pulses. The pulse shape can then be observed and the pulse width set to =100 ns. The
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pre-amplifier/discriminator unit is powered by x5 volts delivered by a Coleco video game power

supply (model 55416).

Pre-amp/discriminator #2. (September 1987) With the addition of the second
instrument, another PAD-401 pre-amplifier/discriminator was purchased. This is mounted and
assembled in an aluminum box that attaches to the detector end of the analyzer. The operation

of this unit is identical to the unit described above.

Counter Interface Board. In July 1986, the old up-counter board in the instrument
interface was replaced with a new solder mask board with the same circuit. The old up-counter
board had the original hardwired bread board design. Due to its age (4 years) and the
relocation of the personnel that built the board, this unit was susceptible to breaks in the wires
that would be very difficult to identify without the original builders. Therefore, this unit was
replaced in anticipation of potential problems with the board.

The solder mask layout was designed by the University Electronics Shop and resides in
their files under my name. The board was assembled with the components and chip sockets in

the Chemistry Electronics Shop.

Digital to Analog Sphere Voltage Board. In August 1988, the D/A board was also made
into a permanent solder mask. This design was performed by Electronic Shop staff member,
Constatine Job. The entire board was fixed with components and housed in an aluminum box.
The solder mask boards were made by the Cadtek company in Tucson. The schematics and
solder mask originals are in my lab files.

This solder board has one very critical error found in the order of the bits coming from

the D/A chip. The last 8 bits are transposed from most significant to least significant at the
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bus connection on the board. The correct ordering should be from least significant to most
significant. The solution to this problem involved stripping the parallel cable connected to the
box, twisting the appropriate 8 bits, and assembling the plastic 34-pin connector on the other
end of the cable. Thus, the parallel line coming from the D/A box has a portion of the cable
(8 bits) transposed. This unit has not been placed into service on the instrument as the inner-
to-outer sphere voltage ratio needs to be set. However, the unit was briefly connected to the

instrument and works properly.

Gas-Phase X-ray Photoelectron Spectroscopy.

X-ray Source. (June 1988) Development of a new gas-phase X-ray photoelectron
spectrometer began in 1986 with the failure of the old X-ray source. At this point, the second
McPherson analyzer was designated to be developed as a combined He I/HeIl, XPS, Auger
spectrometer launching the next generation in gas-phase photoelectron spectroscopy.

The development began with identification and purchase of a new X-ray source. Current
technology has developed rapidly in the XPS of surfaces. These sources operate in the
ultra-high vacuum (1019 torr) and it was unknown how these X-ray guns would perform in the
high vacuum (10 torr) environment of our gas-phase experiments. In purchasing the new
X-ray source, a critical requirement was that the source could operate in high vacuum. The
source, power supply, and miscellaneous hardware were purchased from the Microscience
Corporation which met the above requirement and the budget available for the source. This
gun was tested on the VG-ESCALAB II surface photoelectron spectrometer in the Laboratory
of Electron Spectroscopy and Surface Analysis (LESSA). The X-ray flux was measured via the
counts obtained from a silver surface relative to the current VG-ESCALAB X-ray source. The

sensitivity and resolution on the Ag 2Ds, ionization was identical for both sources. The new
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source remains in the gas-phase PES laboratory until assembly of the gas-phase XPS instrument

is complete.

XPS Instrument Sample Chamber. (January 1989) After purchase of the X-ray source,
the next step in development of a combined electron spectroscopy system involved a sample
chamber to accommodate the new X-ray gun, Hel and Hell sources, and an Auger electron
gun. In addition, the chamber must be mountable to the McPherson analyzer, contain both a
roughing and turbomolecular pumping port, and contain both an electrical and calibrant gas
feedthrough. Since the X-ray gun is equipped with copper gasket sealed ultra-high vacuum
flanges, the entire chamber was designed using these flanges. Also, two pieces of the original
McPherson XPS chamber were used. The front and back flanges from this old chamber were
cut off and machined clean of the welds. These flanges were an important starting point for
design of this chamber. The back flange was made specifically for mounting to the analyzer and
the front flange was already equipped with a front door to seal the sample chamber. From
these two flanges and the requirements of the X-ray gun, UPS sources, vacuum system,
electrical and gas feedthroughs, and the Auger electron gun, the sample chamber pictured in
Figure 11 was designed.

The left side contains two 23/," flanges for mounting the X-ray source and for
turbomolecular pumping. On the top, a 21/g" flange is available for connection to the UPS and
Auger sources and two mini-flanges are present for pressure equalization between the chamber
and the interior of the cell. This latter connection is necessary because the XPS cell will have
a fragile aluminum window that will tear if the chamber pump down is not simultaneous with
the interior of the cell. The right side has an extra 21/g" flange for possible expansion of the
system. The bottom has a mini-flange for an 8 pin electrical feedthrough and another 2!/g"

flange for expansion. The calibrant gases (Ne and Ar) will be introduced at the mini-flange
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Figure 11 Combined XPS, UPS, Auger Sample Chamber.
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elbow through a metering valve on the top as shown in Figure 11. The assembly of this sample
chamber has just been completed by the Chemistry Machine Shop. The chamber needs to be
polished and encased in a u-metal shield before mounting to the instrument.

Completion of the XPS portion of the combined instrument is still several months away.
The vacuum system, gas-line plumbing, and valving are in complete disorder. These tasks will

be completed by another graduate student or post-doctorate fellow.

Gas-Phase Auger Spectroscopy of Transition Metal Complexes.

In the past five years, a small percentage of instrument development effort has gone into
the design of a source, source mount, and source power supply for an Auger electron gun.
Gas-phase Auger electron spectroscopy of transition metal complexes has been performed on
several simple systems such as Mo(CO),% but little is known concerning the information
potentially available. This method is in its infancy. One can only speculate on the theoretical
information obtainable by the technique. Since no Auger data is presented in this dissertation,
an examination of the theoretical information available by Auger spectroscopy will not be
presented.,

The full development of this project has been continuously delayed by the emergence of
the other more important development tasks that have already been discussed in this chapter.
However, a power supply has been designed and assembled for an electron gun that is
commercially available from Southwest Vacuum bevices in Tucson. An internal view of the
model 20A-004-H30 electron gun is shown in Figure 12. The power requirements for each grid
in the gun are outlined in Table IV. The complete power supply was built in the Electronics
shop from commercially availabie power supply units. The schematic of this power supply

appears in Figure 13. The schematic power supplies and components are described in Table V.
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The supply was tested in the Electronics Shop and applies the proper voltage on each pin.
However, the supply has not been tested through operation of the electron gun,

Also, a mount to the old sample chamber for the electron gun has been designed and
built. The base is shown in Figure 14. This piece of hardware was designed by myself and Dr.
Martin Hoppe and is attachable only to the current UPS sample chamber. A 21/g" ultra-high
vacuum flange will replace the mounting plate shown in Figure 14 so it will be attachable to
the new XPS sample chamber. Most of the individual components of this system have been
designed and assembled. However, the XPS vacuum system needs to be assembled and a
ionization cell capable of handling the eleciron beam must be designed and built. Also, some
computer software modification may be needed before an actual spectrum can be obtained. The
completion of this project may be a couple of years away and will require a motivated graduate

student who is specifically interested in instrument development.
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Table IV Grid Voltage Description for the 20A-004-H30 Electron Gun.
Cathode pin 2 0 to -5000 VDC
Grid 1 pins 1 & 5 Extraction 0 to -100 VDC
Grid 2 pin 6 Pre-Anode 200 to 500 VDC
Grid 3 Anode * Instr. Ground
Grid 4 pin 7 Focus 0 to 600 VDC
Grid 5 Anode Instr. Ground

Filament pins 3 & 4 Electron Source 0to 15 VDC
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Table V Electron Gun Power Supply Description.
PS-1 Acopian Model A015MT500 01t 15 VDC 0-5 A
PS-2 Power Designs Model UPMD-550N -10 to -5000 VDC 0-5 mA
PS-3 Acopian Model A150NX10 0 to -150 [ref -5 kV]

PS-4 Power Designs Model UPMD-220P 0 to 2 kVDC [ref -5 kV] 0-20 mA

PS-5 Power Designs Model UPMD-220P 0 to 2 kVDC [ref -5 kV] 0-20 mA

T1 Del Electronics . 115V 1o 10 kV 8.7A
S1 Main Power Switch
S2 Door Interlock
S3 Pressure Interlock
F1 & F2 Fuses 250 v 2A
M1 Simpson Meter 010 15 VDC
M2 Simpson Meter 10 to 5000 VDC
M3 Simpson Meter 0to SmA
M4 Simpson Meter 0 to 150 VDC
M5 Simpson Meter 0 to 2000 VDC
M6 Simpson Meter 0 to 2000 VDC
M7 Simpson Meter Ot2A

R1 & R2 Resistor 330 Ohm 1/, Watt
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CHAPTER 4.

ELECTRONIC EFFECTS OF DIPHOSPHINE LIGANDS
IN MONODENTATE COORDINATION

Introduction

The extensive use of the phosphine ligand in organometallic and inorganic chemistry has
prompted many chemical investigations into the structure, reactivity, and bonding of phosphine
(PR3) containing transition metal complexes.®814 Most of these studies concentrate on either
the steric or electronic properties of phosphines. The electronic capabilities of a phosphine are
characterized by o-donor and sz-acceptor strength. Phosphines with strong electron withdrawing
groups for R are considered géod m-acceptors and weak o-donors (i.e. PX3; X = F or Cl).1 On
the other hand, good inductive donor groups create strong o-donors and weak s-acceptors (i.e.
P(alkyl)s; alkyl = CHj, t-butyl, cyclohexyl, etc.). The study of metal-phosphine electronic effects
must address both of these factors when interpreting experimental spectroscopic data.

The individual o and x effects of the phosphine on a given chemical or physical
(spectroscopic) property of a transition metal complex is not always clear. Photoelectron
spectroscopy (PES) has been shown to be particularly useful in the study of these electronic
effects, because the ionization potentials (IP) of the primarily metal and phosphine ligand based
electrons are sensitive to the ligand donor and acceptor properties.1¢ Ionization of the metal-
phosphine bond occurs between 8.5-10.3 eV depending on the formal oxidation state of the
metal and the R substituents on phosphorus. This IP gives direct information on the relative

metal-P bond strengths of different phosphines in the same metal complex.57
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The metal ionizations can also give information concerning the metal-phosphine
interaction. Shifts in the metal levels between a series of related complexes with various
phosphine ligands can often be correlated to phosphine-induced charge effects. The principle of
additive ligand electronic effects18 in the series Mo(CO)¢.n(PMe3), [n = 1, 2, 3] is an example
of the phosphine induced charge effect in metal-based ionizations.1%20 These studies represent
the groundwork for using PES as a tool in chemical investigations of metal-phosphine
interactions and the metal-phosphorus bond.

Diphosphines have additional significance in the study of the metal-phosphine
interactions. A diphosphine has the general formula R,P(CH3),PR and is basically two

phosphines joined together by some number, x, of CH; groups (see Figure 15). These bidentate

CQ /cH3 c§ e
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CHy \ep,—cu, CHa CH, CH, CHg

Figure 15  The Diphosphine Ligands DMPE (left) and DMPM (right).

ligands are found either chelating to the same metal center or bridging between two metal
centers. The use of a chelating diphosphines in place of the analogous cis-(PR3), unit gives the
metal complex greater thermal stability (compared to the monodentate analogue). Increased
thermal stability may be desirable to a particular instrumental method where the
cis-monodentate phosphine complex would decompose in the course of the analysis. This
property is essential to the studies presented in the later chapters of this dissertation.

The substitution of a chelating phosphine for a cis-(PR3), unit and the choice of
appropriate chelating analogue has not been evaluated previously. Through an electronic

structure comparison of a coordinated diphosphine complex and the monodentate cis-(PR3);
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complex, one can determine the electronic structure differences or similarities between the two
ligand types. In addition, the correct diphosphine analogue (i.e. number of CH; groups) to a
cis-(PR3), unit has not been determined on electronic structure grounds. In this chapter, a PES
study comparing the metal and ligand electronic structure of molybdenum pentacarbonyl
complexes for two chelating phosphines, bis(dimethylphosphino)methane (DMPM) and 1,2-bis-

(dimethylphosphino)ethane (DMPE) is reported (Figure 15). These bidentate phosphines are
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Figure 16 Mo(CO)sP Complexes of DMPM (A), DMPE (B), and PMej; (C).
nl-coordinated in the Mo(CO)sP complexes, allowing direct electronic structure comparison
with the monodentate analogue, Mo(CO)sPMes. The molecules are pictured in Figure 16. The
diphosphine complexes have both a coordinated phosphine lone pair (CLP) and an
uncoordinated phosphine lone pair (ULP).

From the valence electronic structure comparisons of the metal and phosphorus
(coordinated and uncoordinated) electronic environments, the relative o-donor abilities and
Mo-P bond strengths of these diphosphines are compared to the monodentate analogue, PMes.
This study provides basic electronic structure information for diphosphine metal complexes free
of the normal chelating geometry. Evaluation of electronic factors for 5!-coordinated

diphosphines is essential to the studies of electronic and geometric factors in the comparisons
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of chelating diphosphine vs. cis-(PR3), transition metal complexes presented in the following

chapters of this dissertation.

Results

Photoelectron Spectra. The spectra for Mo(CO)sPMe; (A), PMes (B), 71-Mo(CO)s-
DMPE (C), DMPE (D), 7!-Mo(CO)sDMPM (E), and DMPM (F) in the 7-10.5 eV binding
energy region are compared in Figure 17. The analytical representation of the data is given in
Table VI. The ionization potentials for the single ionization bands (CLP, ULP, and free ligand
lone pair ionizations) have a reproducibility of £0.005 eV. The IP’s reported for the
overlapping metal ionization carry 0.02 eV error bars.

The spectra of the free ligands PMes (Figure 17B), DMPE (Figure 17D), and DMPM
(Figure 17F) show a single band in the low valence region which correlates to jonization of the
phosphine lone pairs. The DMPE and DMPM IP’s have been reported before,17 but the
vertical ionization potentials were estimated from fits of the bands with symmetric Gaussian
shapes. The published values are 8.47 eV for DMPE and 8.51 eV for DMPM. The IP’s
reported here are 8.46 ¢V for DMPE and 8.43 eV for DMPM and are from fits with
asymmetric Gaussians. When compared to symmetric Gaussian fits, asymmetric fits will always
give slightly lower estimates of the vertical IP.3358 This explains the 0.01 eV difference in the
DMPE valucs. However, there is a major discrepancy between the two DMPM values. This
ionization correlates to removal of an electron from one of the two phosphine lone pairs. The
IP will reflect the relative donor strength of the substituent R groups in (CH3),PR (R =
CH,CH,PMe, for DMPE or CH;PMe; for DMPM) The IP of PMe; is 8.59 eV compared to
8.46 eV for DMPE. This reflects the greater donor ability of the CH,CH,;PMe, group
compared to CHs. The values reported by Bancroft for DMPE and DMPM do not follow the

relative donor abilities of the R groups for DMPE and DMPM. The DMPM IP must be
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Figure 17

Hel Spectra for Mo(CO)sPMes (A), PMe3 (B), #1-Mo(CO)sDMPE
(C), DMPE (D), #1-Mo(CO)sDMPM (E), and DMPM (F).
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Table VI Ionization Potentials and Band Assignments for the Mo(CO)sP Complexes.
Complex Band IP(eV) Wh W, Rel. Area Assignment
Mo(CO)sPMe; M1 7.57 045 027 1.85 2E
M2 7.85 034 019 1.00 7
M2’ 8.14 034 019 0.34 v; CO
CLP 9.87 061 0.36 1.35 Mo-P bond
71-Mo(CO)sDMPE M1 7.52 046 0.29 1.87 2E
M2 7.81 029 024 1.00 24,
M2 8.07 029 024 0.36 v; CO
ULP 8.65 075 0.62 2.02 PLP
CLP 9.72 060 0.44 1.76 Mo-P bond
71-Mo(CO)sDMPM M1 7.48 048 031 2.08 2E
M2 1.77 037 023 1.00 24,
M2’ 8.06 037 023 0.33 v; CO
ULP 8.76 066 0.66 213 PLP
CLP 9.66 0.56 040 1.40 Mo-P bond
PMe; (free) 8.59 068 0.50 PLP
DMPE (free) 846 076 0.64 PLP
DMPM (free) 843 079  0.60 PLP

slightly less stable than the DMPE IP due to the stronger donor R group, CH,PMe,. Another
way of saying this is that the alkyl chain is shorter for DMPM bringing the strong PMe, donor
group closer to the ionizing phosphorus lone pair. In the same publication, Bancroft reports
the IP’s for 1,2-bis(diphenylphosphino)ethane [DPPE] and bis(diphenylphosphino)methane
[DPPM] at 7.86 and 7.79 eV, respectively. This shows the correct trend predicted by R group
donor strength.

In addition to these arguments, I have performed three independent data collections for
DMPE and DMPM. Eazach fit gave the IP reported in Table VI with a reproducibility of +0.005

eV. It must be concluded that my IP for DMPM is accurate and is 0.03 eV lower (less stable)

than DMPE. The free ligand IP for PMe; given in Table VI was obtained in this laboratory
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previously.1® As mentioned previously, the lone pair in PMes ionizes 0.13 eV greater binding
energy than DMPE and 0.16 eV greater than DMPM. The spectra of all three free ligands,
including bandshape differences, will be discussed in detail later.

For each of the complexes, Mo(CO)sPMej (Figure 17A), #1-Mo(CC)sDMPE
(Figure 17C), and #!-Mo(CO)sDMPM (Figure 17E), the assignments of the predominately
ligand and metal based orbital characters of the valence ionizations are straightforward and have
been presented in previous PES studies of metal-phosphine complexes.1920 The band between
9.7-9.8 eV in each complex is due to ionization from the coordinated phosphine lone nair
(CLP) orbital. This jonization is primarily phosphorus lone pair (PLP) in character and
correlates to the Mo-P bond in each complex.

The ionizations in the 7.5-8 eV range originate from the formally Mo(0), d6 metal
center. The 2:1 intensity pattern between bands M1 and M2 results from the splitting of the t;,
set of the parent Mo(CO)¢ complex by the C4, symmetry of Mo(CO)sP. Band M2’ represents
CO vibrational fine structure associated with ionization from band M2. Fine structure of this
type has been seen previously in studies of Mo carbonyl complexes.}® Table VI shows a small
0.09 eV destabilization of the metal IP’s from the PMe; complex to the DMPM complex, with
the DMPE complex intermediate.

The spectra of the y!-complexes contain an additional band at 8.5-9.0 eV that is not
present in the Mo(CO)sPMes spectrum. This band correlates to ionization from the
uncoordinated phosphine lone pair (ULP) of each diphosphine ligand. Comparison of these
IP’s with the free ligand IP’s is key to understanding the charge distribution in each of the
n'-complexes. The shift is 0.33 eV for the DMPM complex [8.76 eV(ULP) - 8.43 eV(free

ligand lone pair)] and 0.19 eV for the DMPE complex.




82
Discussion

Metal Ionizations. The relative stability of a metal based orbital and the corresponding
ionization energy from that orbital will depend primarily on two factors, metal-ligand overlap
differences and charge potential effects. These will in turn influence relaxation energies as a
secondary effect. The different ligand orbital interactions with the metal will influence the
delocalization and stabilization of these orbitals. For example, carbonyl ligands are capable of
both o and xz-type (primarily z-backbonding) interactions with the metal while the phosphine
ligands of this study have primarily only a o-type interaction. In these Mo(0), d® complexes, the
three orbitals of the ty, set (correlating to the parent Mo(CO)s complex) are occupied. In the
Cy4v symmetry of the Mo(CO)sP complexes, two of these orbitals have interaction with three CO
molecules and one phosphine. The remaining orbital interacts symmetrically with four CO’s.
The z-backbonding overlap difference between CO and phosphine will create a stabilization of
the latter orbital relative to the other two. This gives rise to the 2:1 intensity patterns of the
metal ionizations of Figure 17. The IP separation energy between the first and second
ionizations reflects the difference in overlap stabilization between CO and these methyl
phosphine ligands. This separation is 0.29 = 0.02 eV in each complex of this study and
indicates the difference between CO and phosphine x stabilization is the same for all three
complexes.

The effects of charge potential on the observed IP depend on the negative charge
potential felt by the particular atom. Increased negative charge on the atom will make
ionization of an electron easier (lower IP). In addition, the charge potential will affect an
entire manifold of ionization bands equally if the orbital characters are all primarily based on
the same atom. This is observed in the metal ionizations for this series. The metal based

ionizations of the DMPE complex (Figure 17C) are all 0.05 eV destabilized from those of the
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PMe; complex (Figure 17A). The metal based ionizations of the DMPM complex (Figure 17E)
are all 0.04 eV destabilized from the 51-Mo(CO)sDMPE metal ionizations.

The increase in negative charge potential at an atom may have contributions from
increased electron density on that atom, increased negative charge on neighboring bound atoms,
or both. These two effects are the one-center and two-center charge effects. Explanation of
the metal IP shifts in terms of an increase in local electron density demands more negative
charge at the metal in the DMPM complex relative to 51-Mo(CO)sDMPE and more charge at
the metal in the DMPE complex relative to Mo(CO)sPMes. The one-center effect can lead
directly to the o-donor ability of the phosphine ligand.

However, the position of the metal orbitals will also be perturbed by changes in the
magnitude of the phosphine ligand point charge. A greater negative charge at the coordinated
phosphorus atom in one complex versus another will destabilize the filled metal levels due to
the two-center effect. The observed trend in the metal ionizations for the three complexes of
this study can be potentially explained by both electron density (one-center) and ligand potential
(two-center) arguments. Thus, additional experimental evidence is needed to identify which
charge effect controls the destabilization of the metal ionizations. This evidence comes from
analysis of the ligand (phosphine) based CLP and ULP ionizations and it is found that the
metal levels are destabilized through a two-center effect caused by greater negative charge at the

coordinated phosphorus atom with #1-DMPM >7!-DMPE > PMe;,.

Free Ligand Ionizations. The IP’s for all three free ligands are important as they
represent the starting ionization energy of the lone pair before interaction with the metal to
form the Mo-P bonds. The spectra for the free ligands, DMPE and DMPM, reveal one band
correlating to ionization from each of the phosphorus lone pairs. Because there are two lone

pairs in the diphosphines, it is possible for these lone pairs to interact through-space or



through-bond in a intramolecular fashion. These interactions are an overlap effect and, if
present, would create a splitting of the degenerate lone pair jonizations due to its filled-filled
nature. In the gas-phase, it is known that the DMPM molecule adopts a staggered
conformation.? Since the P-P distance is smaller in DMPM (through-bond or through-space)
than in DMPE (also expected to have a gas-phase staggered conformation), these effects should
be more prominent in the lone pair ionization of DMPM.

Comparison of the bandshapes of all three free ligands shows that the lone pair
ionization of PMes (W, and W}, in Table VI) is narrower than the DMPE and DMPM bands.
The bandshapes for DMPE and DMPM are similar and these are only slightly larger than the
PMe; half-widths. Therefore, the through-space and through-bond contributions to the reported
DMPE and DMPM IP’s are essentially zero.

The broader ionization band may also be due to an increase in activated vibrational
states upon ionization of the lone pair in the less symmetrical diphosphines. Nevertheless,
these small bandshape differences will not affect the conclusions presented in this chapter. This
will become evident in the interpretation of the uncoordinated lone pair ionizations and the
coordinated lone pair ionizations.

As mentioned previously, the IP of the free ligand phosphine lone pair will reflect the
relative negative charge on the phosphorus atom due to the stronger inductive donor ability of
R in Me;PR (R = CHj for PMes, CH,CH,PMe, for DMPE, and CH,PMe, for DMPM). Since
the IP’s for DMPE and DMPM are separated by only 0.03 eV, the inductive donor strength of
the (CHz),PMe; (n=1,2) R groups must be similar in the free ligand. One would expect the
n=1 fragment to have a greater inductive donating ability due to the shorter through bond

distance of one phosphorus atom to the next.
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Ligand Ionizations: Uncoordinated Lone Pair. Each of the yl-complexes contains an
additional ionization in their spectra (at =~8.6 eV) compared to Mo(CO)sPMes. These
ionizations are from the uncoordinated phosphine lone pair (ULP) orbitals. This orbital has
zero overlap interaction with the metal. Thus, the difference between each ULP IP and each
free ligand IP or the difference between the ULP IP’s of each 5l-complexes is directly
attributable to the relative difference in charge at these phosphorus atoms. This statement can
be made because the R-P-R angles of the uncoordinated diphosphines (affects the 3s and 3p
character of the lone pair) are essentially identical in the free ligands and nl-coordinated
complexes. Also, the comparisons of similar molecules and the IP’s of the same orbitals in
these molecules renders electron relaxation energies relatively the same.

The two ULP IP’s from Table VI are 8.65 and 8.76 eV for the DMPE and DMPM
complexes, respectively. The higher IP for the DMPM uncoordinated lone pair indicates a
smaller negative charge at the uncoordinated phosphorus atom relative to the same
uncoordinated phosphorus atom in the DMPE complex. In addition, a charge decrease relative
to the DMPM free ligand value (8.76 - 8.43 = 0.33 eV) is observed. The DMPE complex also
shows a decrease in negative charge on the uncoordinated phosphorus atom relative to the free
ligand (8.65 - 8.46 = 0.19 eV).

The IP shifts of the uncoordinated lone pairs indicate a loss of charge on the
uncoordinated phosphorus atom relative to the free ligands. This charge has most likely
transferred toward the coordinated phosphorus atom through the CH, groups of the
diphosphines. The shorter alkyl chain (one CH, group) in DMPM has allowed more charge at
the coordinated phosphorus atom than in the longer alkyl chain DMPE complex. Therefore,
the shifts of the metal ionizations can be explained through the two-center effect and a more
negatively charged coordinated phosphorus atom. However, it is equally possible for the charge

to continue to the metal through the Mo-P bond creating a more negatively charged Mo atom
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and a one-center effect. The shifts of the CLP ionizations, discussed next, show that the charge

on.the coordinated phosphorus atoms does not continue to the metal.

Ligand Yonizations: Coordinated Lone Pair. Each of the three complexes possess an
ionization at =9.7 eV. This ionization correlates with the coordinated phosphorus lone pair
(CLP) orbital and corresponds to the Mo-P bond. Bancroft has studied the W-P bond
jonizations for a series of phosphine mono- and di-substituted tungsten carbonyl complexes.!”
In that work, the free ligand lone pair IP was subtracted from the W-P bond IP giving a
"coordination stabilization" of the P lone pair for each type of phosphine. This stabilization
was correlated to the o-donor ability of a particular phosphine. This same method can be
applied to the nl-complexes presented in this study. Subtraction of the free ligand lone pair IP
from the CLP IP for each of the complexes gives the coordination stabilization energies 1.28,
1.26, and 1.23 eV for the PMe3;, DMPE, and DMPM complexes, respectively. Based upon the
coordination stabilization / o-donor correlation made by Bancroft, this trend would predict the
relative o-donor strengths are quite similar, decreasing PMe; > n1-DMPE > 51-DMPM. Since
the reproducibility in obtaining both the free ligand and CLP IP’s is +0.005 eV, the 3¢
experimental error bars make these values statistically significant, especially the separation
between the PMe; and DMPM complexes. Most important is the decreasing trend of the
coordination shifts. This indicates either a small difference in o-donor ability or some other
charge effect.

Before continuing, it is important to examine more closely the correlation of the
coordination stabilization energy to phosphine o-donor ability. The CLP IP is primarily ligand
based. Fenske-Hall calculations on Mo(CO)sPHj; indicate the orbital character of the Mo-P
bond to be 65% P lone pair and 19% metal (5% d and 14% p).31 Since the orbital is

extensively localized on the phosphorus atom, charge effects will become very important. The
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coordination stabilization shifts will be greatly affected by the charge potential at the
coordinated phosphorus atom. In addition, the amount of 3s vs. 3p character mixed into the
phosphorus lone pair (PLP) orbital (R-P-R angles) determines the extent of Mo-P bonding
overlap in the molecule. The relative ionization energies also reflect any difference in Mo-P
overlap (which changes the metal d or p-mixing in the lone pair) due to phosphines with a
different ratio of 3s to 3p character in the PLP.

Bancroft used the coordination stabilization / o-donor strength correlation to compare
methyl vs. phenyl phosphine o-donor strengths. Phenyl phosphines have different 3s vs. 3p
character in the lone pair due to different R-P-R intra-bond angles. Therefore, the direct
correlation of o-donor strength to the coordination stabilization shift for methyl vs. phenyl
phosphines (i.e. PPh; vs. PMej3) is not correct. The Mo-P overlap effect, which is not separable
from the charge effects, can greatly affect the observed CLP IP. However, because the R
groups, CH3, CH,CH,;PMe,, and CH,PMe,, will create nearly identical R-P-R intra-bond angles
in the three complexes of this study, the overlap effects are relatively constant. Thus, the
coordination stabilization can be used as a measure of charge transferred to the metal for the
phosphines of this study.

As explained earlier, the charge potential felt at the phosphorus atoms in the free
ligands will be different due to the inductive donor strengths of the CHs, CH,CH,PMe,, and
CH;PMe; R groups. Subtraction of the free ligand IP from the CLP IP takes the initial
difference in free ligand IP’s into account. The resulting coordination stabilization shift is then
a measure of relative charge transferred to the metal for each complex and also the relative
amount of charge still on the coordinated phosphorus atom. The larger the value, the smaller
the charge at the coordinated phosphorus atom (it was transferred to the metal). Because the
coordination shift is smallest for the n1-DMPM complex, this coordinated lone pair has the

greatest negative charge potential at the phosphorus atom.




Electron Distribution in the Metal-Phosphine Bond.

Based on the shifts in the CLP and ULP ionizations, the shifts of the metal ionizations
are due to localized charge on the coordinated phosphorus creating a slightly stronger ligand
field. If the charge had been transferred to the metal via the Mo-P bond, the coordination
stabilization shift should be largest for the DMPM complex. However, the coordination
stabilization shifts are in the opposite direction with DMPM showing the smallest coordination
stabilization and the largest amount of negative charge at the coordinated phosphorus atom.
Thus, the shifts in the metal jonizations cannot be attributed to a one-center electron density
effect at the metal.

For two-center charge effect at the metal, the charge will remain localized on the
coordinated phosphorus. This pushes the coordinated phosphorus lone pair up in orbital
energy and closer to the free ligand value. Thus, the coordination stabilization shift will be
smallest for the diphosphine with the largest negative charge on the coordinated phosphorus
atom. The trend in the coordination stabilization shifts show a decrease PMe; > DMPE >
DMPM. Therefore, the metal IP shifts reflect a stronger ligand field due to a more negatively
charged coordinated phosphorus atom. The coordination stabilization shifts reflects differences
in the relative charge at the coordinated phosphorus due to the different R group donating
abilities. If this charge transfer from the uncoordinated phosphine is taken into account, it may
be concluded that the o-donor abilities of all three phosphines are identical.

The PES experiment has identified more charge at the coordinated phosphorus atom in
the diphosphine complexes versus the PMe; complex. However, it does not determine why this
charge does not proceed to the metal. In these Mo(0) complexes, the metal center is already
very electron rich and the relative differences in charge potential at the coordinated phosphorus
atoms in each complex are small. Upon coordination, the stronger inductive nature of the R

groups in these phosphines pushes the lone pair up in energy closer to the metal levels. This is
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a one-center effect at the phosphorus atom that makes the metal/lone pair separation smaller.
This could facilitate a stronger interaction between the metal d and p-orbitals and stabilize the
coordinated lone pair orbital. However, the more negatively charged phosphorus atom
destabilizes the metal levels through the two-center effect. This results in nearly equal
metal/lone pair interactions for all three ligands of this study.

A second explanation of the observed charge distribution may involve the mechanism of
through-bond charge transfer from the ULP. The charge is most likely delocalized throughout
the ULP, CH, chain, and coordinated phosphorus atom. This charge can not proceed to the
metal because it is actually not localized on the coordinated phosphorus, but is delocalized
throughout the chain. In the DMPM complex, there is one less CH, group, thus more charge
accumulates on the coordinated phosphorus atom of DMPM that is on the additional CH,

group in the DMPE complex.

Conclusions

In this chapter, the electronic structure of the 71-Mo(CO)s complexes of DMPE and
DMPM have been compared to Mo(CO)sPMes. The ionization potentials and relative shifts
have revealed significant information concerning the charge distribution in these complexes. It
was expected at the inception of this work that the o-donor abilities of the two diphosphines
would be nearly identical and that for PMe; would be slightly weaker. This is based upon the
inductive donating ability of the R groups in Me;PR (R =CHj3, CH,CH,PMe,, or CH,PMe,).
The negative charge on the bound phosphorus atom should increase CH3 < CH,CH,PMe, <
CH,PMe,. It was found that the inductive donating ability of the R groups did increase the
charge at the coordinated phosphorus atoms. However, this charge does not transfer to the

metal via the Mo-P bond rendering each identical in o-donor strength.



CHAPTER 5.

ELECTRONIC STRUCTURE COMPARISON OF DIPHOSPHINES
IN CHELATING GEOMETRIES.

STERIC AND ELECTRONIC BALANCE IN METAL-PHOSPHINE COORDINATION.

Introduction

The chelating diphosphine ligand (R,P(CH),PR2; x=1,2; R= alkyl or aryl) has a
permanent place in both transition metal coordination chemistry and organometallic chemistry.
Like the PR3 mono-dentate analogues, different types of R groups on the phosphorus atom can
create a wide range of o-donor/z-acceptor and steric properties. These properties alone can
affect substitution reaction rates or determine reaction stereospecificity. But in addition,
diphosphine transition metal complexes are usually more thermally stable and kinetically inert
to phosphine dissociation than a cis-PR3 complex. The thermal stability of diphosphine
complexes has been used previously in the study of metal-metal multiple bonds?237 and is
important to the studies in the later chapters of this dissertation.

Despite papers reporting experimental measurements for metal complexes containing
chelating phosphines, direct data comparisons of the electron distribution and bonding of
chelating versus cis-(PR3), transition metal complexes are rare. In 1988, de la Vega et.al.
determined the heats of reaction, -AH, in coordination of mono-dentate phosphines and
chelating diphosphines. For the three phosphines used in this dissertation, PMe;, DMPE, and

DMPM, the -AH values are 32.9 % 0.1, 32.4 = 0.1, and 24.5 = 0.1 kcal/mol, respectively. These
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-AH values were determined by substitution of norbornadiene (NBD) by each phosphine as

outlined in the following reactions:%
cis-Mo(CO),NBD + 2PR; - cis-Mo(CO),4(PR3), + NBD (1)
¢is-Mo(CO),NBD + R,P(CHz),PR;, - cis-Mo(CO)4(R;P(CH),PRz) + NBD (2)

x=1, 2; R=Me, Ph.

From the -AH values for each phosphine, the -AH for reaction of 2 CO’s with
cis-Mo(CO),NBD, and the dissociation energy of the Mo-CO bond,5061 the Mo-P bond
strengths were estimated. These are found to be 43.2 = 5, 429 % §, and 39.0 = 5 kcal/mol for
PMes, DMPE, and DMPM, respectively. The large error bars require that all three complexes
have similar Mo-P bond strength.

In 1984, Cook and Morse measured the electronic properties of several chelating
diphosphines in cis-Mo(CO)4(R,P(CH,),PRy) by cyclic voltammetry.1® However, data on the
corresponding monodentate complexes were not obtained. Thus, a comparison of E12 or E,
results for cis-(PMej), versus chelating diphosphine complexes is not possible.

Photoelectron spectroscopy (PES) has recently joined the studies into the
metal-phosphine interaction. Ionization data have been obtained for both the mono-dentate
phosphines and chelating diphosphines of cis-W(CO)4(PR3); and cis-W(CO)4(R,P(CH,),PR,).17
However, this paper was not concerned with direct comparison of the ionizations between
chelating vs. cis-(PR3), complexes. In addition, the metal ionizations of the W 5d orbitals are
complicated by spin-orbit coupling making direct comparisons of the metal-based ionizations
difficult.

Previously in this laboratory, gas-phase photoelectron spectroscopy was applied to the
study of phosphine electronic effects of the simple o-donor phosphine, PMe3.1920 In some

cases, PES affords a direct probe of relative metal-ligand bond strengths, as well as a measure
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of the charge distribution at the metal center.52 From the PMej studies, fundamental concepts
concerning the electron distribution and phosphine ligand effects were determined. These
studies revealed additive ligand electronic effects in both the valence and core ionizations for
the series of molybdenum carbonyl complexes, Mo(CO)¢.,(PMe3),, n=1,2,3. The data shows
that substitution of one PMe; molecule for a CO destabilizes the Mo 44 valence metal levels
-0.50 + 0.04 eV and the Mo 3dsp, core levels -0.65 x 0.10 eV for each phosphine substitution,
n=1-3. These shifts are due to an overall increase in total charge on the metal from
replacement of the CO ligand donor and acceptor properties with the new o and # abilities of
trimethylphosphine.

Application of the model to other metal-phosphine systems is straightforward by
experimentally determining the destabilizing shift of the metal-based ionizations due to the first
phosphine substitution. The knowledge of these experimental ionization shifts for ligand
substitutions in simple metal complexes allows predictions of ionization potentials for metal
complexes that are impossible to study by gas-phase PES experiments or whose PES spectra are
very complex.

Expansion of this model to higher substitution numbers, n=4, §, 6, is difficult due to the
instability of the PMe3 complexes n=4-6 in the gas-phase. It is important to examine the high
phosphine substituted carbonyl complexes in order to determine if the additive charge shift
continues or saturates at high substitution number. The study of these high phosphine
substituted complexes requires a phosphine that has similar electronic and steric properties to a
cis-(PMes), unit, but also gives the metal complex a greater stability in the gas-phase.
Substitution of the chelating phosphines, 1,2-bis(dimethylphosphino)ethane [DMPE] or
bis(dimethylphosphino)methane [DMPM], for cis-(PMej3); is the next step for greater gas-phase
stability of these higher substituted complexes. Thus, the study of ligand additivity at high

phosphine substitution (i.e. cis-Mo(CO),(DMPE),, n=4 and Mo(DMPE)3, n=6) can be
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continued. Before the PES data from these chelating diphosphine complexes can be used in
conjunction with the previous PMes additivity studies, both the electronic capabilities and the
geometric structure differences of the three ligand sets need to be examined and the best
electronic analogue to the cis-(PMes), fragment identified.

In the previous chapter, the electronic o-donor properties for PMe3, DMPE, and DMPM
in mono-dentate coordination were found to be identical. These o-donor properties should not
change upon coordination of a second phosphine or the free end of the chelates. However,
these three cis-phosphine cofnplexes have drastically different P-Mo-P coordination geometries.
X-ray crystal structures of molecules containing cis-(PMes),, chelating DMPE, and DMPM show
these angles in the ranges 94-98° for cis-(PMe;),,63 78-82° for DMPE,%465 and =~67° for
DMPM.% These X-ray structures are important because knowledge of the local coordination
geometry at the metal is crucial to the interpretation of the photoelectron spectra, In addition,
the metal-P bond lengths and the bond distances and angles in the ligand framework help
evaluate the steric requirements of each ligand set.

It is the aim of this chapter to compare the observed electronic structure both at the
metal and at the phosphorus in the three ligand geometries. The complexes selected for the
electronic structure comparison are cis-Mo(CO)4(PMej),, cis-Mo(CO)4,DMPE, cis-
Mo(CO)4DMPM, cis-W(CO)4(PMes),, cis-W(CO),DMPE, and cis-W(CO)4DMPM. The Mo
carbonyl complexes give simple PES spectra that will show electronic structure differences at the
metals. The W complexes give similar spectra, but have an additional electronic spin-orbit
perturbation.$7 The electronic structure for each complex is evaluated in light of the structural
differences observed in the solid state. The coordination geometries of cis-(PMes), and DMPE
are examined in detailed through an analysis of X-ray structures containing each ligand. The
X-ray structure of the bis(diphenylphosphino)methane ligand geometry in cis-Mo(CO)4DPPM is

used as a good estimate of the coordination geometry of DMPM.
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Background

Before introducing the photoelectron data, it is helpful to have a complete theoretical
understanding of the expected electronic effects from the P-Mo-P distortions in Oy, symmetry.
Hoffman and Kubacek have discussed the electronic structure consequence of cis-carbonyl
(m-acceptor) and cis-chloride (z-donor) deformations in octahedral geometry for d* transition
metal complexes®8. Their results can be applied easily to phosphine distortions in these d6
systems. Using the same coordinate system found in the Hoffman paper (the x-axis bisects the
P-M-P angle and the z-axis along the trans-CO’s), the HOMO is the d,2.,2 and the SHOMO?’s

are dy; and dy,. The coordinate system is shown in Figure 18.

z
y In the analysis presented here, all three

of these orbitals will be occupied. The

metal-P bonding orbitals are the d,y and the

0
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O¢. | o o

iy M ) Spx and 5p,. The effect of distortions in the

/ l \ P-M-P angle, a, will be examined in terms of

C changes in overlap between the phosphine
ligands and each of these four metal

Figure 18 Local Coordination
Geometry in the

cis-Mo(CO)4(P), System. Like in the Hoffman paper, the phosphine is

d-orbitals and two metal p-orbitals.

assumed to be a pure o-donor with no x-acceptor or sw-donor abilities. This is consistent with
the negligible -acceptor abilities of alkyl phosphines and greatly simplifies the interactions of
the phosphine with the metal. Without d-orbitals on the phosphine, no z-type interactions may
occur.

The dy; and dy, orbitals should be basically unaffected through distortions of « as the P
lone pairs lie in the nodal plane throughout the distortions presented here. The PLP’s can

however interact with the dy2.y2 orbital which lies in-plane with the phosphines whether « is
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Figure 19  The PLP-d,2.,2 interaction at @ > 90° (left) and a < 90° (right).

large or small. This is a filled-filled interaction which will destabilize the metal d,2.,2 orbital.
The PLP-d,2 2 interaction is shown in Figure 19.

A second interaction can occur between the CO x° orbitals in the xy plane with the
phosphorus lone pairs and is only present when a« > 90°. This is due to the symmetry of the
PLP orbitals relative to the dy2y2 node. The PLP orbitals change sign at « < 90° which makes
the PLP-CO =" interaction anti-bonding in nature. The PLP-CO =z interaction is depicted in
Figure 20. This is a donor/acceptor interaction which places charge from the PLP into the CO
" orbitals. These CO x" orbitals are involved in stabilizing the dy2.y2 orbital, thus this
interaction will also be destabilizing to the dy2.y2 orbital.

The dyy, Spy, 5Spy metal orbitals are involved in bonding to the P atom lone pairs. Thus,
the PLP-d,, and PLP-5p overlaps will be affected by changes in the P-M-P angle. Movement of

the lone pairs off the dyy, and 5p bonding lobes will decrease overlap for either a > 90° or a <

90°. This has the effect of destabilizing both the symmetric (5p overlap) and asymmetric (dy,
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P P

Figure 20 The PLP-CO x" interaction at @ > 90° (left) and @ < 90° (right).

overlap) bonding combinations of the phosphorus lone pairs. In addition, through space lone
pair-lone pair interactions affect the PLP orbital energies. This stabilizes the symmetric
combination (P++) of the lone pairs when « < 90° while the asymmetric (P+-) is destabilized.
When a > 90°, the asymmetric is destabilized through loss of lone pair overlap but stabilized
by a decrease in lone pair-lone pair interaction. Thus, the two combinations are much closer in
energy, but it is unknown whether they will "crossover”.

The coordination geometries of cis-(PMes);, DMPE, and DMPM from the X-ray
structures given in the Introduction show the P-Mo-P angles to be =94°, =80°, and =67° for
the three ligands, respectively. Using Koopmans Theorem,5? the orbital interactions presented
here indicate that the metal ionizations correlating to the dy, and dy, orbitals will be unchanged
and degenerate. Comparison of the jonization correlating to the dy2.,2 will reflect either the
metal-ligand (PLP-d,2.,2) interaction or the ligand-ligand interaction (PLP-CO x"). Both

interactions are destabilizing to the d,2.,2, however, the PLP-CO x* interaction is only present
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when & > 90°. A comparison of shifts of the d,2 ;2 based jonization in cis-Mo(CO)4(PMe3);
vs. the diphosphine complexes should indicate either the PLP-CO z* or PLP-dy2.y2 interactions.
Any difference in the dy2.;2 based IP between the two chelating diphosphine complexes will

reflect solely the PLP-d,2.y2 interaction.

Results

Molybdenum Compiexes Hel PES data for cis-Mo(CO)4(PMe3),, cis-Mo(CO)4DMPE,
and cis-Mo(CO),DMPM are shown in Figure 21 and Figure 22. Figure 21 depicts the 6-11 eV
binding energy comparisons while Figure 22 shows a closer look at the Mo 44 ionizations for
the three complexes. The ionization features in Figure 21 are represented analytically by
asymmetric Gaussian peaks and the results are listed in Table VIIL

The assignments of the predominantly ligand or metal based orbital characters of the
valence ionizations are straightforward and have been presented in previous studies of these
metal-phosphine complexes.1920 The ionizations at 9.5 eV are due primarily to the symmetric
(P++) and asymmetric (P+-) combinations of the phosphine lone pair (PLP) orbitals and
correspond to the Mo-P bonds. One can see large differences in these ionizations between the
three molybdenum tetracarbonyl complexes. The two PLP ionizations are split by 0.25 eV in
the cis-(PMes),, by 0.53 eV in the DMPE complex, and by 0.36 eV in the DMPM complex.
The origin and importance of this splitting will be discussed later.

Close-up spectra of the Mo 44 ionizations of the three complexes is shown in Figure 22.
The 1:2 intensity pattern results from the splitting of the tp; set of the parent Mo(CO)s
complex by the Cp, symmetry for the formally Mo(0), d® metal. Table VII contains the IP’s
from the fit of the cis-(PMe;); and DMPE data in Figure 22 and shows nearly identical
ionization energies for both band M1 and band M2, Only a very small 0.03 eV stabilization of

band M1 in the DMPE complex relative to the PMe; complex is visible. Comparison of the
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Figure 21

Hel Spectra 6-11 eV for cis-Mo(CO)4(PMes), (A),
cis-Mo(CO)4DMPE (B), and cis-Mo(CO),DMPM (C).
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Figure 22 Hel Close-Up Spectra Mo 4d ionizations for cis-Mo(CO)4(PMe3),

(A), cis-Mo(CO),DMPE (B), and cis-Mo(CO),DMPM (C).
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Table VII Ionization Potentials and Bandshape Analysis for the Mo(CO)4(P),; Complexes.
Complex Band IP(eV) W, W Rel.Area Assignment
cis-Mo(CO)4(PMe3); M1 6.80 062 022 1.00 2B,
M2 7.11 062 022 1.61 2A, + 2B,
P1 9.38 054 036 114 P+-2B,
P2 9.63 0.54 036 0.94 P++,2A;
cis-Mo(CO),DMPE M1 6.83 059 0.25 1.00 2B,
M2 7.12 0.59 0.25 1.58 2A, + 2B,
P1 9.27 065 0.34 1.40 P+-2B,
P2 9.80 0.65 0.34 1.32 P++,2A;
cis-Mo(CO),DMPM M1 6.78 0.59 031 1.00 2B,
M2 717 059 0.31 1.56 24, + 2B,
P1 9.35 064 0.40 1.38 P+-2B,
P2 9.71 0.64 0.40 0.92 P++,2A;

cis-Mo(CO)4DMPM metal jonizations with these same ionizations for the DMPE and PMe;
complexes show a distinct 0.05 eV destabilization of band M1 from the DMPE complex and a
0.05 eV stabilization of band M2.

The direct comparison of the close-up spectra of the Mo 44 ionizations in Figure 22 do

visibly show that jonization band M1 does shift in these three complexes. The visible trend in

IP for band M1 is DMPE > cis-(PMe3); > DMPM. The IP’s reported in Table VII are from a
asymmetric Gaussian fit of the close-up spectra in Figure 22 and reflect the visible relative IP
differences in band M1. The relative areas given in Table VII are taken from the fit of the
data in Figure 21.

The relative error in fitting a single ionization band is +0.005 eV, but for fitting the
overlapping metal ionizations of Figure 22 the error increases to £0.02 eV. Since the
differences between the IP’s of band M1 are close to the experimental error bars, only little

emphasis can be placed on these shifts. The small 0.03-0.05 eV shifts produced in the fit of the
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data represent the visible change in the IP of band M1 and will be discussed as very small
relative differences between the spectra.

Close examination of Figure 22 also reveals a small difference in bandshape between the
cis-(PMes),;, DMPE, and DMPM spectra for bands M1 and M2. These bands were constrained
to have the same W, and Wy. The average of Wy, and W, for bands M1 and M2 in the PMe3
complex is slightly smaller (due to a smaller Wy) than in the DMPE complex (Table VII). In
the DMPM spectrum, the average of Wy, and W is broadened compared to the other two
spectra. Also, band M2 in the DMPM spectrum has lost the sharp peak top evident in the
cis-(PMe3),; and DMPE spectra. Both of these features indicate a small splitting under band
M2. The 7.17 eV IP reported for band M2 in the DMPM complex represents the average
energy of the two split ionizations under this band.

Broadening of an ionization band can also result from an increase in vibrational
structure (CO v, is often well-resolved in the PES spectra of high-symmetry carbonyl
complexes).1? The W, values for all three spectra are essentially the same, and W, is increasing
cis-(PMe3); < DMPE < DMPM. If an increase in CO vibrational intensity were present, W,
should be increasing as much as, or more than W). But, if a small splitting in the second
ionization (band M2) were present, W, would remain the same and W, would increase as is
observed. This splitting is very small or similar in the PMe; and DMPE complexes and is not
considered significant. The broadening in band M2 in the DMPM complex is easily visible in

the spectrum indicating a more substantial splitting.

Tungsten Complexes Hel photoelectron spectra for cis-W(CO)4(PMes),, cis-
W(CO),DMEE, and cis-W(CO)4,DMPM in the 5.9-10.8 eV binding energy region are shown in
Figure 23. An asymmetric Gaussian fit analogous to the Mo data was performed and the

results are given in Table VIIL. Close-up spectra comparing the W 54 ionizations for
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cis-W(CO)4(PMes),, cis-W(CO),DMPE, and cis-W(CO)4,DMPM are shown in Figure 24 and the
results of the analytical representations are also given in Table VIIL

In Figure 23, the PLP ionizations are at = 9.7 eV for the tungsten complexes and are
similar to the Mo spectra with respect to the splittings between the asymmetric and symmetric
combinations. The splittings between the symmetric and asymmetric combinations are 0.33,
0.58, and 0.46 eV for the cis-(PMes);, DMPE, and DMPM complexes, respectively. These
results are similar to. the Mo shifts both in magnitude and in the trend DMPE > DMPM >
PMes. These shifts and the measured IP’s will be discussed in more detail later.

The ionization envelopes for the metal band close-up spectra in Figure 24 are fit with
four asymmetric Gaussians representing the first IP (Band M1), the spin-orbit split second IP
(Bands M2 and M2°)70, and one CO vibrational spacing. Ionization band M1 is also affected by
spin-orbit coupling as this ion-state has J=1/2 and interacts with one of the J=1/2 ion-states
under band M2.7! This band is well separated from bands M2 and M2° in the three complexes
and allows a more accurate comparison of the first IP for each complex than in the Mo data
(fit error £0.005 eV for single ionization bands). The reported IP’s for band M1 are 6.80, 6.84,
and 6.75 eV for the cis-(PMes);, DMPE, and DMPM complexes, respectively. These IP’s show
a statistical difference in the ionization band M1 that the Mo analogues had suggested,
particularly the DMPM spectrum. It also reflects the same trend in band M1 observed in the
Mo complexes. The importance of these IP’s, the trend in the shifts, and a brief spin-orbit
coupling analysis will be examined in the Discussion section.

The data and IP’s for the W 54 ionizations of cis-W(CO)4(PMej),, cis-W(CO);DMPE,
and cis-W(CO),DMPM complexes have been published previously.1757, My results given in
Table VIII differ significantly in the first IP’s from those published previously. The reported
IP’s in these references are 6.72, 7.00, and 7.25 eV for cis-W(CO)4(PMes),; 6.74 and 7.15 eV

for cis-W(CO)4DMPE; and 6.69, 7.19 for cis-W(CO);DMPM. The latter two spectra were not
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Hel Close-up Spectra of the W 5d Ionizations for
cis-W(CO)4(PMez), (A), cis-W(CO),DMPE (B), and
cis-W(CO)4DMPM (C).
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Figure 24

DMPE coordination geometry including twist compared to normal
90° coordination. Aligned arrows points represent maximum
overlap.
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Table VIII Ionization Potentials and Bandshape Analysis for the W(CO)4(P), Complexes.
Complex Band IP(eV) Wy W, Rel.Area Assignment
cis-W(CO)4(PMe3), M1 6.80 030 0.24 1.00 B
M2 7.10 043 022 1.15
M2* 727 043 032 135 t
M2 7.56 043 032 0.33 COo
P1 9.53 0.84 047 NA P+-,2B;
P2 9.86 084 047 NA P++,2A;
cis-W(CO),DMPE M1 6.84 030 023 1.00 2Byp
M2 7.12 031 022 1.20
m2* 7.30 036 0.27 1.49 ¥
M2 7.57 036 027 031 CO v,
P1 9.42 059 036 NA P+-,2B;
P2 10.00 068 034 NA P++,2A;
cis-W(CO),DMPM M1 6.75 033 023 1.00 2B1p
M2 7.10 031 023 1.25
m2* 732 031 023 1.15 t
M2’ 7.57 031 0.23 0.31 COony
P1 9.46 063 039 1.69 P+-,2B,
P2 9.92 063 039 145 P++,2A;

tDue to the closeness in LP.’s it is not possible to assign these ionizations to their
exact ion state origin.

B A s P Y N N T A O TR SR T
fit with spin-orbit splitting under band M2.

Asymmetric Gaussian bandshapes were used to model PES data in this study whereas
the previous work was constrained to symmetric Gaussian shapes. Theoretically, the
high-binding energy half-width will always be larger than the low-binding energy side due to the
accessibility of unresolved vibrational states.58 We have shown that attempts to model PES
data with symmetric Gaussians will usually result in higher reported IP’s and will lose the
important information present in the bandshapes. Since the published IP’s are lower than those
reported here, the choice of bandshape does not explain the differences in observed IP.

The second possible reason for the differences in IP’s is found in the external calibration

of the energy scale. This calibration is performed in our research group by fixing the separation
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between the argon 2Py, ionization (15.759 €V) and CHal 2E,, ionization (9.538 eV). The
calibration is not reported for Bancroft’s data. Comparison of the previously reported IP’s and
those presented here show the same trend in the first IP. The IP of band M1 decreases DMPE
> cis-(PMe3), > DMPM identical to the trend found in my spectra. Thus, the primary reason
for the difference in IP’s must lie in the different calibrations of the energy scale and will nét
affect the conclusions presented in this chapter.

An additional complication exists for the published IP’s and the spectra reported for cis-
W(CO)4(PMe3),. The published spectrum and fit of the data are not consistent with my
spectrum given in Figure 24. The intensity of the second IP relative to the first IP are not the
same in the spectrum reported here and the previously published spectrum. I believe Bancroft’s
spectrum is a mixture of cis and trans isomers. From my experiments, the frans isomer is
always present is small amounts and sublimes first. Further heating of the sample brings the
pure cis isomer into the gas-phase. If the temperature is raised higher (20°C or higher), a
small change in the relative band intensities is seen indicating a small percentage of the frans
isomer is present. My data was collected in a 5° range above the initial sublimation
temperature and has little or no trans isomer present. Gas-phase equilibrium mixtures of cis to
trans has been observed previously in the PES spectra of cis-Mo(CO)4(PEt3), and
cis-Mo(CO)4(P-n-Bus),.1? In addition, kinetic measurements on the cis/trans isomerization rates
have also been performed.”? The gas-phase cis/trans ratio will depend upon the ijonization cell
temperature at the time of data collection and this temperature is not known for the previously
published spectrum.

An indication of the "true" relative intensity between first and second IP’s is evident by
examination of the DMPE spectrum in Figure 24. Since this molecule is locked into the cis
configuration, this spectrum reflects the "true” first to second ionization band relative intensity

ratio. The M1:(M2+M2°) ratio is the same for in both the PMe; and DMPE spectra presented
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here. In this chapter, I will use my spectra and IP’s to represent the electronic structure of
cis-W(CO)4(PMes),, cis-W(CO)4DMPE, and cis-W(CO),DMPM for comparison of the metal

and ligand-based ionizations.

Discussion

Molybdenum Complexes. Comparison of the spectra for cis-Mo(CO)4(PMes),, cis-
Mo(CO),DMPE, and cis-Mo(CO),DMPM in Figure 21 reveals a difference in the ionizations
between 9-10 eV. These ionizations are predominately phosphorus lone pair (PLP) in character
and will be sensitive to the amount of negative charge on the phosphorus atoms. The two
ionizations originate from the symmetric (P++) and asymmetric (P+-) combinations of the lone
pairs which contribute to the Mo-P bonds.

The splittings observed in the spectra for the DMPE complex and the PMe3; complexes
are 0.53 and 0.25 eV, respectively. Since the splitting is larger for the DMPE complex, the
P++ can be assigned to the higher ionization potentiai {more stable orbital energy). This
follows from a shorter P-P distance in the DMPE complex due to a smaller P-Mo-P bite angle.
A larger lone pair-lone pair through space interaction will result (see Background section)
stabilizing the P++ combination and destabilizing the P+- (large P+ +/P+- splitting).

In the PMe; complex, the P-Mo-P angle is larger, thus the P-P distance is also larger
resulting in a weaker through-space interaction. The P++ is now less stable than in the DMPE
case and the P+- is more stable. The two orbitals move closer together, but it is unknown
whether the orbitals have "crossed over" (placing the P+- below the P++) or they have just
moved =0.25 eV closer together. It is most probable that the ionizations are 0.25 eV closer
together and have not moved the 0.75 €V necessary to "crossover”. Therefore, similar
assignment of the P++ and P+- Mo-P bond ionizations are made in the cis-Mo(CO)4(PMe3),

spectrum.
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Based on the through space analysis, the splitting of the P++ and P+-. in the DMPM
complex presents a curious problem. The P-Mo-P angle in a chelating DMPM molecule is
approximated at 67°. This is based on the P-Mo-P angle in cis-Mo(CO),DPPM [DPPM = bis-
(diphenylphosphino)methane].%6 Thus, the P-P distance will be smaller in the DMPM complex
than in the DMPE and a larger P++/ P+- splitting should result. This is not seen in either the
Mo or W DMPM complexes.

The answer to this problem lies in the planarity of the metal-P-CH,-P metallocycle. The
bridging CH, group contains a filled C-H bonding orbital that points directly at the metal and
is situated between the two phosphorus atoms. This orbital interacts exclusively with the P++
as the carbon atom lies on the nodal plane between the two phosphorus atoms in Cp,
symmetry. This important interaction is shown in Figure 25. The P++ combination is
destabilized by this filled-filled interaction and is pushed closer in energy to the P+-. Thus, the
separation between the P++ and P+- is smaller than expected from the PLP-PLP through-space
interaction. These results are corroborated by a Fenske-Hall calculation comparing cis-(PHz),
and H,P-CH,-PH; both at a 67° P-metal-P angle. The P++ and P+- are split by a very large
7.8 €V in cis-(PH3), but by only 2.3 eV in H,P-CH,-PH, with the CH, bonding orbital
comprising 10% of the P++ orbital.

Thus, the splittings between the PLP ionizations for the DMPE and PMe; complexes
reflect the through-space orbital interactions of the P++ and P+- combinations. The most
important is the through-space P-P distance which is smaller in the DMPE complex. The PLP
ionizations of the DMPM complex do not follow the simple P-P through-space interaction and
are explained through the additional P++/CH, orbital interaction. All of these ionization shifts
are a consequence of the intraligand overlap differences. The through space P-P interaction in
the cis-(PMe;); and DMPE complexes do not directly affect the metal ionizations. However,

the CH, bonding orbital in the DMPM complex points directly at the lobe of the dy2 2




Figure 25 The CH,-PLP and
CHj-d,2.y2 interactions.
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centered between the two phosphorus atoms.
This creates an additional filled-filled
interaction between this CH, bonding orbital
and the d,2.2 (see Figure 25). This can result
in destabilization of this metal orbital. This
idea is developed further in the Metal

Ionizations section to follow shortly.

Metal-Phosphorus Bond Strengths

Bancroft, et.al. has reported a measure
of the relative W-P bond strengths for tungsten
carbonyl complexes in a previous publication.l”
The measurement involves the shift in IP of
the PLP bond ionizations in both mono- and
di-substituted phosphine complexes from the
free phosphine ionization potentials. This

difference is the stabilization of the lone pair

ionization of the free ligand upon coordination to the metal. This method was used successfully

in Chapter 4 to measure the charge transfer (o-donor ability) to the metal upon phosphine

coordination in the monodentate coordinated complexes. The correlation of this stabilization

energy to bond strength is not quite correct for phosphines with very different R groups (Me vs.

Ph). However, for the phosphines in this chapter, the bulk of the stabilization shift is charge

dependent and this is the manner in which it was used in Chapter 4 (in Ligand Ionizations:

Coordinated Lone Pair section).




110

In the di-substituted complexes, two PLP ionizations will be present. The subtraction of
the free ligand IP from either coordinated lone pair ionization will not produce an accurate
estimate of the charge transfer because of two main factors. First, the through-space lone pair-
lone pair interaction contributes to the individual P++ and P+- ionization energies for each cis-
phosphine complex. The lone pair orbital energy and corresponding IP is affected by the
P-Mo-P angles. One can not select one of these ionizations and obtain the coordination
stabilization energy.

Second, the average of the two PLP ionizations can not be used in the calculation of the
coordination stabilization. This is because the chelating diphosphine complexes are "locked"
into a chelating geometry (PLP’s eclipsed) whereas the free ligand spectra are obtained from the
staggered conformation. This statement is supported by the fact that the two IP’s of the PLP’s
in the free ligands are degenerate and do not show either a through-space or through-bond
splitting of the PLP ionizations (Chapter 4)., Changing from the staggered to eclipsed geometry
causes differences in the intraligand bond angles which are important to the PLP orbital energy.
The extent of 3s and 3p mixing is governed by these (CHj),-P-CH, intraligand angles and this
affects the energy of the PLP. The result is different PLP orbital energy for the staggered vs.
eclipsed geometries.

These two observations preclude measurement of the relative charge transferred to the
metal in the di-substituted phosphine complexes by use of the coordination stabilization energy.
This was the reason for the monodentate coordination studies presented in Chapter 4. Based
on that information, I will assume the same donor properties in these di-substituted as found in
the mono-substituted case. All three phosphines have equal charge donating abilities.

One other factor affecting the PLP orbital energies and the corresponding PLP based
ionizations is found in the two different metal-PLP bonding interactions possible. The metal

has both 54 and Sp orbitals that interact with the P+- and P++ combinations. Changes in the
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P-Mo-P bond angles will affect the metal-PLP overlaps and therefore affect the energy of the
PLP based ionizations. Information concerning this interaction is obtained from the simple
average of the symmetric and asymmetric IP’s between each complex. This average
approximates the relative charge potential and overlap differences at the coordinated
phosphorus atoms in the each coordination geometry. The P-Mo-P coordination geometries
vary drastically between the three complexes. Thus, the average of the P++ and P+- IP’s will
track the charge potential and overlap differences at the phosphorus atoms due to the
coordination geometry differences because of changing S5p and 5d overlap with the PLP’s.

With these results in mind, the PLP ionizations can now be addressed. The three
averages for the PMes, DMPE, and DMPM P++/P+- PLP ionizations are 9.50, 9.53, and 9.53
eV, respectively. These averages indicate the charge and overlap effects at the coordinated
phosphorus atoms to be nearly identical for the three complexes. The 0.03 eV difference of the
cis-(PMes), complex is within the error associated with fitting the severely overlapping PLP
bands (no discernable shoulders) in the PMe3 and DMPM complexes (fit error 0.03 eV).
Interestingly, the average of the PLP IP’s of rans-Mo(CO)4(PMej); is 9.57 eV (8.92 and 10.22
eV).1? This value is slightly more stable than the averages found for the three cis complexes,
and is probably due to achieving maximum metal-PLP bonding overlap in the trans isomer
which has pure O, symmetry and a 180° P-Mo-P angle. The equivalent charge and overlap
effects at the phosphorus atoms in each ligand geometry is a paradox in MO theory as one
would expect different metal-PLP overlaps for the three P-metal-P coordination geometries and
certainly different Mo-P bond strengths. However, identical bond strengths were observed by de
la Vega, er.al?* in the thermochemistry example given in the introduction despite these
geometry differences. This unique and totally unexpected observation is made solely upon the

PLP ionizations and has raised the primary question of this chapter.
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Metal Ionizations

Molybdenum Complexes. Comparison of the metal-based ionizations in Figure 21 and
the point-by-point close-up of the metal bands in Figure 22 reveals a striking similarity between
the spectra for the cis-(PMes), and DMPE complexes. The reported IP’s are very similar for
these two complexes, with only a 0.03 eV difference in band M1. This result is consistent with
the identical charge and overlap effects at the coordinated phosphorus atoms in each complex
as the ligand field charge potential felt at the metal has a strong effect on the position of the
metal bands. Since the charge at the phosphorus atoms is the same, the metal ionizations must
also reflect this similarity in charge. This nearly identical metal electronic structure is
surprising result since the coordination geometries for the PMe3 and DMPE complexes are so
different.

The 1:2 intensity pattern results from the splitting of the filled d-orbitals in C,,
symmetry. The splitting pattern can be related to the number of CO ligands versus phosphines
backbonding into each t,, orbital.1? Two of these orbitals are stabilized by backbonding to
three CO’s and one phosphine, while the remaining t,; orbital is stabilized by backbonding to
only two CO’s and two phosphines. Thus, the splitting between the first and second IP’s is the
difference in backbonding stabilization between CO and each phosphine. This splitting is nearly
identical in the PMe3 and DMPE complexes at 0.31 and 0.29 eV. The error bars associated
with this difference require the M2-M1 separations for these two complexes to be considered
identical.

The 0.40 eV M1-M2 separation in the DMPM complex is significantly greater than that
for the cis-(PMe3), or DMPE complexes. One factor that could possible cause the change in
this M1-M2 separation is a difference in z-acceptor ability for the DMPM ligand. However, the
m-acceptor abilities of alkyl phosphines are known to be weak,’3 and this large difference

between DMPM and the other two phosphines is not expected. Since the three phosphines
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have similar mz-acceptor properties in the mono-dentate complexes (Chapter 4) some other
overlap effect must give rise to the M1-M2 separation in the DMPM complex. Two
possibilities can be proposed.

First, the CH; bonding orbital, in addition to interaction with the P++ combination,
points directly at the metal orbital assigned to ionization band M1 (see Figure 25). As
mentioned previously, this is a filled-filled interaction that results in destabilization of that
d-orbital which lies between the two P atoms (dy2.,2). Band M1 correlates to ionization from
this orbital. The destabilization of band M1 can also be explained by the PLP-d,2.,2 filled-filled
interaction described in the Background section (see Figure 19). The DMPM bite angle is very
small (=67°) and interaction of the PLP’s with the metal orbital between the P atoms is
certainly possible. The destabilization of band M1 in the DMPM spectrum may follow from
either or both of these interactions.

The splitting under band M2 is more curious. Theory predicts both of these metal-based
IP’s are unaffected by distortions in the P-Mo-P angles. However, if distortions in the local CO
coordination geometry have occurred these two ionizations would be greatly affected. If the
normally 90° OC-metal-CO angle trans to the chelating phosphines undergoes a distortion, this
would most affect the ionization energy of band M1. If the 180° OC-metal-CO angle cis to the
chelating phosphine distorts, the ionizations under band M2 would be most affected. Thus, the
spectrum of the DMPM complex suggests a possible change in CO coordination geometry for
the 180° OC-metal-CO angle. This point will be examined in detail in the X-ray Structure

section.

Tungsten Complexes. From the PLP ionizations given in Table VIII, the average of the
P++ and P+- jonizations may be calculated. These three values are 9.69, 9.71, and 9.69 eV for

the PMes, DMPE, and DMPM complexes, respectively. Like in the molybdenum complexes,




114
these averages indicate essentially identical charge and overlap effects at the coordinated
phosphorus atoms. These averages are 0.18 eV more stable than the molybdenum complexes.
This reflects either the lower starting orbital energy of the metal levels (5d and 6p) before
coordination with each phosphine or a simply a stronger interaction between the PLP and the
tungsten atom.

The PES spectra in Figure 24 compare the W 5d ionizations for cis-W(CO)4(PMe3),,
cis-W(CO),DMPE, and cis-W(CO)4,DMPM. These spectra are more complex due to the
spin-orbit coupling between the resulting ion-states.”0 Band M2 is most visibly affected
(broadened) and is fit with two similar asymmetric Gaussians representing two ion-states (bands
M2 and M2%). This splitting is most evident in the DMPM spectrum. The splittings between
bands M2, M2°, and M1 in each complex represent the magnitude of the spin-orbit interaction,
however, the broad nature of band M2 does not leave sufficient features to clearly determine
accurate IP’s of the two spin-orbit split ion-states under this broad band. Problems associated
with this fact will surface in the spin-orbit analysis.

Comparison of the first IP for each of the complexes gives a similar observation to the
one made in the Mo analogues. Band M1 in the DMPE spectrum is 0.04 €V more stable than
that of the cis-(PMes), complex and 0.09 ¢V more stable than band M1 in the DMPM complex.
The 0.04 eV difference is more significant in these tungsten complexes as the reproducibility in
fitting the single ionization band M1 is +0.005 eV. The spin-orbit coupling in these W
analogues increases the separation of the first and second IP’s and has allowed for more
accurate comparison of the first IP’s of each complex. To completely understand the differences

in the first IP’s, a discussion on the origins of the spin-orbit interaction is needed.
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Spin-Orbit Analysis The spin-orbit { (zeta) parameter measures the extent of spin-orbit
interaction and is a function of the radial distribution of the d-orbital. For a free ion, the

equation is given by:74

¢ = [Zene®2m?c*(r3) &)

where m is the mass of the electron, c is the speed of light, Z.g is the effective nuclear charge,
and {~3) is the average value of 3. In a metal complex, the extent in which the ligand orbitals
mix with the metal is an additional factor in the equation. For { of a heavy transition metal

complex, the metal d-orbital mixing factor (C) must be added. The equation becomes:

§ = [ZegeX2mZ%c?)(r3)Cyys? “

where C represents the coefficient for the metal atomic d-orbital in the molecular orbital
correlating to this ionization. The dependence of §{ on Cyys,? indicates metal-ligand overlap
differences between the complexes can manifest in different values of §. Increased overlap of
the metal levels (smaller C) with the ligands will decrease the observed § value. This type of
analysis has been used previously in the discussion of the photoelectron spectrum of osmocene,
Cp,Os [Cp = cyclopentadiene anion).”s

Hall, et.al. has published a complete theoretical interpretation of the spin-orbit coupling
in rhenium d6 systems which can be applied to these d tungsten complexes.”! From Hall’s
equations, the § values for all three complexes can be calculated if accurate IP’s of the three

ion states can be obtained. The equation is given by:

t = -1B2eo-c4€) = 12{273(e5-€.)2-2[0(2cg-€1-€.)2 " )
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The epsilon’s, €,, €4, and €., represent the three observed IP’s. For these cis complexes €, is
the highest IP, e_ is next, followed by e, being the lowest IP. The solution of the three-by-
three matrix for the three spin-orbit interacting d-orbitals yields three equations and three
unknowns, €, €2, and &. The values €. and ep; are the orbital IP’s in the absence of
spin-orbit coupling. Normally, the three IP’s correlating to €, €., and €. are used in the three
equations and the values for €, €2, and § are obtained. Since €, and e. are so closely spaced,
the error bars associated with the calculation will be very large. In fact, using my values from
Table VIII into equation (5) leads to a negative number under the square root and an
imaginary solution for §.

However, the e, value is very accurately known and the €, and €. values could be

optimized while holding e, constant. This analysis is given in Table IX. The solution is
Table IX Spin-Orbit Analysis for the cis-W(CO)4(P)z complexes.

cis-W(CO)4(PMes),  cis-W(CO),DMPE cis-W(CO),DMPM

€ 7.217 7.208 7.229
€4 6.806 6.838 6.755
e 7.110 7.114 7.109
¢ 0.195 0.180 0.234
€e 7.130 7.129 7.110
€52 6.891 6.920 6.870

checked continuously in an iterative manner by returning the €, €., and €_ values back into

Hall’s equations for calculating €. and €,3. Only ¢, is significantly altered from the fit IP result
in Table VIII and is adjusted to lower binding energy. This is the most probable direction to
adjust €, since the intensity from unresolved vibrational progressions forces the fit value to
higher IP’s.

From Table IX, the { values for the DMPE and PMe; complexes differ by only 0.015

eV, but are both reasonable for tungsten complexes. The 0.23 ¢V § for DMPM and is much
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too large. The atomic spin-orbit coupling ¢ value for tungsten is 0.258 V.76 This large value
is probably due to both the known splitting under band M2 (from the Mo results) and the
possible interaction of the CH, bonding orbital of bridging DMPM CH, group with the dy2.,2.
The splitting under band M2 places €, and e. closer together before spin-orbit coupling is
"turned on". Thus, €, will be pushed lower in energy once the spin-orbit mixing between e,
and e, occurs. The CH, bonding interaction pushes the e, up in energy (seen in the Mo case)
also prior to the "turning on" of the spin-orbit interaction. Both of these factors gives the
illusion that a larger spin-orbit interaction is present.

In order to determine the significance of the 0.015 eV difference in the ¢ values for the
cis-(PMej3), and DMPE complexes, the effect upon €, and the resulting €. and e, values by
changes in § is examined in Table X. The § values for the cis-W(CO)4(PMej3), and

Table X Spin-Orbit Analysis at Constant {= 0.199 V.

cis-W(CO)4(PMes),  cis-W(CO),DMPE cis-W(CO),DMPM

€ 7.214 7.219 7.240
€4 6.806 6.840 6.755
€. 7.110 7.130 7.110
¢ 0.199 0.199 0.199
€e 7.114 7.119 7.140

€b2 6.900 6.950 6.824

cis-W(CO),DMPE complexes are held constant at {= 0.199 eV. This is the { value obtained
for rans-W(CO)4(PMez), (see Chapter 6, Spin-Orbit Coupling Analysis). Comparison of
Table IX and Table X indicates only small changes result in the value of ¢, which are within
the error in fitting the €, and €. bands. Thus, the 0.015 eV difference between the £ values for

the cis-(PMes), and DMPE complexes is too small to be considered significant.
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Explanation of the small molybdenum and tungsten metal ionization shifts has been

relatively straightforward. The destabilization shifts of band M1 for the PMe; complex can be
attributed to either the PLP-4,2.,2 or PLP-CO #* interactions. The latter interaction is only
present in this molecule. In the DMPM complex, the destabilization of band M1 is much larger
and both the PLP-d,2.,2 and the CH; bonding orbital-d,2.,2 interaction must contribute. Band
M1 in the DMPE complex is the most stable and this complex has only the PLP-d,2.,2
interaction (zero PLP-CO x* interaction due to symmetry). These shifts are very small and are
most probably due to the one or both of the overlap interactions presented above. However, it

is not possible to determine which interaction is dominant for each ligand geometry.

Molecular Orbital Calculations.

In the Extended Huickel treatment of these distortions by Hoffman, the d-orbital in the
plane of the P-M-P distortion mixes significantly with the p-orbital centered between the two
phosphorus atoms. At ¢ < 90°, the p,-orbital mixes asymmetrically with the d,2.,2 lobe
centered between the two phosphorus atoms. The result is a hybrid d,2.y2-orbital with a small
Iobe between the P atoms. When a > 90°, the p-orbital mixes symmetrically and a hybrid
dy22 orbital with a large lobe between the P atoms is found. This means that the PLP’s will
not interact significantly with the d,2.,2 orbital at @ < 90°. This is the case for the DMPM
complex. Based on this treatment, the destabilization of band M1 in the DMPM complex must
be due solely to the CH; bonding orbital interaction with the hybrid dy2.,2 orbital. The
destabilization of band M1 for the PMe; complex still can not be assigned to either PLP-d\2.2
or PLP-CO #* by this analysis. This is because the hybrid d,2.42 orbital lobes adjacent to the

PLP’s are unaffected by the p-orbital mixing.
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Table XI Orbital Energies and Orbital Characters for P-Mo-P 80° and 100° in
cis-Mo(CO)4(PH3),.
Orbital Energy % % % Charge
Metal Co PLP
P-Mo-P = 80° dy; -6.03 61.1% 38.9% 0.0% -0.475
dy, -6.01 61.1% 38.7% 0.0%
HOMO - dy2.,2 -5.29 66.2% 33.2% 0.0%
P++ -14.00 14.6% Sp 2.3% 36.4% 0.449
P+ -12.71 43% d, 2.7% 69.5%
13.20% xSyp
P-Mo-P = 100° dy, -5.98 60.7% 39.3% 0.0% -0.482
dy, -5.97 60.7% 39.0% 0.0%
HOMO - dy2.y2 -4.29 66.8% 30.7% 1.1%
P++ -13.06 15.34% Sp 3.9% 50.3% 0.454
P+. -13.59  8.0%dy 24% 76.4%
9.4% Sp

Fenske-Hall MO calculations on cis-Mo(CO)4(PHj3), with both an 80° and 100°

P-Mo-P angle indicate both the PLP-d,22 and PLP-CO x" interactions are present at 100° and
only the PLP-d,22 interaction present at 80°. The orbital eigenvalues and orbital characters
appear in Table XI. The HOMO energy (dy2.y2) varies significantly between the two geometries
with the 100° geometry at higher orbital energy. These orbital energies track with the amount
of CO xn* character since the dy2.,2 character remains constant. The decrease in the CO '
mixing in the HOMO for the 100 ° geometry is caused by the extra 1.6% PLP mixing into the
CO z° in-plane with‘ the P-Mo-P angle. However, the HOMO orbital energy for the 100°
geometry is also destabilized relative to the 80° geometry due to the appearance of the 1.1%
PLP character. Thus, the calculations indicate both effects contribute to the destabilization of
the HOMO between the 80° and 100° geometries.

In comparison to the Extended-Huckel result, the Fenske-Hall calculation does not

indicate any significant mixing between the metal d,2.,2 and the 5p,. This creates the
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hybridization of the d-orbital in the Extended-Htickel treatment that decreases the size of the
lobe centered between the P atoms as « is decreased. Thus, the Fenske-Hall calculation
produces similar PLP-d,2.,2 orbital interactions with either & < 90° or & > 90°.

Interestingly, the calculation gives nearly identical charges for the phosphorus atoms
between the two calculations. This is due to the equivalent 10° deviation on each side of a
90° P-Mo-P angle. Calculations at a 90° P-Mo-P angle gives a 0.440 charge at the phosphorus
atoms. The 0.01 difference is small, but reflects the change in overlap caused by changes in the
P-Mo-P angle. For the =94° P-Mo-P angle in the PMe; complex vs. the =80° P-Mo-P angle in
the DMPE complex, the charge at the phosphorus atoms will be different. The identical charge
at the phosphorus atoms indicated by the PLP ionizations and the resulting identical electronic
structure at the metal for the PMe; and DMPE complexes indicates an ambivalence of the
metal and the coordinated phosphines to the different coordination geometries. In the next
section, X-ray structural data is used to examine this question, and a new concept in metal-

phosphine bonding is proposed.

X-ray Structures

X-ray structures for cis-W(CO)4(PMejs); and cis-W(CO)4DMPE were solved to quantify
the local coordination geometries about the metal and to determine the steric requirements for
each ligand set (See Appendix A). As expected, the largest difference is in P-metal-P angle
between each of the three structures. The 80.10(6)° DMPE chelate angle in cis-W(CO),DMPE
is comparable to other DMPE containing structures.465 X-ray structures of a methylene
bridged chelating phosphine with both phosphorus atoms coordinated to the same metal are
rare and a DMPM structure could not be located. The bis(diphenylphosphino)methane ligand
in cis-Mo(CO)4DPPM structure® has a P-Mo-P angle of 67.3(1)° and is an excellent

approximation of the P-Mo-P angle for DMPM. Both the DPPM and DMPE solid state
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P-Metal-P angles are extrapolated to be the gas-phase angle due to the chelating nature of the
ligands.

The cis-W(CO)4(PMe3), structure has a packing disorder affecting the methyl groups of
P(2) which reduces the usefulness (in comparing to the DMPE and DMPM structures) of the
its 97.44(6)° P-W-P angle. This disorder raises a question to the true gas-phase P-Metal-P
angle in the PMe; complex. The PMe, ligand has a cone angle of 118°6 indicating some steric
interaction will exist between two PMes ligands in a cis configuration. This should create a
P-Metal-P angle greater than 90°. Other X-ray structures containing one or more cis-(PMe3);
units (without any crystal packing problems) show a 94°-98° P-Metal-P angle.53 Therefore, the
gas-phase P-Metal-P angle in the PMe; complex most likely lies in this range.

Comparison of the W-P bond lengths of the DMPE and PMej structures show the
W-P(DMPE) lengths are statistically 0.03 A shorter than the W-P(PMes) distances. This may
indicate a stronger metal-phosphine interaction for DMPE complex. However, this difference is
small and may be a consequence of the different types of steric demands in the two ligand sets
and not to stronger o-donor properties for one phosphine over the other. The cis-(PMes),
complex contains intramolecular steric repulsions between methyl groups that may elongate the
W-P bonds in relieving this strain. The DMPE chelate contains a ring strain that holds each
phosphorus atom in position. A shorter W-P bond distance may helpi relieve this strain.

An example of these effects is seen in the X-ray structures of mer-trans-
[Rh(PMe3)3(H)(CCPh),] (A) and mer-trans-[{Rh(DMPE)(H)(CCSiMe;),},(u-DMPE)] (B).””
These two structures are shown in Figure 26. The coordination geometry about only one of the
metal centers for the dimer (B) is shown. The Rh-P bond lengths of the frans PMes's in (A)
are 2.297(1) and 2.298(1). In complex (B), the u-DMPE phosphorus is frans to a chelating
DMPE phosphorus. These two Rh-P bond lengths are 2.295(1) for the u-DMPE phosphine and

2.277(2) for the chelating DMPE phosphine. As one can see, the Rh-P (x-DMPE) distance in
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Figure 26  Structures of mer-trans-[Rh(PMe3)3(H)(CCPh);] (A) and
mer-trans-[{Rh(DMPE)(H)(CCSiMes), },(#-DMPE)] (B).

(B) is identical to the PMe; distances in (A). Once the DMPE ligand is removed from its
sterically strained chelating environment the Rh-y! DMPE bond length increases to a value
identical to the Rh-PMej distance.

Further comparison of the tungsten PMe3 and DMPE X-ray structures and the
molybdenum DPPM structure reveals the OC-metal-CO angles frans to the P-metal-P angle
possesses a small geometry difference. The C(1)-W-C(2) angles in the cis-(PMes),; and DMPE
structures are 88.2(3)° and 94.4(3)°, respectively (Appendix A). The PMej structure is 1.8(3)°
off the perfect 90° coordination geometry and the DMPE structure is 4.4(3)° distorted.
However, these two complexes have similar metal jonizations. In the structure of
cis-Mo(CO)4DPPM,% the OC-Mo-CO angle is 94.0(4)°, very similar to that of the DMPE
tungsten complex. Thus, these distortions do not significantly affect the electronic structure.

However, the DPPM structure also has a distortion in the OC-Mo-CO angle for the

CO’s cis to the phosphines and frans to each other. This angle is 167.9° and is 12.1° distorted

from the optimum 180°. These CO’s are involved in backbonding to the two orbitals assigned



123
to the ionizations under band M2. This distortion, if present in the DMPM complex, would

account for the splitting under band M2.

The Phosphine Twist.

In 1972, Kriger and Tsay published an X-ray structure for pseudo-tetrahedral
Ni(DCPM), (DCPM= bis(dicyclohexylphosphino)methane).”® In this paper in Acta. Cryst. B., it
was briefly mentioned that the local geometry about phosphorus atoms was distorted due to the
77° P-Ni-P chelate angle (109.5° for a normal tetrahedron). This distortion was observed as
inequivalent Ni-P-C(ligand) angles. They first suggested the metal-phosphorus interaction
proceeded through a "bent” Ni-P bond. A search for later publications from these two authors
concerning this subject revealed nothing further has been written discussing the electronic and
steric consequences of this bent bond. In this section, the idea of the bent metal-P bond will
be fully developed and discussed in terms of electronic and steric considerations.

Initial examination of the metal-P-C angles of each phosphine in our two structures
[excluding the disordered P(2) in the PMej; structure] reveals a similar asymmetric arrangement
of these angles around each phosphine observed in the Ni(DCPM), structure. This
arrangement is referred to here for the first time as the phosphine twist. The twist is shown in
Figure 27 for the cis-(PMes), and DMPE coordination geometries. The atom labeling scheme
relates to the cis-W(CO),DMPE and cis-W(CO)4(PMej), X-ray structures. In the DMPE
structure, the M-P([1],2)-C([10,11},20,21) bond angles are 119.4(3)°, 118.2(3)°, 118.9(3)°, and
118.1(3)°, respectively, while the M-P(1,2)-C(12,22) angles are 108.7(3)° and 107.5(3)°. In the
PMej structure, the M-P(1)-C(10,11) angles are 112.5(4)° and 114.1(4)°, respectively. The
remaining angle, M-P(1)-C(12), is a very large 123.1(3)°. For the cis-Mo(CO),DPPM complex,
these angles are more severely distorted (see Table XII). In all three cases, the C-P-C angles

remain constant. The direction of the twist in the DMPE and DPPM structures directs the two
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Figure 27 The Phosphine Twist for the cis-(PMes), (A) and DMPE (B)
Coordination Geometries.

phosphine lone pairs out of the chelate ring and away from each other. This decreases the
M-P([1),2)-C([12],22) angles and increases remaining four W-P-C angles for the DMPE
structure. In the PMej structure, the P(1) lone pair is twisted toward the other phosphorus
atom. This twist is in the opposite direction in the DMPE case. The result in both cases is a

"bent” M-P bond.

Prevalence of the Phosphine Twist.

After recognizing the abnormal arrangement of the metal-P-C angles in these structures,
a search for other X-ray structures containing cis-(PMes),, DMPE, or DMPM was performed to
evaluate the consistency of the twist and to determine the "normal" M-P-C angles for an
unstrained coordinated PMe; ligand. As many as 200 structures containing either DMPE or
cis-(PMez); ligands were found.” No structures of chelating DMPM could be located. Of
these, several of the best structures containing both ligand sets are reviewed. For the PMes
structures, the cis-(PMes); molecules could be found in both a sterically constrained geometry

such as octahedral or trigonal bipyramidal, but also in non-constrained geometries like
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tetrahedral or even as octahedral frans-(PMes),. The latter non-strained example will give the
metal-P-C angles free of the twist.

From examination of these three possible ligand environments, the twist was found to be
present in each DMPE structure and in only those cis-(PMe3), structures having close steric
contacts. An example of each type of phosphine X-ray structure and the important angles
appears in Table XII. The statistical treatment of these angles is given in Table XIII.

The standard deviation of each M-P-C angle from the average M-P-C angle was chosen
as an approximate measure of the twist. The real twist angle is actually the amount the PLP
has rotated off the normal bonding axis. The best measure of the twist angle from an X-ray
structure is where the metal, phosphorus, and carbon atom all lie in the same plane as the
direction of the twist. This rarely happens due to the 3 fold symmetry about the phosphine.
The standard deviation was chosen because the average of all three M-P-C angles is consistently
between 115°-117° for all the structures presented. Thus, the standard deviation will express
the relative difference in twist value between those phosphines that are twisted and those that
are not. Also, the 3o values for the structures could be used when referring to the significance
of the magnitude of the twist value when it is small. The magnitude of the standard deviation
or "twist value" is the criterion for the presence of a twist.

The Ni(NO,)(NO)(PMej3), structure8? has a slightly distorted tetrahedral geometry. The
P-Ni-P angle is consistent with the distorted Ty geometry at 105.1(1)°. This angle is large
enough that negligible steric contact between the PMes’s occurs. As a result, very symmetric
Ni-P-C angles are found. For six Ni-P-C angles, the average and standard deviation are
115.4(2) = 0.8(2)°. Since 30 of the esd is larger than the twist value, this molecule contains a
small PMe;-PMej steric interaction and is not considered twisted.

The W(CO)sPMej structure8! represents an octahedral geometry. From Table XII, the

W-P-C angles are 116.0(4)°, 116.8(4)°, and 113.9(4). The latter angle is slightly smaller due to
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Table XII X-ray Parameter Comparisons.
Structure Geometry P(1)-M-P(2)° M-P(1)-C® M-P(2)-C°
Ni(NO,)(NO)(PMes), Tg 105.1(1) 116.1(2) 115.6(3)
114.7(2) 114.3(2)
115.7(3) 116.2(3)
W(CO)sPMe, Oy NA 116.8(4)
116.0(4)
113.9(4)
cis-W(CO)4(PMes), (0% 97.44(6) 114.1(4) a
112.5(4)
123.1(3)
[Ni(CH3)(PMes3)4]BPhy TBP 94.4(9) 124.7(3) 116.4(3)
116.8(3) 116.6(3)
112.8(3) 118.1(3)
96.4(9) 123.4(3) b
118.3(3)
111.7(3)
97.8(9) 121.4(3) b
118.1(3)
114.2(3)
cis-W(CO),DMPE Oy 80.10(6) 118.2(3) 118.1(3)
119.4(3) 118.9(3)
108.7(3) 107.5(3)
cis-Cr(CO),(DMPE), O, 82.60(5) 117.8(3) 117.3(3)
121.6(3) 126.8(3)
112.0(3) 108.9(3)
trans-Ti(CH3),(DMPE), Oy 78.8(1) 123.7(3) 122.8(3)
117.4(3) 119.1(3)
110.2(3) 109.2(2)
cis-Mo(CO),DPPM Oy 67.3(1) 96.3(3) 97.5(3)
121.8(4) 120.4(3)
122.5(3) 123.2(3)

a - Not used due to disorder in the methyl groups of P(2).
b - These angles are of the axial PMe; given above.
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Table XIII Statistical Analysis of the X-ray Phosphine Twist.

Complex Average M-P-C° Twist Value®
Ni(NO,)(NO)(PMes), 115.4(2) 0.8(2)
W(CO)s(PMe) 115.6(4) 1.5(4)
[Ni(CHe?ﬁffﬁi)f‘]Bph“ 117.9(3) 4.6(3)
axial 117.03) 09(3)
cis-Cr(CO),(DMPE), 117.4(3) 6.4(3)
trans-Ti(CHz),(DMPE), 117.03) 6.2(3)
cis-W(CO),DMPE 115.1(3) 55(3)

cis-Mo(CO),DPPM 113.6(3) 13.03)

the arrangement of the methyl groups relative to the W-CO bonds. The methyl group with the

smallest W-P-C angle points out into a OC-W-CO quadrant while the others are centered over
W-CO bonds. Even without another PMe3 molecule, steric contacts between the C=0 or
W-CO bonds twists the phosphine. The methyl group centered into a OC-W-CO quadrant,
which has small steric contacts with the C=0 or W-CO bonds, can twist in between the
OC-W-CO angle decreasing this W-P-C(methyl) angle and increasing the other two
W-P-C(methyl) angles. The average W-P-C angle is 115.6(4) and has a larger twist value equal
to 1.5(4)°. However, the 3o limit is reached for this twist value, therefore, the twist is not
rigorously present.

The [Ni(CHj3)(PMe3)4]BPh, structure82 depicts a trigonal bipyramidal geometry with
three equatorial PMe; ligands in steric contact with the one axial PMe;. The P(axial)-Ni-
P(equatorial) angles are all greater than 90° indicating strong steric interaction. The
Ni-P(equatorial)-C angles are all severely distorted twisting in a direction that points the PLP

back toward the equatorial coordination site on the metal. The twist value is 4.6(3)°. In this
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complex, the equatorial phosphines are severely twisted. The axial PMe; has nearly equal
Ni-P-C angles. A slight twist may occur do to asymmetric contacts with the methyl groups of
the equatorial PMes’s. This is indicated in the range of P-Ni-P angles, however, the 3o of the
esd’s must be stretched to call these angles different. The average Ni-P-C angle is 117.0(3)°
with a negligible twist value of 0.9(3)°.

The two DMPE examples, trans-Ti(CHz),(DMPE),%* and cis-Cr(CO),(DMPE),%, all
contain the twist found in our DMPE structure whether in a cis or trans configuration. As an
example, the average Ti-P-C angle in frans-Ti(CH3)2(DMPE), is 117.0(3) and the twist value is
very large at 6.2(3)°. All DMPE structures show a twist of this magnitude.

The last example is of the cis-Mo(CO)DPPM structure used to approximate the
P-metal-P angle in my DMPM complexes. The phosphines in this molecule are very severely
twisted. The average Mo-P-C angle is 113.6(3)° (out of the normal 115-117° range) and the

twist value is a very large 13.0(3)°.

Significance of the Twist to Metal-Phosphine Bonding.

Electronic Effects. The average of the P++ and P+- IP’s indicates the phosphorus
charge and overlap effects at the phosphorus atoms for cis-Mo(CO)4(PMes), and cis-Mo(CO),-
DMPE is experimentally identical. This is a consequence of the phosphine twist observed in the
X-ray structures. In either a cis-(PMes); or DMPE geometry, the PLP’s are rotated in the
proper direction to achieve a maximum and nearly equivalent d,2.,2-PLP bonding overlap. This
is depicted in Figure 28 for either DMPE or DMPM and in Figure 29 for the cis-(PMes),
interaction with the dy, orbital and the P+-. The overlap maximum is determined by how much
the phosphine must twist for a cis-(PMe;);, DMPE, or DMPM coordination geometries. The

P-Mo-P angles (« values) are =94° for the PMe; complex, 80° for the DMPE complex, and

=67° for the DMPM complex. These « values have shifted the PLP’s off of the normal 90°



Orbital Contour Plots

DMPE Coordination Geometry [P-Mo-P < 90°]
with Phosphorous Twist.

Figure 28

Hel Spectra 6-11 eV for cis-W(CO)4(PMej3), (A),
cis-W(CO)4DMPE (B), cis-W(CO)4DMPM (C).
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Orbital Contour Plots

Idealized Coordination Geometry [P-Mo-P = 90°]

PMe; Coordination Geometry [P-Mo-P > 90°]
with Phosphorous Twist.

Figure 29 cis-PMe; coordination geometry including twist compared to normal
90° coordination. Aligned arrows points represent maximum
overlap.
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bonding axis in opposite directions (PMes vs. chelates) by differing amounts. The magnitude of
the phosphine twist is variable and depends upon the extent of the phosphine steric interaction
or ring strain. Thus, the d,,-PLP overlaps begin different due to steric requirements, but can be
maximized by twisting the PLP producing nearly equal dy,-PLP overlaps, equal charge on the
coordinated phosphorus atoms, and probably near equal M-P bond strengths as well.

At the metal, deviations in a can cause the lone pairs to interact with the filled d,2y2
orbital. This destabilizes this orbital through a filled-filled interaction. At large P-Mo-P angles,
the lone pairs can interact with each d,2.y2 lobe adjacent to the CO ligands. The lone pairs are
twisted back toward each other in the PMe; coordination geometry and away from the lobes of
the d,2,2 adjacent to the CO ligands. In the DMPE case, the lone pairs are twisted away from
the lobe of d,2.y2 centered between the PLP’s. This also decreases the interaction between the
metal dy2.,2 and the P lone pairs. Therefore, in either coordination geometry, the phosphine
twist can decrease the filled-filled interaction between the metal orbital and the lone pairs. In
addition, the PMej lone pair can interact with the CO x* orbitals in-plane with the PLP. The
effect of the twist upon the PLP-CO x° interaction moves the PLP’s away from the CO ligands
in the PMe; case minimizing this interaction. Since the PLP-CO x* interaction is only present
for the > 90° geometry, the differences in the first metal-based ionization between a >90°
and a < 90° should reflect this interaction. In the observed electronic structure, it is the actual
P-Mo-P angles that will determine the extent of both the PLP-d,2 2 and PLP-CO z*
interactions. The small shifts in the spectra indicate these interactions, but are quite small. It
is therefore not possible to experimentally quantify how much the phosphine twist affects the
PLP-dy2.y2 or PLP-CO x° interactions. The DMPM spectra show the largest differences in the
metal ionizations compared to the PMe; and DMPE spectra. Band M1 becomes destabilized
due to interactions of the PLP with the lobe of the dy2.,2 centered between the two PLP’s or

due to interaction with the CH; bonding orbital.
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The most curious observation in the DMPM spectra is the splitting under band M2 in
the molybdenum and tungsten spectra. These ionizations correlate to the metal dy; and dy,
orbitals. The X-ray data did not indicate a difference in trans-CO coordination geometry
between the DMPE and DPPM structures (94.4(3)°, DMPE and 94.0(4)°, DPPM). However,
as mentioned previously, the OC-Mo-CO angle of the CO’s cis to the phosphines and frans to
each other is severely distorted in the cis-Mo(CO)4DPPM structure (167.9°) This same angle is
177.2(4)° in the cis-W(CO)4(PMej3), structure and 178.5(3)° in the cis-W(CO),DMPE
structure. The distorted CO’s in the DPPM complex are involved in backbonding to the d,,
and dy, orbitals. The two jonizations under band M2 of the DMPM complex correlate to these
orbitals. If the rans CO distortion is present in the DMPM structure, this would account for

the splitting of the ionizations under band M2.

Steric Effects. Now lets briefly examine the twist in terms of steric interactions. For
DMPE or DMPM geometries, the twist moves the bridging ethylene or methylene carbons
closer together. This will decrease the ring strain created in the chelating geometry. For the
cis-(PMes), structures, the twist directs the interacting methyl groups away from each other
decreasing this steric contact. From steric standpoint, the direction of the twist in either a
cis-(PMes),, DMPE, or DMPM geometry stabilizes the total energy of the molecule. From
these arguments, it is evident that a phosphine twist is favorable to a molecule containing small
steric interactions or ring strain that does not allow normal 90° coordination and that the

amount of twist is variable depending of the magnitude of the steric strain.

Conclusions.
The substitution of monodentate phosphines with chelating analogues has become

increasingly more common in the study of metal complexes. In this chapter, the experimental
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and theoretical consequences of such a substitution have been thoroughly examined. My results
indicate substitution of DMPE for a cis-(PMes), unit can be performed with only a small
change in the metal-based ionizations. Substitution of cis-(PMes), with the DMPM chelate
causes more significant break in the degeneracy of the ionizations under band M2 due to
changes in ttie CO coordination geometry. Thus, DMPE is the better chelating analogue when
substituting for a cis-(PMes), fragment and will be used in the ligand additivity studies of the
next chapter.

In addition, the process of evaluating the electronic structure of cis-monodentate vs.
cis-chelate has revealed the phosphine is capable of local twisting to relieve the ring strain and
steric demands created by DMPE, DMPM, or cis-(PMe3), ligands. From an electronic
standpoint the result of the phosphine twist, whether in a PMe3;, DMPE, or DMPM geometry,
can create two "bent” metal-phosphorus bonds with nearly equal metal-P bonding overlap. This
requires each X-ray structure to show the twist in the direction which directs it back toward the
metal d-bonding orbital. This is indeed observed in each structure examined. Because the
twisted phosphine is off the normal bonding axis, the lone pair orbital no longer points directly
at the metal atom, but at the metal d-orbital or p-orbital (i.e. a bent metal-phosphorus bond).

These results show that phosphine ligands are not rigidly bound to metal centers, but
are soft enough to react to adverse local environments and can decrease steric interactions
without large sacrifices in thermodynamic stability. These results further support the existence

of the unique balance between steric and electronic control in the metal-phosphine interaction.
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CEAPTER 6.
ELECTRONIC AND STERIC FACTORS IN DEVIATIONS

FROM LIGAND ADDITIVITY IN HIGH PHOSPHINE SUBSTITUTED
MOLYBDENUM AND TUNGSTEN CARBONYL COMPLEXES.

Introduction

In the past 10 years, additive ligand effects in transition metal carbonyl complexes have
been observed in several physical properties. Timmney has developed an empirical relationship
for the prediction of CO stretching frequencies in a variety of metal carbonyl complexes.83
Electrochemical data (E;,) has often shown additive behavior for substituted metal carbonyl
complexes. One of the more interesting of these studies was performed by Bursten on
M(CO)4.,(CNR),, [M=Mn(l), Cr(0); R=CHj, C¢Hs; n=0-6].18 The additive nature of E;,, with
the number of CNR substitutions was related to the electrostatic stabilization of the metal
orbitals (ligand field) and the difference in metal-ligand z-type overlap.

Valence metal ionization potentials are also primarily dependent upon these two factors.
Thus, Bursten’s additivity model should hold for the metal ionization potentials obtained
through a series of ligand substitutions. Previous experiments in this laboratory have shown
additive ligand electronic effects in both the valence and core metal jonizations for the
Mo(CO)g.,(PMes), series through n=3.1%20 Bancroft has also reported additive ligand effects
in the analogous W(CO)¢.,(PMes), series through n=3.57 In the studies reported from this
laboratory, the ligand additivity model has been examined in great detail and linked to simple

MO theory and electrostatics.3!
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In this chapter, the additivity principle is further tested at higher phosphine substitutions
in the M(CO);.,(P), series [M=Mo, W] using P= PMe; and the chelating diphosphine, DMPE
for n= 2,4,6. From Chapter 5, the tetracarbonyl DMPE complexes of Mo and W exhibit nearly
identical metal electronic structure compared to the cis-(PMes), complexes. Thus, the more
thermally stable M(CO),(DMPE), and M(DMPE); complexes can be used to complete the
series to n=6. This claim is further examined through the metal electronic structure
comparison of cis-Mo(CO),(PMej3), and cis-Mo(CO),(DMPE),. The analogous M(PMe3)
complex is probably too labile for these experiments based on previous mass spectroscopy
studies.®¥ Thus, an electronic comparison of Mo(PMes)s and Mo(DMPE); can not be made.

The new results concerning additive ligand electronic effects presented in this chapter
can not be understood without a knowledge of the ligand additivity model and the previous
experimental results. Thus, the next section provides a brief description of this necessary
information in order to interpret the new results presented in this chapter. For a more

complete discussion the reader is referred to reference 20 and Dr. Glen Kellogg’s dissertation.3!

Background

Bursten’s ligand additivity model predicts the IP of a metal dx orbital, El, for octahedral
M(CO)¢.n(P), through the following equation:

IP= Ej = E} +nAE} + miAE} &)

Ej is the IP of orbital i, Ef is the IP of the n=0 unsubstituted complex, M(CO)g, AE]
represents the shift in IP due to changes in charge potential felt at metal orbital i, n is the total
number of P ligands that have replaced CO in the molecule, AE} represents the IP shift due to
changes in the z-type overlap difference between P and CO, and mi is the number of CO n-type

metal-ligand interactions with the metal orbital, i, removed by substitution with P.
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Figure 30  Ligand Additivity Shift Correlation Diagram for Mo(CO)g.n(PMe3),
for n= 0,1,2,3.
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The terms AE& and AE! are calculated from the analytical fit of the metal ionization
bands corresponding to Ef and Ej. For example, AE} and AE! can be obtained for
Mo(CO)sPMe, from the data in Table VI (Chapter 4). Two equations are set up from the two
metal IP’s as follows:

IP(M1) = 7.57 = 842 + (l)AE['l + (1)AE] (6)

IP(M2) = 7.85 = 842 + (1)AE{ + (0)AE! )
The IP of Mo(CO), is 8.42 €V.19 The solution of this two equation/two unknown algebraic set
produces AEi(mono) = -0.57 eV and AEi(mono) = -0.28 eV.

The valence and core PES data and subsequent AE} and AE! values for the
Mo(CO)¢.n(PMe3), [n= 0,1,2,3] were obtained previously by Kellogg. The nAEtil term
represents the change in total charge potential at the metal from the Mo(CO)4 parent complex
(n=0). A plot of nAE}1 vs. n shows the additive charge shift per phosphine substitution. This
plot for n= 0,1,2,3 from both the valence and core metal ionizations is reproduced in Figure 30
from Dr. Glen Kellogg’s dissertation.3! The plot reveals that the charge shift per substitution is
linear for both the valence and core. However, a small deviation in the valence for n=3
(fac-Mo(CO)3(PMejs)3) is observed. In order to determine the significance and origin of this
deviation, the model needs to be expanded to higher phosphine substitution number. This
chapter reports the ionization potentials and ligand additivity parameters for n= 4 and 6. The
PES spectra of cis-M(CO),(PMes)y, cis-M(CO),(DMPE),, and M(DMPE); (M= Mo, W] not
only reveal deviations in additivity, but also show the effects upon electronic structure induced

by metal-ligand coordination geometry.

Results
Molybdenum Complexes The valence photoelectron spectra in the binding energy

regions 5.0-10.2 eV and 5.2-6.8 eV for cis-Mo(CO),(PMes)4 (A) and cis-Mo(CO),(DMPE), (B)




138

Ionization Energy (eV)
10 9 8 7 6

v )
v P2 P
\(I ’I \

Figure 31 Hel Spectra of the Phosphorus Lone Pair and Mo 4d Ionizations
for cis-Mo(CO),(PMe3)4 (A) and cis-Mo(CO),(DMPE), (B).



6.8

Ionization Energy (eV)
6.4 6 5.6

139

56

Figure 32

Hel Close-up Spectra of the Mo 4d Ionizations of
cis-Mo(CO),(PMe3)4 (A) and cis-Mo(CO),(DMPE), (B).
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Figure 33 Hel Spectrum of the Phosphorus Lone Pair and Mo 4d Ionizations
(A) and a Close-up Spectrum of the Mo 4d Ionizations (B) for
Mo(DMPE)s.
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Table XIV Tonization Potentials and Bandshapes for the Molybdenum and Tungsten
M(CO)g.n(P), Complexes (n = 4,6).

Complex Band IP(eV) W, W, Rel, Area Assignment
cis-Mo(CO),(PMes)4 M1°* 5.66 059 026 1.00 Metal
M1 5.82 059 026 1.03 Metal
M2 6.11 059 026 0.94 Metal
P1 8.42 060 044 1.98 PLP
P2 892 060 044 2.58 PLP
P3 9.63 060 044 2.13 PLP
cis-Mo(CO),(DMPE), M1 5.86 048 035 1.00 Metal
M2 6.15 048 035 0.71 Metal
P1 8.28 045 044 0.89 PLP
P2 8.85 085 044 1.94 PLP
P3 9.77 046 044 1.26 PLP
Mo(DMPE); M1 5.06 052 048 1.00 Metal
P1 7.83 047 038 0.62 PLP
P2 8.17 049 049 1.01 PLP
P3 8.77 047 038 1.00 PLP
cis-W(CO),(DMPE), M1° 5.75 054 032 1.00 Metal
M1 6.01 054 032 0.94 Metal
M2 6.20 054 032 093 Metal
W(DMPE); M1 4.87 050 036 1.00 Metal
M2 519 050 036 1.38 Metal

are shown in Figure 31 and Figure 32. The photoelectron spectra for Mo(DMPE); in the
binding energy regions 4.4-9.5 €V and 4.4-5.9 eV appear in Figure 33. The results from the
analytical fit of both the molybdenum and tungsten spectra are given in Table XIV.

For the n=4 spectra, the ionizations in the 9.5-8.5 eV region of Figure 31 correlate to
ionization of the phosphorus lone pair (PLP) orbitals. The approximate 1:2:1 intensity pattern
in each spectrum results from an accidental ordering of the symmetry adapted combinations of
the PLP orbitals in C,, symmetry. This ordering has produced a degeneracy for two of the
combinations. However, it is also possible for the totally symmetric bonding combination to be

at higher binding energy and buried under the forrest of ionizations beginning at =10 eV. The
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resulting intensity pattern must then result from different metal bonding orbital (4d vs. 5p)
mixing into the PLP’s. Nothing further will be said concerning these ionizations.

Comparison of the metal based ionizations for the n=4 complexes in both Figure 31 and
Figure 32 show a significant difference between the metal IP’s. All of the previous molybdenum
carbonyl spectra (n= 1,2,3) show splittings due to the simple zz-backbonding difference between
phosphine and CO. In these dicarbonyl complexes, the splitting of the metal jonizations should
be 2:1. The correct splitting is observed in the cis-Mo(CO),(DMPE), metal ionizations. This
splitting is based on two of the metal ty, orbitals (correlating back to the parent Mo(CO)
complex) backbonding to one CO and three phosphines while the remaining metal orbital
interacts with two CO’s and two phosphines. The latter orbital is stabilized due to the better
z-acceptor ability of CO compared to phosphine.

In Figure 32, the IP’s for bands M1 and M2 in the bis-DMPE complex correspond well
with the IP’s of bands M1 and M2 in the tetrakis-PMe; complex. However, band M1° in the
tetrakis-PMe3 complex shows a large destabilization shift of 0.20 eV from band M1 (Table XIV).
This is the only difference between the spectra of the metal based ionizations between the
bis-DMPE and tetrakis-PMe; complexes. The degeneracy of band M1 that is evident in the
bis-DMPE complexes has been broken in the tetrakis-PMes complex. Thus, the tetrakis-PMes
complex has lower symmetry at the metal center while the bis-DMPE complex holds symmetry.
The reason for the difference in the observed metal-based electronic structure is found in the
coordination geometries of the phosphine ligands and is explained later.

For the spectrum of Mo(DMPE); in Figure 33, some of the PLP ionizations appear in
the 9-8 eV region. All of the PLP ionizations are not visible as the symmetric combinations
will be at high binding energy and under the forrest of ionizations beginning at 9.5 eV. The
single jonization band at 5.0 eV correlates to the Mo(0), d metal center. It is at a very low

binding energy indicating the metal is extremely electron rich. The band is very symmetric
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(Table XIV, W}, and W)) which does not indicate any splitting due to the rigorous D3 symmetry

of this pseudo-octahedral tris-chelate complex.

Tungsten Complexes The complete series of metal ionization spectra for
W(CO)s.n(PMe3), [n= 0,1,2,3] appears in Figure 34 and the results of the analytical fits are
given in Table XV. These data have been published previously by Bancroft, er.al,57 but due to
the discrepancy in the cis-W(CO)4(PMes), spectrum explained in Chapter 5, the low S/N in
Bancroft’s data, and the need for a consistent comparison to the n= 4 and 6 spectra presented
in this chapter, it was necessary to repeat these experiments. These ionizations contain a
spin-orbit perturbation in addition to the ligand field splittings. These data must be corrected
for spin-orbit effects before calculation of the ligand additivity parameters. This analysis is
deferred to the Discussion section.

The photoelectron spectra of the W 54 ionizations for cis-W(CO),(DMPE), and
W(DMPE); in the binding energy range 7-4.5 ¢V are shown in Figure 35. The splittings in the
bis-DMPE complex arise from both ligand field overlap effects and spin-orbit coupling. The
splitting in the W(DMPE)3 metal ionizations is due entirely to spin-orbit coupling. The IP’s,
bandshapes, and relative areas are given in Table XIV. These metal ionizations will also need

to be corrected for spin-orbit effects before included in the ligand additivity model.

Discussion

Ligand Additivity in the PMe; Complexes. The additive charge effects per phosphine
substitution in both the core and valence for Mo(CO)¢.,(PMe3), [n= 0,1,2,3] are shown in the
shift correlation diagram in Figure 30. The core data indicates a linear dependence between the
charge potential change and the number of phosphines coordinated to the metal. However, in

the valence data, a deviation from additive charge effects is observed at n=3. For
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Figure 34  The W 5d Ionizations for W(CO)g (A), W(CO)sPMes (B), cis-(C)
and trans-W(CO)4(P MC3)2 (D), and fac-W(CO)3(PMe3)3 (E)
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Figure 35 Hel Spectra of the 5d Metal Ionizations cis-W(CO),(DMPE), (A)
and W(DMPE); (B).
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Table XV

Ionization Potentials and Bandshapes for the W(CO);.,(PMe3), Complexes.

Complex Band IP(eV) W, W Rel. Area
W(CO)¢ M1 8.32 019 015 1.00
M2 8.58 027 0.19 2.57
M2 8.85 027 019 0.90
W(CO)sPMe, M1® 750 032 0.16 1.00
M1 7.74 032 0.16 1.10
M2 7.95 032 016 113
M2’ 8.22 032 016 0.32
cis-W(CO)4(PMe3), M1 6.80 030 024 1.00
m2* 7.10 043 022 1.15
M2 7.27 043 032 135
M2 7.56 043 032 033
trans-W(CO)4(PMe3), m1* 6.73 038 0.18 1.00
M1 6.96 038 018 1.00
M2 7.36 031 015 0.97
M2’ 7.64 031 0.15 0.27
Jac-W(CO)3(PMes)s M1 6.27 059 028 1.00
M2 6.57 059 0.28 1.55

interpretation of this comparison, an understanding of the factors affecting the core vs. valence
IP’s is needed.

The core IP’s are dependent upon only charge potential and relaxation effects. The
valence IP’s are dependent on these two factors, as well as upon metal-ligand overlap effects.
Since the core shifts are linear, the deviation in the valence can only be due to an overlap
effect and not due to charge potential changes. Why then is the deviation visible in a plot
specifically designed to track charge potential changes? This is caused by an assumption made
by Kellogg in order to calculate the nAE} value for n=3. Neither the AE} or AE! values can be
calculated directly from the valence metal jonization data of fac-Mo(CO)3(PMe3)s, because only
one ligand additivity equation is available to determine both AE("l and AEL This creates an

insolvable one equation and two unknowns situation. The nAE}, or the AE] values must be
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estimated using an average of those AE] or AE} parameters obtained from the n= 1 and 2 data.
Then, using the observed IP for the single metal ionization band in fac-Mo(CO)3(PMegs)3, the
nAE} or AE} parameters can be calculated. If the average AE] value is used the AEj(fac)
appears to have decreased. If the average AE! is used the AEf](fac) appears to have decreased.
In the shift diagram, the latter calculation was performed with the presumption that the
difference in z-backbonding between PMez and CO remains constant throughout the series.
Since the difference in z-backbonding between CO and PMe; probably does not change, the
deviation in the valence additivity data is most likely caused by a new overlap effect.

This new overlap effect is created by the fact that all ligand angles in fac-
Mo(CO);(PMes); are not 90°. Ligand additivity assumes no ligand coordination geometry
changes from perfect 90° O, symmetry. As shown in Chapter 5, the P-Mo-P angles in a
complex containing a cis-(PMe3), unit must increase due to the steric requirements of the PMe;
ligand. It is also possible for the OC-Mo-CO geometries to have changed due to the same
steric demand of the three PMej ligands. Such a geometry change can affect both the charge
potential term and the metal-ligand overlap interactions, as well as create possible ligand-ligand
overlaps. The assumption of no overlap effects other than the CO vs. PMe; n-backbonding
difference has created the illusion in the shift correlation diagram that the deviation at n=3 is
due solely to a charge potential effect.

From the spectrum of cis-Mo(CO),(PMeg),, it is obvious that the metal ionizations are
greatly influenced by the ligand geometry. This is because the metal-based ionizations for cis-
Mo(CO),(PMes)4 have an additional splitting whereas the metal ionizations in cis-
Mo(CO),(DMPE), are not affected. Interestingly, neither molecule contains 90° Oy, ligand
angles. In both the bis-DMPE and fetrakis-PMe; complexes, the Mo(P), fragment is likely to

differ from 90° ligand angles, and it is also possible that the Mo(CO), fragment cis-CO angle

has deviated from 90°. The X-ray structures of these particular bis-DMPE and retrakis-PMe;
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complexes have not been determined. However, the structures of similar molecules have been
solved in both geometries. The structure of cis-Mo(N,),(PMes)4 reveals the P-Mo-P angles are
found in the range 92.9(1)°95.3(1)° and the N-Mo-N angle is 87.0(5)°.85 Thus, the major
deformation from 90° Oy, geometry is found in the arrangement of the four PMes ligands. The
cis-Cr(CO),(DMPE), structure shows the DMPE bite angle at 82.50(5)° and the OC-Cr-CO
angle at 87.7°.55 Again, the distortions from perfect O, symmetry can be found in the
arrangement of the phosphorus atoms.

The distortions from 90° Oy, geometry for both the bis-DMPE and tetrakis-PMe;
complexes and the corresponding metal electronic structure of both molecules has two
contributions to the studies presented in this dissertation. First, both the n=3, rris-PMe; and

=4, tetrakis-PMez complexes cannot be used in the ligand additivity studies. This is due to the
break in local metal electronic symmetry in the ferrakis-PMes; molecule identified in the metal
ionizations. The tris-PMe; complex should not be used because the AE}l and AE! parameters
can not be determined independently and are probably influenced by ligand geometry effects.
For the same reasons, the n=4, bis-DMPE, and the n=6, Mo(DMPE)3, molecules can be
included in the ligand additivity model due to symmetric electronic structure observed at the
metal. Additive ligand electronic effects can therefore be determined through n=6 completing
the initial study began by Kellogg.

Second, both the n=4 complexes do not possess 90° Oy, symmetry, but only the metal
electronic structure of the retrakis-PMes complex is greatly affected. The metal-based electronic
structure for cis-Mo(CO),(DMPE), and Mo(DMPE)3; complexes show symmetric metal
electronic structure despite having distorted (from 90° ligand Oy, symmetry). This subject was
the topic of Chapter 5. The phosphine twist bonding mechanism is likely to be present in the

DMPE complexes to the extent that local metal electronic structure is not disturbed. The
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tetrakis-PMe; complex is also capable of the phosphine twist, but does not result in symmetric
local metal electronic structure. Thus, the overlap interaction in the tetrakis-PMe; complex that
creates the "break" in local metal electronic symmetry must not be greatly affected by the
phosphine twist mechanism. Combination of the phosphine twist model and the coordination
geometries (from X-ray structures) of both n=4 complexes will identify the origin of the overlap
interaction present in the fetrakis-PMes and not present in cis-Mo(CO),(DMPE),.

The contradiction between the metal ionizations of these two n=4 complexes indicates
that the overlap effect must be found in the interactions of the PMe; groups (specifically the
phosphorus lone pairs) with either the metal orbital associated with the ionization band M1°* or
the empty CO x° orbitals backbonding into that metal orbital. These two interactions,
PLP-Metal and PLP CO x*, were first mentioned in the comparison of the first IP’s of the
tetracarbonyl PMe; and DMPE complexes in the previous chapter. In the tetracarbonyl
complexes, the shift between the IP’s was small, and therefore little emphasis could be placed
on the existence and importance of these interactions. In the Mo(P)4 complexes, these
interactions become very important to the metal because of the fewer number of coordinated

CO molecules and the larger number of interacting PLP orbitals.

Coordination Geometries of the Mo(PMej)4 and Mo(DMPE), fragments, In the
tetracarbonyl complexes, the geometric arrangement of the phosphine ligands relative to the CO
molecules is easily grasped. This is because the orbital interactions and relevant P-Mo-P angles
are all in one plane. In the fetrakis-PMez complex the orbital interactions and P-Mo-P angles
are three dimensional. In contrast, the key orbital interactions and P-Mo-P angles in the
bis-DMPE complex are similar to the cis-Mo(CO)4DMPE molecule in that the DMPE ligands
are restricted to one plane. The bis-DMPE complex has two DMPE ligands in two mutually

perpendicular planes. The two geometries are pictured in Figure 36 using the cis-
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Figure 36 Comparison of the Coordination Geometries in
cis-Cr(CO),(DMPE); and cis-Mo(N3),(PMez),.

Mo(N2)2(PMes)4 and cis-Cr(CO),(DMPE), structures.6585

In the bis-DMPE complex, the chelating diphosphines are in the xz and yz planes. The
X-ray crystal structure of the chromium analogue, cis-Cr(CO),(DMPE),, reports that the chelate
bite angles are 82.60(5)° and 82.40(5)° and are restricted to each plane. The OC-Mo-CO angle
remains close to 90° at 87.7(3)°. The most interesting structural feature is that the angle
between the frans phosphines is nearly linear at 178.3(1)°. This means the entire chelate bite
ahgle is absorbed in the P(1)-Cr-C(1) and P(2)-Cr-C(2) angles, 168.7(1)° and 171.6(1)°,
respectively. Thus, this molecule (at least in the solid state) has the two phosphines, P(1) and
P(2), pulled off the 90° coordination sites by the chelating nature of DMPE. There are no
other intramolecular steric contacts between the phosphines other than the chelate bite angle.

The steric intraligand interactions between PMe; groups in cis-Mo(CO),(PMe3),4 are not
simple. The cis-Mo(N2),(PMes),4 structure shows the P-Mo-P angles are between 92.9(1)° and
95.3(1)°. The trans phosphine angle, linear in the bis-DMPE complex, is severely distorted at

168.3(1)° while one of the frans P-Mo-N angles is linear [178.4(4)°] and one is slightly
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distorted [174.2(3)°]. This arrangement maintains that each phosphorus atom lies a different

amount outside the planes containing the three metal tp, orbitals.
The orientations of the phosphorus atoms relative to the CO’s in each plane are shown

in Figure 37. These positions are solely dependent on the intramolecular steric contacts
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Figure 37 Geometric Arrangement of the Phosphorus Atoms in
cis-Mo(N,),(PMe3)4 for each Cartesian Plane; yz, xz, and xy.

between PMes groups. In the xy plane, the P(1)-Mo-P(2) angle is greater than 90° due to the
simple in-plane steric contact. This interaction is identical to that in cis-Mo(CO)4(PMes),. In
the yz plane, the P(2)-Mo-P(4) and P(2)-Mo-P(3) angles increase due to steric contacts in-plane.
In addition, the P(1)-Mo-P(2) contact in the xy plane forces P(2) out of the yz plane. In the xz
plane, the P(1)-Mo-P(3) and P(1)-Mo-P(4) angles are larger than 90° due to the contacts seen

in the yz plane. All steric interactions between the PMej groups indicate each plane is unique.
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Molecular Orbital Calculations The three dimensional nature of this problem makes
the important orbital interactions difficult to identify. Thus, two Fenske-Hall calculations86
were performed on cis-Mo(CO),(PHj3)4 in both the bis-DMPE and fetrakis-PMe3 geometries
given by the two X-ray structures. The phosphine is assumed io be a pure o-donor8 (no
d-orbitals on P) and the P-H bonding and antibonding orbitals were not allowed to interact
with the metal or CO (basis set deletion).
Table XVI Fenske-Hall Calculations on cis-Mo(CO),(PH3)4 for bis-DMPE and

tetrakis-PMe; Geometries.

Orbital Energy % % % Charge
Metal co PLP
tetrakis-PMe; dyy -3.08 66.5 31.7 0.5 Mo
Geometry dy, «2.30 78.7 21.2 0.0 -0.349
d, -2.14 79.1 18.7 1.5
PLP 5p -11.72 0.34d, 34 86.7 P trans
PLP z -12.01 262 d,2 0.2 679  0.336
PLP xy -1237  22.8 dy242 0.2 68.1 Pcis
PLP 5p -15.77 02d;2 04 599  0.300
bis-DMPE dyy -3.17 66.1 30.0 0.2 Mo
Geometry dy, -2.25 76.5 20.6 1.2 -0.346
dg -2.24 77.2 20.2 0.4
PLP 5p -10.80 0.2 d, 2.1 574 P wans
PLP z -11.87 305 d;2 0.0 426 0337
PLP xy -12.96 113 dy2,2 1.0 80.0 P cis
PLP 5p -15.95 0.4 d,2 0.0 50.3 0.300

The orbital energies and characters from the calculations appear in Table XVI. The

metal orbital energies from the calculation correctly predict the observed splittings in the metal
IP’s. In the tetrakis-PMes geometry, the eigenvalues of the metal levels track with the amount
of CO mixing 31.7%, 21.2%, and 18.7%. The CO mixing in the first two filled levels in the

bis-DMPE is essentially identical (20.6% and 20.2%). Thus, these two levels are degenerate.
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From Table XVI, the metal orbital energies and orbital characters can be compared and
the correct metal orbital destabilization interaction determined. The metal orbital energies in
each geometry track exactly with the amount of CO x° mixing into each metal level. The d,,
orbital in the fetrakis-PMe; geometry contains 1.5% PLP character and this might suggest that a
metal-PLP filled-filled interaction causes the destabilization of the HOMO. However, the d),z
orbital in the bis-DMPE geometry also contains 1.2% PLP character and is not as destabilized.
These results indicate that the metal-PLP interaction is not the major contribution to the
HOMO destabilization mechanism.

In the first PLP 5p orbital, 3.4% CO =’ is observed in the fetrakis-PMes geometry and
2.1% in the bis-DMPE case. This PLP orbital mixes the two PLP’s on the z-axis with the xz
CO #* and yz CO #n° orbitals. The two phosphines [P(3) and P(4)] are bent off of the z-axis
toward the CO ligand on the y-axis (see Figure 37). This increases the PLP-CO x" overlap
between the xz CO n* and somewhat for both CO #* xy orbitals compared to the bis-DMPE
geometry. This interaction is stabilizing to the PLP orbitals, but robs the CO x* stabilization
from the metal. Because the orientation of the phosphorus atoms in the refrakis-PMes
geometry is asymmetric in the xz-plane the PLP orbitals donate electron density primarily into
the xz CO n*. The xz CO x* mixing decreases in the d,, orbital and destabilizes it relative to
the dy,. The 2.1% CO x* mixing in the PLP Sp orbital in the bis-DMPE geometry is not
localized in one plane but is mixed into each CO x* orbital equally. This is due to the near
linear arrangement of the trans phosphines, P(3) and P(4).

It was mentioned previously that the interaction creating the "break" in metal electronic
symmetry in cis-Mo(CO),(PMes), is likely not to be greatly affected by the phosphine twist
model. In the fetrakis-PMe; geometry, the P-Mo-P angles are larger than 90° while in the

bis-DMPE geometry, these angles are less than 90°. The PLP-CO x° interaction will always be

much larger in the PMe; complexes simply because of the P atom to CO distance is shorter due
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to P-Mo-P angles > 90°. It does not matter if the twist increases or decreases the PLP-CO x*
interaction for DMPE vs. PMe3 complexes because the shorter through-space distance in all
PMez complexes guarantees a larger interaction. Thus, the phosphine twist does not significantly
affect the PLP-CO #° interaction resulting in different metal electronic structure for the
tetrakis-PMes and bis-DMPE complexes.

These calculations and their correlation with the experimental electronic structure
indicate the importance of steric influences in any strained carbonyl-phosphine complex. From
the electronic structure data of this chapter and the previous chapter, it appears the PLP-CO ="
interaction is measurable in the electronic structure only at the n=4 and maybe the n=S5 levels.
The large number of steric interactions can more seriously distort the phosphine arrangement at
these high substitution numbers. It is also quite probable this interaction contributes to the
deviation in the ligand additivity model for the n=3 (fac-Mo(CO)3(PMes)3) point. However, at
this time a DMPE analogue for direct comparison to fac-Mo(CO)3;(PMe3)3 consisting of one
chelating DMPE ligand and one PMe3 molecule is not known. This synthetic challenge and the

corresponding photoelectron spectrum are a task for another graduate student.

Ligand Additivity in the DMPE Complexes. Identification of the steric influence of the
PMe3 upon the electronic structure at n=4 substitution number necessitates its dismissal from
use in the ligand additivity model. However, the symmetric metal ionizations for the bis-DMPE
and tris-DMPE complexes indicate these molecules can be used in the model. This section
completes the application of PES data to the ligand additivity model with the metal ionizations
of cis-Mo(CO),(DMPE); and Mo(DMPE);. In addition, the tungsten analogues are also
presented.

IP Predictions from the Original Additivity AE"I and AE} Parameters. The additivity

parameters AE{ and AE! derived from the previous studies for Mo(CO)s.n(PMes), [n=0-3] can
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be used to predict the ionization potentials for the n=4 and 6 members of the Mo(CO)e.4(P),
series, Using AE("l = -0.55 eV and AEl = -0.28 eV obtained from the n=1 and 2 data, the two
IP’s of cis-Mo(CQO),(P)4 should be:

IP(M1) = Ei = 8.42 + (4)(-0.55) + (3)(-0.28) (6)
IP(M2) = Ei = 8.42 + (4)(-0.55) + (2)(-0.28) )
This calculation produces IP(M1)= 5.38 eV and IP(M2)= 5.66 eV. The experimentally
determined IP’s for cis-Mo(CO)z(DMPE)z are 5.86 and 6.15 eV, respectively. A similar
calculation can be performed for the IP of Mo(DMPE)3; and produces IP Mo(P)¢ = 4.00 eV.
The measured IP of Mo(DMPE); is 5.06 eV. The values predicted for the high phosphine
substituted complexes are 0.5 eV too low at the n=4 point and 1.0 €V too low at n=6. These
results indicate a significant change in either the AE‘i] or AEl terms.
For cis-Mo(CO),(DMPE),, both AE] and AE] can be calculated from the metal
ionization data.
IP = 5.86 = 842 + (4)AEl + (3)AEl 6)
IP = 6.15 = 842 + (4)AE} + (2)AE] ©)
Solution of these equations leads to AE§ = -0.42 eV and AE} = -0.29 ¢V. The AE} value is
identical to that found for cis-Mo(CO)4DMPE (AE} = -0.29 eV) and Mo(CO)sPMe3 (AE! =
-0.28 eV) and is excellent evidence that the overlap term does not change for the DMPE
complexes through n=4 substitution. The AE}1 value of -0.42 eV is significantly reduced from
the values obtained from trans-Mo(CO)4(PMe;), (AE}l = -0.55 eV) and Mo(CO)sPMe; (AE}! =
-0.57 eV). These data for the n=4 and n=6 complexes truly indicate that the charge potential
change is no longer additive with the n=0-2 points at high substitution number.
Using the fact that AE]} does not change through the Mo(CO)g.(P), series up to n=4,
the average AE! value for the n=1, 2, and 4 complexes can be used in the calculation of AE}; for

the n=6, Mo(DMPE)3; complex.
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IP = 506 = 842 + (6)AE] + (4)(-0.29) (10)
From this calculation, AE} = -0.37 eV. This value is similar to that calculated for n=4.
Figure 38 shows the shift correlation diagram for the total charge shift, nAE, vs. the number of
substitutions, n. This plot is missing the n=5 point and the previously determined n=3 point is
an open triangle indicating overlap effects certainly contribute to the position of this point.
The lines drawn through the data points are intended to indicate the possibility of two types of
additive behavior. The AE, charge potential shifts for both the n=4 and 6 points (-0.41 and
-0.37) are similar. They are at least as similar as the -0.57, -0.50, -0.51, and -0.55 eV values of
AE, obtained for Mo(CO)sPMe;, cis-Mo(CO),4(PMes),, cis-Mo(CO),DMPE, and trans-
Mo(CO)4(PMe3),. The AE, data separates the n=1 and 2 molecules from the n=4 and 6
complexes. This gives additive behavior at a certain slope through n=2, then an new additivity
relationship from n=4 to n=6. This result is consistent with the idea that after just two CO
molecules remain backbonding per metal t, orbital, further substitutions of phosphines leaving
one or zero CO ligands per ty; orbital result in a different, but linear charge flow from the
phosphine, to the metal and finally, out to the CO x* backbonding orbitals. However, the
unavailability of the n=>5 point and the probable additional overlap effect at n=3 makes this
claim somewhat tentative.

More interesting is the consistency of the AE; terms through n=4. The metal is quite
electron rich in the bis-DMPE complex with the first IP less than 6.0 eV, but the difference
between CO and phosphine in z-acceptor ability as measured by AE; does not vary. This
indicates that the phosphine does not alter its dr-acceptor abilities even when the metal levels
could benefit from any backbonding stabilization. This also suggests that these alkyl phosphines
probably have zero z-acceptor abilities since no evidence of the slightest deviation in AE; is

observed even at the electron rich n==4 metal center.
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Ligand Additivity in the W(CO);.,,(P),, Series.

Determining if additive electronic effects are evident in the metal ionizations of the
tungsten series is a more involved process. The metal ionizations contain both ligand field
splittings and spin-orbit coupling contributions to the observed IP’s. The spin-orbit effects must
be removed mathematically from the spectra leaving only the ligand field splittings and the IP’s

for calculation of AE; and AE,.

Spin-Orbit Coupling Analysis Hall, et.al has published a complete theoretical
interpretation of the spin-orbit coupling in rhenium db systems which can be applied to these
dS tungsten complexes.”! From Hall’s equations, the ¢, epp, and § values for all complexes can
be calculated if accurate IP’s of the resulting spin-orbit ion states are obtained. The values €,
and €, are the orbital IP’s in the absence of spin-orbit coupling. The solution of the three by
three matrix for the three spin-orbit interacting d-orbitals yields the three equations and three

unknowns, €., €2, and §. The equations are:

§ = -1B(265€4-€.) * 122/3(€4-€.)*-2/9(2€¢-€4-€ )¢ (11)
€ = € - 172 (12)
€+ = 12(€e+1/2L+€p) * 12\(€eH1/28-€p2)H28%" (13)

The €4, €4, and €. represent the three observed IP’s in each spectrum. For W(CO)4 and
Jac-W(CO)3(PMe3); €, and €, and the resulting €. and €,; are degenerate. The three IP’s
correlating to ¢, €4, and ¢. are substituted into the three equations and the values for e, €y,
and { are obtained. For the cis-complexes, cis-W(CO)4(PMes), and cis-W(CO)4DMPE, the
solution for { results in a negative square root and an imaginary solution. This is caused by

the large uncertainty in the analytical fit for €, and €. under the broad second IP. The ¢, IP is
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adjusted to lower IP until the square root is positive and &, €., and €, are then estimated.
The €, IP obtained from the asymmetric Gaussian fit is too high because it fills intensity at
higher IP that is really due to a CO vibrational progression. Because of this manipulation, the
resulting AE, and AE; parameters have at least twice the £0.02 eV error bars assigned to the
rest of the €, and ey values.
The results of the spin-orbit analysis appears in Table XVIL. The { values increase

Table XVII  Spin-Orbit Analysis for Tungsten Complexes. All values given in eV.

Complex € €4 € & € 2 AEq; AE
W(CO)q 858 858 832 0177 850 850 - --
W(CO)sPMe; 774 795 750 0195 764 790 -060 -0.26
cis-W(CO)4(PMez), 720t 680 7.10 0195 7.13 689 -0.56t -0.24
cis-W(CO),DMPE 721t 6584 711 0181 713 692 -0.58" -021
trans-W(CO)4(PMe3), 696 736 673 0199 6.87 733 -058 -023
fac-W(CO)3(PMez); 657 657 627 0198 647 647 -0.51% .0.245%
cis-W(CO),(DMPE); 6.01 620 575 0202 59 6.15 -046 -0.25
W(DMPE); 519 519 487 0212 509 509 -044 -0.245%

t--Obtained from slight modification of €.
§--Estimated from the average of n=1 and trans n=2 AEg values.

fairly smoothly with increasing phosphine substitution number. This is indicative of an increase

in metal character in the primarily 5d metal-based ionizations. Due to z-backbonding, these
ionizations are a mixture of the metal 5d levels and the CO x* orbitals. As CO's are removed
the metal loses CO x°* ligand character in the metal jonizations. With the metal-based
ionizations becoming more metal in character, the { value will increase toward the free jon

value of 0.258 eV.76




160

The nAE, values are assembled in the shift correlation diagram in Figure 39. The
correlation diagram for the tungsten complexes reveals a similar trend to that observed in the
molybdenum case. However, the shift per phosphine substitution between n=4 and n=6 is
larger in the tungsten series. This can be seen in the slopes of the lines drawn through the
n=4 and 6 points in each shift correlation diagram. From this data, the tungsten is less
sensitive to charge saturation effects than molybdenum. The tungsten data has inherently
greater error bars in the AE, values due to the additional spin-orbit correction, but the trend
still indicates different additive behavior between Mo and W in the high phosphine substituted
complexes.

Examination of the individual magnitudes of the AE,; and AE; parameters between Mo
and W indicate the AE; values are consistently smaller while the AE, values are slightly larger.
The smaller value of AE; indicates the z-backbonding difference between CO and phosphine has
decreased. Since the phosphines contribute little backbonding stabilization, the decrease is
entirely in the CO backbonding contribution. Tungsten is less electronegative than molybdenum
and z-backbonding is less important in the tungsten complexes and metal/CO x° mixing is
smaller. The AE, values are a little larger than the molybdenum series and this will also
correlate to the smaller electronegativity of tungsten. For the same amount of charge donated
by each phosphine in both series, the destabilization of the metal levels is larger for the less
electronegative tungsten metal atom.

The decrease in E, after n=3 substitution can be viewed as a linear increase in negative
charge at the metal per phosphine substitution at some rate, R, and again linearly after n=3 but
at a smaller rate, aR (@ < 1). The a parameter is constant at 0.75 for Mo and 0.77 for W.
The a values indicate 2 25% reduction in the charge potential at the metal atom per phosphine
substitution for n=1, 2, or 3 than at n=4 or 6 (charge saturation). These data can be

physicaliy interpreted as a 25 % decrease in o-donor ability of the phosphine or a 25% decrease
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in the metal charge acceptor ability after n=3. The latter property is directly related to the
weakening s-acceptor abilities of the remaining CO ligands. This means more charge remains
on the phosphorus atoms and is not transferred to the metal. This interpretation labels the
metal-carbonyl fragment as an "charge acceptor” rather than each phosphine as a "charge
donor". Thus, measurement of the o-donor ability of a phosphine through coordination to a
metal-ligand fragment also involves the electrophilic nature of that fragment. Measuring the A,
CO stretching frequency of different phosphines coordinated to a Mo(CO)s fragment by IR
will produce the relative o-donor strength of those phosphines to that fragment. It is not

certain if the same relative order will result for a Ni(CO);3; or CsHsFe(CO)(CH3) fragment.

Conclusions

This study has used the high phosphine substituted complexes cis-M(CO),(PMe;),,
cis-M(CO)2(DMPE),, and M(DMPE); [M= Mo, W] in the continued study of additive ligand
electronic effects. This study shows that charge effects deviate from the linear charge shifts of
the n=1 and 2 complexes, then continues at a new linear charge shift that is smaller than
before. The tungsten data shows a similar trend with different AE; and AE, values from the
molybdenum series indicating the difference in electron donor and acceptor properties between
Mo and W.

The charge saturation at n=4 and 6 substitution indicates the electron acceptor
properties of the metal-carbonyl fragment or the metal (n=6) are different at n < 3 than n >
3. This suggests the manner in which relative o-donor strengths of phosphines are measured is
influenced by the electron acceptor ability of the metal-ligand fragment and that the relative
ordering may change between different fragments,

In addition to the completion of the Mo(CO)¢.,(P), ligand additivity series, the n=4

complexes reveal important information concerning the steric requirements of the PMe; ligand
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and the electronic structure consequence of these steric contacts. The PLP-CO x* interaction
identified from the MO calculation is easily observable in the retrakis-PMe; metal electronic
structure. This donation may not be significant enough to shift the metal levels in carbonyl
complexes containing many CO ligands, but is most likely present in all sterically strained

phosphine carbonyl complexes.
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CHAPTER 7.
31p AND %Mo NUCLEAR MAGNETIC RESONANCE STUDIES
OF MOLYBDENUM CARBONYL COMPLEXES CONTAINING
MONODENTATE VERSUS CHELATING PHOSPHINE LIGANDS.

THE IMPORTANCE OF LIGAND-LIGAND INTERACTIONS TO CHEMICAL SHIFTS.

Introduction.

Nuclear Magnetic Resonance (NMR) has developed rapidly in the study of metal
carbonyl phosphine complexes. This technique has been used extensively as a characterization
technique for molecular structure and stereochemistry. In addition, it has developed into a
powerful probe of electron distribution and bonding both at the NMR active nucleus and
throughout the entire metal carbonyl complex. With the development of Fourier transform
(FT) techniques, 13C, 31P, and %Mo chemical shifts have become more accessible. It is in these
directions in which most current NMR research is proceeding.

The data from each individual nucleus and subsequent comparison of these data produce
information about the electron distributions in the metal carbonyl complex. Theories are then
proposed about the electron distribution and bonding in the molecule. These theories must be
consistent with the NMR data obtained from all nuclei in a specific metal complex. Thus,
papers reporting new experimental results and theoretical interpretations always discuss their
results relative to the existing literature.

It is widely agreed that when the NMR nucleus contains filled or low lying virtual p and
d-orbitals, as in 13C, 31P, and Mo, the shifts are dominated by the paramagnetic term of the

screening constant. This arises from mixing in the magnetic field of the ground and excited
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states (those with orbital angular momentum) of the NMR nuclei. The Ramsey equation8’
which separates the total shielding, o, into a diamagnetic, o4, and a paramagnetic, Op
contribution is usually the starting point for developing molecular models representing the
diamagnetic and paramagnetic shielding constants. The most common approach is within the
independent electron model which produces local (at the NMR active nucleus) and non-local
(from neighboring atoms) diamagnetic and paramagnetic contributions to the total shielding.
The non-local contributions are considered very small such that the total shielding of a atom A

is given by the sum of the local terms:

o(A) = of(loc) + of(loc) )

Each local term is represented as:38

04(10¢) =[uoe?12m) Z P, (1t |7y | 1) e)
and

of(loc) = - [uce?henm?] (Aey! ((r3)pPy + (r3)aaDy) 3

In equation (2), Puu is the electron density in atomic orbital 4 that is a average r, distance
from atom A. In equation (3), Ac is the average excitation energy, {r3),; and (r'3),¥, are the
inverse cubed radii of the d and p-orbitals, P,, and Dl, contain the "electron imbalance” or extent
of the atom d and p-orbital mixing in the ground and excited states. Thus, the chemical shifts
depend on the character of the ground and excited states and comparison of the chemical shifts
must be made in reference to these factors.

In the previous chapters, the electronic structure of monodentate phosphine complexes

versus chelating diphosphine complexes have been compared. The comparison of the
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cis-Mo(CO),(PMes)4 and cis-Mo(CO),(DMPE), metal ionizations, relevant X-ray data, and a
Fenske-Hall calculation indicated the ligand-ligand based phosphorus lone pair (PLP)-CO ="
interaction disturbs the metal electronic structure of cis-Mo(CO),(PMez)4. In the comparison
of cis-Mo(CO)4(PMe3), and cis-Mo(CO)4DMPE, this interaction does not create a large
electronic structure differences of the magnitude seen in the tefrakis-PMes case. In this chapter,
31p and 9Mo-NMR data are presented on the molybdenum carbonyl phosphine complexes used
in these photoelectron spectroscopy studies. The NMR chemical shifts are very sensitive to
excited state mixing and should, among those factors already mentioned, reflect the presence of
the PLP-CO x* interaction in the comparison of the chemical shifts between each set of
complexes. Original 31P data are given for #!-Mo(CO)sDMPM, cis-Mo(CO),DMPM, and
Mo(DMPE)3;. New 95Mo data are presented for cis-Mo(CO),(PMes), and all the DMPE and
DMPM complexes. These data, the past literature, and the PES electronic structure studies of
the previous chapters, are compared in an effort to ascertain the influence of the PLP-CO x°
ligand-ligand interaction upon the chemical shifts.

Since the data presented in this chapter must be examined with reference to the existing
data and theories from previous NMR studies, the reader must be informed of the literature
relevant to the new results presented here. In the next section, a brief summary of the current

conclusions drawn from previous data is presented for each nucleus.

Background

In this dissertation, the relative positions of the chemical shifts are discussed with
reference to the both the NMR standard (0 ppm) and the field strength. The definition of the
NMR scale is given in Figure 40. Higher ficld strength correlates to a more shielded nucleus, a
decrease in the paramagnetic contribution, and a more negative chemical shift. A complete

understanding of this scale is essential to the discussions that fo'low.
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Figure 40  Definition of NMR Scale.

13-Carbon. Since the first 133C-NMR experiments on metal carbonyls by Gansow,8?
many other 13C studies on phosphine containing metal carbonyls have been performed. These
studies have revealed four trends in the SCO chemical shifts: 1) 6CO increases (downfield) for
the remaining CO’s when a CO is replaced by PR3, 2) 6CO continues to increase with
successive replacement of CO by PR3, 3) dCO (frans to the PRj ligand) is always greater than
dCO (cis), 4) there is essentially a constant change in SCO with change of the metal down the
periodic table.?®

Past 13C-NMR studies have correlated the chemical shifts to many electronic aspects of
the metal carbonyl complex. Bodner has performed most research in this area, including
correlations of the CO stretching force constants to 13CO chemical shifts.91-94 These studies
reveal a shielding of the carbonyl resonance with increase in carbonyl stretching force constant.
This has been attributed to a decrease in the separation between the ground state and low lying
excited states with increasing metal dn-pr carbonyl backbonding. Thus, for these metal carbonyl
complexes, the separation between the ground and excited states has the greatest influence on
the 13C chemical shifts. Trends in the 13CO chemical shifts must be explained in terms of the

paramagnetic contribution to the total shielding.
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31-Phosphorus. 3!P-NMR has also been of great value in the investigations‘ into the
electron distributions, bonding, and structure of metal carbonyl phosphine complexes. The first
paper in this area by Meriwether and Leto determined various effects that can influence the
phosphorus chemical shifts.?5 These factors are 1) the paramagnetic contribution, 2) formation
of a donor o-bond between the metal and phosphorus, 3) possible dr-dn backbonding between
the metal and the phosphorus, 4) inductive effects of the phosphine substituents, 5) bond re-
hybridization effects due to changes in phosphine bond angles upon complex formation, 6)
electronegativities of the atoms directly bound to the phosphorus, and 7) ster;c effects, including
chelation effects.

In the above paper and the many papers following, these factors were examined based
on comparison of 3!P chemical shifts of various phosphine ligands. These comparisons were
made through the "coordination shift" which is the difference between the chemical shift of the
free ligand and the chemical shift when coordinated to the metal atom. It was found that the
coordination shift is fairly constant throughout a variety of phosphine ligands and R groups
substituents. These data have implications to which of the above mentioned factors has the
greatest influence on the 3!P chemical shifts.

From UV-visible energy diagrams and from the measured UV-visible spectra, no
transitions between the ground and low lying excited states of phosphorus are predicted or
observed. Thus, the paramagnetic contribution to the chemical shifts of either the free ligands
or the complexes is considered small, because Ae is large. Re-hybridization contributions also
appear to be small because the changes in C-P-C bond angles upon coordination are probably
constant throughout the series. Also, dr-dm backbonding is not considered important or is
essentially constant throughout the series of phosphines.

Steric effects were not found to be important in the initial studies, but were thought to

become important to the 3!P resonances of the more bulky phosphines. Correlations of the 31p
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chemical shifts to Tolman’s phosphine cone angles, ©,% has been observed for small, less bulky
phosphines. This correlation fails for the more bulky phosphines. However, this was found to
be due to the manner in which the cone angle was determined for the larger phosphines.

Bartik and Himmler have determined a new method for the measurement of © using a more
rigorous calculation of the cone angle based on X-ray data.?6 With the improved ® values, an
excellent correlation of 3!P shifts of cis-PtCl,L, complexes with © was found.

The largest effect upon the coordination shift appears to be the formation of a strong
o-donor bond between P and the metal. This results in decreased shielding of the phosphorus
nucleus and a relatively constant positive value of the coordination shift. For various sterically
small alkyl or aryl substituents on the phosphorus atom, the coordination shift is approximately
the same within a series of complexes of the same metal. Thus, the coordination shifts in Ni(0)
phosphine complexes will all be similar, but not the same as a complete set of shifts observed
in Mo(0) phosphine complexes. From all these studies, the 3P shifts in metal carbonyl
complexes appear to be most influenced by the formation of the M-P bond and an electron
density effect rather than due to paramagnetic contributions. However, it may be that the
paramagnetic contribution is constant throughout the series and this makes the electron density
contribution visible.

Chelating diphosphine ligands produce a strange effect on the 3!P coordination shifts.
The coordination shifts for chelating phosphines, R,P(CH,),PR; are consistently 20-30 ppm
greater (for x=2) than the corresponding monodentate analogues. This has been shown to be a
consequence of the actual chelating geometry through the 31P coordination shifts of these same
diphosphines in monodentate coordination.*0 In monodentate coordination, the coordination
shifts of the diphosphines are identical to their mono-dentate phosphine analogues.

Paramagnetic contributions may be involved in the 3P shifts through changes in

metal-phosphine dn-dr mixing in the magnetic field from the coordination geometry changes
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between cis-(PR3); vs. a chelating diphosphine. In addition, changes in the C-P-C angles in the
chelates may also contribute to the observed results. The difference in coordination shifts
observed for the x=1 and x=2 diphosphines in chelating geometries has been labeled as the
ring chelate effect and has been the subject of a recent Chemical Reviews article.26 It is
admitted in this review that the theoretical aspects of the ring chelate effect are not clear. It is
also reported in this article that the previously mentioned correlation to changes in C-P-C bond
angles in the chelates has not been found.?” Additional explanations to the ring chelate effect

in 3IP-NMR are proposed in this chapter.

95.-Molybdenum. A large base of %Mo chemical shifts on Mo(0) phosphine complexes
has been obtained in the past 10 years. This is almost entirely due to the sharp lines and high
solubility of these complexes in chlorinated hydrocarbon solvents. Chemical shifts between
-1090 to -1890 ppm have been observed for Mo(0) phosphine or amine carbonyl complexes and
this represents the wide range of chemical shifts possible from a single oxidation state.

Unlike the 31P shifts, the %Mo chemical shifts are governed entirely by the paramagnetic
term of the Ramsey equation. In these carbonyl phosphine complexes, the electron imbalance
terms are affected by the extent of s-backbonding into the metal d-orbitals. This also affects
the separation between the ground and low-lying d-orbital based excited states. Thus, both the
Ae and D), terms are dependent on the extent of z-backbonding.

Correlations between the %Mo chemical shifts and the frequency of the first transition
in the UV-visible spectrum have been obtained on the cis-Mo(CO)4(PPh,X), series [X= ClI,
NRj, OR, SR; R=H, Me, Et, p-CcH;-Me].?® The data show a decrease in shielding X = OR
(-1676 to -1707 ppm) > NR; (-1563 to -1676 ppm) > SR (-1537 to -1540 ppm) > CI (-1522
ppm). The electronegativities of the main group elements in X decrease in the order O > N >

Cl > S. This should make X=0OR the poorest g-donor phosphine in this group. Thus,
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PPh,OR should have the smallest separation between the ground and low-lying excited states.
The larger Ae term creates a smaller absolute value of o, (1/Ae dependence). Because the op

term has a negative sign, this should create a resonance at lower field [deshielded, or = o4 -

op]. The exact opposite trend is observed in these data.

The authors explain this observation through z-donation from the X group into the
empty P 3d orbitals which decreases the sw-acceptor ability of the phosphine (assuming there is
any). This increases the electron density at the metal which can then mix into excited states
and increase o, (downfield shift). Since Cl is the best x-donor, the chemical shifts are at lowest
field. An ab-initio study by Nakatsuji et.al.,” indicates weaker x-acceptors do create an increase
in electron density in the metal ground state which then mixes into the excited states. This
increases the paramagnetic contribution and the metal becomes more deshielded. This type of
discussion is common in the field and represents the difficulty in interpreting the observed
trends in the %Mo chemical shifts.

In another %Mo study where CO’s were substituted by P(OMe)z in Mo(CO); in the
manner identical to that in the previous additivity chapter, the chemical shifts move to lower
field when CO is replaced by phosphite.]%0 However, the shifts are in no way additive which
reiterates that the shifts are not dependent solely upon charge density at the metal. The shift
to lower field of the Mo resonance upon successive substitutions is again interpreted from
m-backbonding effects and the findings of Nakatsuji. The loss of #-backbonding per phosphine
or phosphite substitution for CO increases the electron density at the metal which in turn can
now mix into excited states which deshields the nucleus. This will be an important aspect in
the discussions presented in this chapter.

In the 95Mo signals for molybdenum complexes containing chelating phosphines, a
similar abnormality is observed to that in the 3P studies. Table XVIII contains %Mo and 3!P

data obtained for a series of phenyl diphosphines.2526101 The abbreviations, DPPM, DPPE,




Table XVIII  Summary of Mo Chemical Shifts for cis-Mo(CO)4(PhyP(CH,),PPhy) x=1-4.

Complex 6%°Mo 631P(OFree) Acs n IMo.p
cis-Mo(CO),DPPM -1552 0.0(-23.6) 236 1 122
¢is-Mo(CO),DPPE -1781 54.7(-12.5) 67.2 2 128
cis-Mo(CO),DPPP -1693 21.0(-17.5) 38.5 3 133
¢is-Mo(CO),DPPB -1667 29.2(-15.0) 442 4 133

Mo(CO)sPPh,Me NA 15.0(-28.0) 43.0

cis-Mo(CO),(PPhoMe);  -1637 NA 133
trans-Mo(CO)4(PPh,Me),  -1631 NA 134
cis-Mo(CO)4(PPh,Et), -1657 NA 131

I R A AL ) L WO RN T
DPPP, and DPPB, represent the bis-(diphenylphosphino)methane, ethane, propane, and butane
ligands. In the resonances of the cis-Mo(CO)4R,P(CH,),PR, complexes, the x=2 signals occur
approximately =150 ppm upfield [-1781 - (-1637) = -144 ppm for cis-Mo(CO)4DPPE and
cis-Mo(CO)4(PPh,Me);] from their monodentate analogues while the x=1 complexes possess
chemical shifts that are =100 ppm downfield [-1522 - (-1637) = 115 ppm for
¢cis-Mo(CO)4DPPM and cis-Mo(CO)4(PPh,Me),] from the monodentate analogues. This has
been termed the ring chelate effect in 9Mo-NMR. The explanations of this effect have been
very weak. One such discussion in reference 25 suggests x-electron delocalization to the ring
system in the five-member chelates and P-M-P interbond angle strain in the four member
chelate rings. Neither of these explanations can be correlated to the dominant paramagnetic
shielding term and shows that the cause of this phenomenon is not at all understood. Proposed

in this chapter is a new contribution to the ring chelate effect based on the paramagnetic
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shielding term, the ab-initio study of Nakatsuji, and the PLP-CO x* orbital interaction
observed in the PES of the PMe;, DMPE, and DMPM containing molybdenum carbonyls.

At this point, it is necessary to indicate to the reader that the following study and
conclusions are considered by the author to be in the rough stages of interpretation. The data
have been collected as the complexes were prepared with the hope of extracting complementary
information to the PES studies of the same molecules. The aim of this chapter is to suggest
possible contributions to both the 31P and %Mo ring chelate effects in light of the results

obtained from the PES studies.

Results

3Ip.NMR. The measured 3!P chemical shifts for the mono, di, tetra, and hexa
substituted PMes, DMPE, or DMPM complexes appears in Table XIX. The 5!-complexes
produce two signals, one for the coordinated phosphorus and one for the uncoordinated
phosphorus. The doublets for each signal result from coupling between the two inequivalent
phosphorus atoms. This coupling is larger in the DMPM case indicative of the shorter
through-bond P-P distance. The 3P coordination shifts, Acg, for the nl-complexes and
Mo(CO)sPMe; are all very similar, ranging between 45.6-49.6 ppm.

All three cis-complexes produce clean singlets for the two equivalent phosphorus atoms.
The ring chelate effect is seen quite dramatically in the Acg values. The Acg values for
Mo(CO)sPMe; and cis-Mo(CO)4(PMe3), are essentially identical at 46.7 and 45.7 ppm. The
Acs values for cis-Mo(CO)4DMPE and cis-Mo(CO),DMPM are 75.4 and 18.0, respectively. The
fact that the Acg values for all the PMe; complexes (P trans to CO) are essentially identical is
an important experimental result and will be examined later.

For the tetra substituted complexes, two triplets are observed for the four phosphorus

atoms. One triplet corresponds to the two P atoms trans to CO (higher field) and the other
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Table XIX  Summary of 3P Chemical Shifis for PMes, DMPE, and DMPM Containing
Molybdenum Carbonyls.

Complex O31P ppm O31P Free Ligand Acs
Mo(CO)sPMe; -14.3(s) -61.0 46.7
71-Mo(CO)sDMPE -1.6(d) Jp.p=26 Hz -47.2 45.6
-45.2(d) Jp.p=26 Hz -47.2 2.0

71-Mo(CO)sDMPM -4.2(d) Jp.p=62 Hz -53.9 49.6
-55.7(d) Jp.p=62 Hz -539 -1.8

cis-Mo(CO)4(PMe3), -15.3(s) -61.0 45.7
cis-Mo(CO),DMPE 28.2(s) -47.2 754
cis-Mo(CO),DMPM -25.9(s) -53.9 18.0
cis-Mo(CO),(PMes)4 -16.9(t) Jp.p=25 Hz -61.0 44.1
-7.3(t) Jp.p=25 Hz -61.0 53.7

cis-Mo(CO),(DMPE), 23.8(t) Jp.p=16 Hz -47.2 71.0
42.7(t) Jp.p=16 Hz -47.2 89.9

Mo(DMPE); 40.2(s) -47.2 87.4

L e
triplet corresponds to the two P atoms trans to P (lower field). For the tetrakis-PMes complex,
the P rrans to CO resonance shows an identical Acg value as seen in the other PMe; complexes.
The 53.7 ppm Acs value for lower field signal indicates a new coordination shift will result

when P is trans to P. The Acg values in the bis-DMPE case show a nearly identical value to
that for cis-Mo(CO)4DMPE at 71.0 vs. 75.4 ppm. The Acg values for P trans to P (89.9 ppm)
increases from the P frans to CO (71.0 ppm) similar to that observed in the tetrakis-PMes
complex (53.7 vs. 44.1 ppm). However, the difference is Acg values between the P frans to CO
and P rrans to P resonance is twice as large in the bis-DMPE complex (89.9-71.0 = =19 ppm)

as that for the fetrakis-PMes complex (53.7-44.1 = =10 ppm). This is because the two §3!P
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Table XX Summary of %Mo Chemical Shifts for PMe3;, DMPE, and DMPM containing
Molybdenum Carbonyls.

Complex 4%Mo ppm Imo.p (HZ)
Mo(CO)sPMe; -1818(d) 134
71-Mo(CO)sDMPE -1828(d) 132
#1-Mo(CO)sDMPM -1803(d) 133
cis-Mo(CO)4(PMes), -1722(t) 128
cis-Mo(CO),DMPE -1840(t) 128
cis-Mo(CO)4DMPM -1577(t) 113
cis-Mo(CO),(PMes), -1382(pen) 138
cis-Mo(CO),(DMPE), -1660(tt) 126/160"
Mo(DMPE); -1088(sep**) 171
* .- Triplet of triplets results due to resolved 9Mo-31P coupling of P trans to P and P trans

to CO.
** ... Probable septet (see text).

values for the bis-DMPE complex are separated by twice the amount in the fetrakis-PMes

complex. The 3IP signal for Mo(DMPE); is a singlet indicating six equivalent phosphorus
atoms. The 831P value is 87.4 ppm and is essentially the same as that found for P trans to P in
cis-Mo(CO),(DMPE); (89.9 ppm).

95Mo-NMR. The 8%°Mo chemical shifts for the PMez, DMPE, and DMPM complexes
are given in Table XX. All the spectra, except for cis-Mo(CO)4(PMes3)4, show very sharp lines.

The yl-complexes and Mo(CO)sPMe; give a doublet indicating coupling to only the bound
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phosphorus atom. No coupling to the uncoordinated phosphorus is observed. The %Mo
signals are found in a very narrow range between -1803 to -1828. The DMPE complex is most
shielded followed by PMe; then DMPM. The Jp,.p coupling constants are essentially identical
at 133 Hz.

The cis-Mo(CO)4(P), complexes all give symmetric triplets indicating two equivalent
phosphorus atoms. A comparison of the cis-(PMe3), and the DMPE spectra is given in
Figure 41. Comparison of the Mo values for all three complexes show that the ring chelate
effect is present. The DMPE complex is -118 ppm upfield from the cis-(PMez), analogue while
the DMPM complex is +145 ppm downfield from the PMej analogue. The Jy.p coupling
constants for the cis-(PMes), and DMPE are equivalent at 128 Hz. The Jp,.p constant for the
DMPM complex is much smaller at 113 Hz indicating a weaker Mo-P interaction in the DMPM
chelate from the PMe; and DMPE complexes.

The tetra substituted complexes, cis-Mo(CO),(PMes), and cis-Mo(CO),(DMPE),, are
compared in Figure 42. The 6?°Mo shift for the bis-DMPE complex is -278 ppm more shielded
than the tetrakis-PMes complex. The splitting patterns in the two complexes are very different
due to a significant difference in the linewidths. In the bis-DMPE complex, the nine lines are
very sharp and a clean separation of the two phosphorus couplings are visible. In the
terrakis-PMe, complex, the lines are considerably broadened and only five lines are resolved.

In solution, the PMe; complexes always have a small amount of PMes dissociated. This
is confirmed by presence of free PMe; in the 3P spectra of all the PMes complexes. This can
create an on/off dissociative mechanism that may scramble the PMes groups in cis-Mo(CO),-
(PMes)4 such that four equivalent phosphines are observed instead of two inequivalent sets of
two. However, the 31P spectrum shows two separate triplets for two inequivalent sets of two
phosphines. Thus, the %Mo spectrum must also reflect the different coupling and a triplets of

triplets should result (like in the bis-DMPE spectrum). The inability to resolve this pattern is
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the result of broadened linewidths in the tefrakis-PMes spectrum not present in the bis-DMPE

spectrum. The dependence and interpretation of this line broadening are examined in the

Discussion section.

The reported %Mo chemical shift for Mo(DMPE); is -1088 ppm. This spectrum has a

very poor S/N even after 400,000 FT scans. The spectrum is pictured in Figure 43 and shows at

least four distinct lines, but they are not in a quartet intensity pattern. The probable splitting

pattern is a septet, indicating six equivalent phosphorus atoms as in the 31P data. The reason

for the poor spectrum is related to poor solubility in non-coordinating solvents, such as benzene

“Mo-NMR

T
~1070 ~1090 1110
PPmM
Figure 43 9 Mo-NMR Spectrum of

Mo(DMPE)3.

and toluene. The solubility in chlorinated
hydrocarbon solvents is very high, however,
the compound is quickly decomposed. The
observed resonance is obtained from
tetrahydrofuran solution which also
decomposes the complex, but much more
slowly. For the discussion presented here, it
is enough to know the position of the
resonance relative to the mono, di, and tetra
substituted complexes. Further experiments
should be performed in another solvent in
which the solubility is high, but which does
not decompose the complex. This
experiment should ascertain the correct

splitting pattern.
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Discussion.

From the photoelectron studies of this dissertation, the electronic structure of chelating
diphosphines versus their monodentate analogues has revealed two important aspects concerning
the electron distribution, orbital interactions, and bonding in metal carbonyl phosphine
complexes. Through the comparison of the metal and ligand based ionizations for
cis-Mo(CO),4(PMes), and cis-Mo(CO)4DMPE, identical charge and overlap effects at the
coordinated phosphorus atoms and essentially identical charge and overlap effects at the metal
were observed. However, the slight difference between the complexes in the first IP indicates a
small overlap difference is probable. This is further supported by the analogous tungsten data
where spin-orbit coupling creates a more resolved first IP and a true statistical difference
between the first IP bands is observed. This was attributed to either a PLP-d,2,,2 filled-filled
interaction (see Figure 19) or a PLP-CO z* donor/acceptor interaction (see Figure 20).
Identification of the dominant contribution in the di-substituted complexes from the PES
spectra was not possible.

A second important observation is made in the comparison of the metal based
ionizations for cis-Mo(CO),(PMej3)4 and cis-Mo(CO),(DMPE),. In these spectra, a much larger
difference between the first IP’s exists and have been traced back to a PLP-CO x* interaction
through MO calculations. This interaction decreases the backbonding capabilities of the CO
and destabilizes the metal orbital correlating with the first jonization in the tetrakis-PMe;
complex.

Like the ionization potentials from PES, the diamagnetic and paramagnetic contributions
to the total shielding are dependent on the electron distribution and bonding in the molecule.
However, the NMR experiment is much more sensitive to changes in the configuration of the

molecular excited states that are not observable in the PES experiment.




181

The PLP-dy2.,2 interaction is a ground state filled-filled interaction at both the
phosphorus and molybdenum atoms. This should have a small contribution to the dominate
paramagnetic contribution to the shielding and probably will not affect the observed chemical
shifts. However, the PLP-CO x° interaction affects the excited states of both the CO ligand
and molybdenum atom and should greatly perturb the paramagnetic shielding at both atoms.

The NMR data are discussed in three groups. The 3!P chemical shifts will be examined
first as they are thought to have the smallest contribution from the paramagnetic shielding
term. Then, 13CO data from the literature and %Mo chemical shifts from this study and from
the literature are examined and conclusions made in reference to the PLP-CO x* interaction
and the paramagnetic term in the shielding constant. All conclusions are drawn with reference
to the existing literature. The primary concern is the contribution of the PLP-CO x*

ligand-ligand interaction to the chemical shifts.

31-Phosphorus NMR.

For all the PMe; complexes, it is obvious that the Acg shifts are relatively constant
through n=4 substitution. For Mo(CO)sPMe;, cis-Mo(CO)4(PMes),, and cis-Mo(CO),(PMes),
the P frans to CO Acg values are identical at 46.7, 45.7, and 44.1 ppm, respectively. This
indicates that the phosphorus coordination shifts are probably independent of any ligand-ligand
interactions (i.e. the PLP-CO x* interaction). The 3!P-NMR of Mo(PMe3)s (n=6) as been
previously obtained by M. H. Green, et.al and gives a resonance at -9.85 ppm.84 The
corresponding Acg value is [-9.85 - (-61.0)] or 51.15 ppm and is essentially identical to the 53.7
ppm Acs value for the P rrans to P in cis-Mo(CO),(PMes)s. Even the diphosphines, when in
monodentate coordination, also have Acg values consistent with those values for the PMe;

complexes.
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The Acg values found for PMe; are identical to those observed in the literature for
other phosphines in Mo(CO)sL.132 Those values were between 39.9 to 44.5 for phosphines
ranging from PPh;(z-Bu) to PBus. In my studies, all the phosphines are indicated to have
similar o and & electronic properties, thus, the Acg values are found in a smaller range. More
importantly, this data shows the ambivalence of the phosphine to the changing electronic
characteristics at the metal upon going from n=1 to n=6 phosphine substitution. The
phosphine cares only if it is coordinated or uncoordinated and is not affected by the increasing
charge at the metal (ligand additivity).

All of these factors support the dependence of the 31P chemical shifts solely upon the
formation of the o-donor Mo-P bond. Charge density is transferred from the phosphorus to the
metal (as observed in the PES studies) and deshields the nucleus. However, it must be pointed
out again that it is also possible that the paramagnetic contribution is constant throughout a
series of phosphine ligands for each particular metal. Consequently, this allows the electronic
contribution to be observable.

When in a chelating geometry the Acg shifts vary drastically between the DMPE and
DMPM complexes, and are very different from their monodentate coordination values. The Acg
values for the coordinated DMPE complexes (cis-Mo(CO)4DMPE and cis-Mo(CO),(DMPE),)
are =73 ppm (30 ppm greater than the PMe; complexes) and the Acg value for the one
coordinated DMPM complex (cis-Mo(CO)4DMPM) is 18 ppm (=-25 ppm from the PMe;
complexes). Because the Acg values for these ligands in monodentate coordination is identical
to that for the PMe; complexes, the ring chelate effect in 3P NMR must be due to either the
P-Mo-P coordination geometry change or a consequence of the different diphosphine
conformations in the complex versus in the free ligand. Each of these possibilities are discussed

below.
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Coordination Geometry Effects. In Table XVIII and Table XXI, the 3!P data for the
cis-Mo(CO)4Ph,P(CH,),PPh; series [x=1,2,3,4] is given. The P-Mo-P angles through this series
increases with the number of bridging carbons. At x=3 and 4, the 31P ring chelate effect is no
longer present as the Acg values are near 40 ppm. This is a strong indication that the 3IP ring
chelate effect is P-Mo-P dependent. The through-space P-P distance is smaller in the chelating
diphosphine complexes compared to the cis-Mo(CO)4(PR3), analogues. This through-space
interaction is evident in the PES data of the cis-Mo(CO)4(PMej3); vs. cis-Mo(CO)4DMPE
complexes. Assuming a paramagnetic contribution to the 31P shifts and constant charge at the
phosphorus atoms (no change in diamagnetic term), an increase in through-space interaction
will deshield each phosphorus atom by increased mixing between the two phosphorus lone pairs.
This is because the mixing increases the asymmetric shape (P, term) of the 3p-orbital based
PLP and increases the paramagnetic shielding contribution. Therefore, the consistency in the
PMe; or DMPE A values is found in the relatively constant P-M-P angles and P-P distances
found for all cis-(PR3); and chelating diphosphine complexes.

This result gives credibility to the relatively constant paramagnetic contribution in the
monodentate complexes. The coordination geometries of the mono-dentate phosphine
complexes are all essentially identical whereas the chelating geometry of the DMPE complex
changes this geometry. This indicates the geometry differences may have a large contribution to
the 31P chemical shifts through the asymmetry term in the local paramagnetic contribution to
the total shielding.

In the DMPM or DPPM ligands, the P-Mo-P angle is smaller than for the DMPE or
DPPE ligands. Thus, the asymmetric shape of the 3p-orbital based PLP should increase even
further. This is not observed. In fact, the coordinated DMPM or DPPM phosphorus atoms are

more shielded that the cis-(PR3), complexes! In the methane bridged diphosphine ligands, the

M-P-CH,-P metallocycle is planar and the CH, bonding orbital interaction with the P++ lone
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pair combination (and the metal) is an additional factor that is not present in the ethane
bridged diphosphine complexes or the PR3 analogues (see Figure 25). It is difficult to predict
the effect of this interaction upon the terms in the local paramagnetic contribution to the total
shielding. However, the CH,-P++ interaction must contribute to the overall shielding of this

resonance relative to the cis-(PR3); complexes.

PLP-CO n* Contributions. From the constant Acs values for the PMes complexes, the
PLP-CO #° interaction probably does not contribute significantly to the ring chelate effect in
31p chemical shifts. The mono-coordinated complexes have 90° angles between the carbonyls
and the phosphine. Thus, the PLP-CO =* interaction will have to be of a similar magnitude in
the mono-coordinated complexes as in the cis-(PMes); complex to create identical Acg values.
The extent of this interaction in mono-substituted complexes is not known, but all four CO’s in
the mono-coordinated complexes will have a small interaction with the sole PLP. The total
interaction may be of comparable magnitude as that in the cis-(PMes), complex. A molecular
orbital calculation would be needed to get an idea of this comparison. For the sake of
argument, the PLP-CO #° interaction in the mono-coordinated complexes is assumed to be
similar to that in the cis-(PMe3), complexes for the following example.

The PLP-CO n* decreases with decreasing P-Mo-P angle due to an increasing P-CO
distance. The presence of this donor/acceptor interaction will take electron density away from
the phosphorus atom and places it into the CO x° orbitals. From simple charge density
arguments, this will deshield the phosphorus nucleus. However, the 31P chemical shifts for the

cis-(PMe3),; complexes are more shielded than the DMPE complexes. If a paramagnetic

contribution to the observed shifts is present in the Ae term, the shifts will depend upon the
separation between the ground and excited states. The loss of electron density on the

phosphorus will increase the Ae separation and decrease the paramagnetic contribution. This
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will shield the phosphorus nucleus and this is the observed result in the data. However, the
separation between the ground and excited states of phosphorus is quite large and is not
expected to contribute to the chemical shifts. Therefore, the PLP-CO x ° interaction does not
contribute to the ring chelate effect in 31P-NMR. On the other hand, the coordination
geometry effects described above are probably more significant. As calculational methods and
super-computing hardware become more available, the theoretical aspects of both the DMPE
and DMPM coordination geometry contributions to the ring chelate effect proposed here can be

examined.

Conformational Contributions. Another possible cause of the 3P ring chelate effect is
found in the conformations of the free and coordinated diphosphine ligands. In solution, the
free diphosphine ligands are capable of rapid molecular motions (relative to the NMR time
scale) and may have different proportions of the lowest energy conformations. The diphosphine
ligands in the metal complexes are in an eclipsed conformation and are held much more rigidly
than the uncoordinated free ligand. This leads to the possibility of different 3!P chemical shifts
for one conformation versus the other. Several conformers may be present in solution for the
free ligand spectrum and only the eclipsed conformation in the complexes. Elimination of
certain high field conformations in the DMPE case may result in the time averaged resonance
for the coordinated complex at much lower field than expected.

Conformational studies have been performed upon some diphosphinoamines
[Ph,PN(R)PPhy; R = H, Me, Et, i-Pr] using the 2J(31PN31P) coupling constants.102 The two
lowest energy conformations appear in Figure 44. It was shown that conformation II is
associated with low negative values of 2J(3!PN3!P) and conformation I is associated with large
positive values. In addition, as the bulk of the R group is increased, the 31P chemical shifts

move upfield and the 2J(*!PN31P) coupling constants become less positive. These data indicate
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Figure 44 Two Lowest Energy Conformations of Ph,PN(R)PPh; [R = H, Me,
Et, i-Pr].

that as larger groups are placed on the nitrogen, a larger percentage of conformer II is created
and that this conformer gives upfield chemical shifts. Since downfield shifts are associated with
conformer I and this conformer is closest to the coordination geometry in the metal complexes,
the coordinated diphosphine complexes may have their 3P resonances further downfield. This
conformational analysis is more difficult for the CH,CH, bridging diphosphine because of
additional C-C bond rotation. However, it should hold that a cis arrangement of the
phosphines produces resonance at lower fields and this will not be the dominate conformation
of the free ligand diphosphines in solution. Interestingly, the DMPE free ligand 831P is -47.2
ppm while that for PMej is -61.0. The two phosphines have similar R groups attached to the
phosphorus and should have very similar chemical shifts. The -14 ppm difference between the
two shifts may indicate the presence of some of conformer I which time averages into the
observed lower field chemical shift.

It must be commented here that the mechanism for the five-member ring chelate effect,
which produces lower field resonances than the monodentate analogues, is explained by this

conformational theory. However, the four-member ring chelate effects produce resonances at
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higher field than the mono-dentate analogues which is opposite to this theory. The latter
complex has the additional contribution to the chemical shift in the bridging C-H bonding
orbital interaction with the P++ lone pair combination. It may be that this factor dominates in
the four-member chelate rings and that the conformational contribution is not observed. More
discussion on the CHy/P++ interaction and its contribution to the phosphorus and molybdenum

chemical shifts is given in the 13C section.

31p Summary The information from the 3!P data indicates that the PLP-CO x*
ligand-ligand interaction is not important in the mechanism of the 3IP ring chelate effect.
However, if the asymmetry paramagnetic contribution is considered, the coordination geometry
effects are probably very important. In addition, the conformational contribution to this effect
in five-member chelate rings also seems promising. The data for the four-member chelate rings
are not consistent with either of the above contributions, but may be the result of the CH,/P++
interaction. Both the DMPE and DMPM data are consistent with the conclusion that electron
density effects do not control the chemical shifts of atoms containing p and d-orbitals and the
paramagnetic term must contribute to the total shielding. As we shall see, the paramagnetic
contribution is more clearly indicated in the 13CO and %Mo data and the PLP-CO x* ligand-

ligand interaction can contribute significantly to the 13CO and 9°Mo observed shifts.

13-Carbon NMR.

At the inception of this study, it was not thought necessary to obtain 13CO data on the
complexes because the atoms of interest were the phosphorus and the molybdenum. With the
discovery of the PLP-CO x° interaction in these complexes, it is obvious that I was excluding a

valuable piece of information. However, some 13CO and phosphine ligand 13C data can be
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pieced together from the literature for some analogous phenyl diphosphines and their
corresponding molybdenum complexes.

Table XXI contains various 13C and 3!P chemical shift data for the series of complexes
cis-Mo(CO)4Ph,P(CH,),PPh; for x=1,2,3,4.103.104 Their free ligand values were obtained from
reference 26. There are two 13CO signals present in these di-substituted complexes. 13CO,,
represents the CO’s frans to each other and cis to the phosphorus atoms. 13CO¢q represents

the CO’s trans to the phosphorus atoms. This designation is pictured in Figure 45. The

~~~~~~~ see 0 P-Mo-P angles through this series of diphenyl
Cax o .
P phosphine ligands increases with the number of
N bridging carbons. At x=3 and 4, the 3!P ring
0Cz—M—P .
/ I chelate effect is no longer present as the Acg values
OCeq C are near 40 ppm. This was discussed previously as a
ax

0 the strong indication that the 31P ring chelate effect

. . is P-Mo- 13
Figure 45 Definition of the CO IS P-Mo-P dependent. Because °CO data for the
g.eometry mn analogous mono-dentate cis-Mo(CO)4(PPh,Me),
cis-Mo(CO)4P».
complex could not be located, these x=3 and 4
complexes will be used as the equivalent to the cis-(PPh,Me), complex for the purposes of
comparison.

From Table XXI, the 13CO,, values do not vary significantly upon changing the P-Mo-P
angle. This is to be expected as the P-Mo-CO,, bond angle will remain essentially 90°
throughout the range of P-Mo-P angles. However, the l3C0t,q shifts move slowly to higher
field as the P-Mo-P angle increases. The largest jump is between DPPE and DPPP. This is
also the point at which the 31P ring chelate effect is no longer present. These shifts will be

sensitive to the P-CO,, distance as the P-Mo-P angle increases. The PLP-CO x° interaction

increases as the P atoms get closer to the CO ligands in-plane with the P-Mo-P angle. This
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interaction can donate electron density into the CO x* orbital. The PLP-CO x° interaction will
decrease dr-metal / pr-carbonyl backbonding and this, according to the previous studies
presented in the Background section,!33 results in a deshielded 13CO nucleus or the opposite
trend observed here. However, the previous studies attribute the shielding of a carbonyl
resonance with decreasing the separation between the ground and excited states. This is
accomplished by placing charge into the CO #* orbitals from the metal. However, if that
charge comes from the PLP instead of the metal, the separation between the ground and
excited states is lowered and results in a more shielded 13CO nucleus. Thus, an increase in the

Table XXI  13C and 31P-NMR Data for cis-Mo(CO)4L, L= Ph,P(CHy),PPh,.

L COx(¥p.co)  COeq(dp.co)  &*!Pcoord(free) Acs 13CHcoord(free)
DPPM(x=1) 211.0(8.7) 219.5(-8.4) 0.0 (-23.6) 23.6 48.7(28.5)
DPPE(x=2) 209.9(8.9) 218.0(-9.1) 54.7(-12.5) 67.2 27.9(24.4)
DPPP(x=3) 208.6(9.0) 213.2(-9.4) 21.0(-17.5) 377 31.6(29.7),20.1(22.7)
DPPB(x=4) 210.4(8.3) 214.9(NA) 29.2(-15.0) 442  30.3(NA), 23.6(NA)

NA-- not available.

PLP-CO #* interaction can produce shielding of the 13CO resonances by decreasing the
separation between carbon ground and excited states.

The last column in Table XXI gives the 13CH, bridging carbon resonance in the
coordinated metal complexes and in the free ligands. For all the ligands with x > 2, these do
not vary significantly between the coordinated and free values. For DPPM, the coordinated
value is very deshiclded (20 ppm) from that in the free ligand. At the bare minimum, this
difference indicates this carbon has a very different local environment from the other bridging
CH,;, groups in the other ligands. This carbon is the source of the CH, bonding orbital that is

capable of mixing with the filled P++ lone pair combination and the filled d,2.y2 orbital lobe
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centered between the P atoms. The deshielded nature in the coordinated complex may indicate
the delocalized nature of the electron density of this carbon atom.

However, this claim is not rigidly valid, because the 13C shifts do not depend solely
upon charge effects. The s and p-orbital hybridization can contribute to the observed chemical
shift. From either the Ni(DCPM), or cis-Mo(CO)4DPPM X.-ray structures,5:78 the P-CH,-P
angle is 96°, while it is =115° in an electron diffraction study of free DMPM.5? It is not
known, nor can it be predicted without an ab-initio calculation, how this geometry change will
affect the 13CH, chemical shift. But it does indicate a uniqueness of this carbon relative to the
ethane and propane bridging CH, groups.

Finally, the values in parentheses behind the 13CO chemical shifts are the 2Jp.co
coupling constants. These reflect coupling between the P atoms and the axial CO’s and the
equatorial CO’s both in a cis fashion. The sign of the coupling constants was determined by
the double resonance technique.’ The values of the 2J(P-COyy); do not vary significantly as
the P-Mo-P angle increases. However, the 2J(P-CO(.,q)cis constants do show a slight trend to
increasing values as P-Mo-P increases. This basically indicates the shorter cis through-space
distance between the P atoms and the CO carbon atoms, but may also signify the increase in
PLP-CO #" interaction. There also is a 2J(P-COpq)yrans coupling constant which remains
constant throughout the series at =+24 Hz. This should be larger than both 2J(P-CO),;, values

_as it is the coupling through-bond between the CO’s trans to the phosphorus atoms.

From this example and the 13C data from the literature, it appears the PLP-CO =°
interaction can be important in these cis-phosphine complexes. This should continue into the
results from the %Mo data. Actual 13C experiments on the complexes used in this dissertation,
especially the tetra-substituted complexes, will be the start for future 13C studies into this

interaction.
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95-Molybdenum NMR.

n'-Complexes. The data in both Table XVIII and Table XX indicate the general
observation of the ring chelate effect in °Mo-NMR for both the phenyl and methyl
diphosphine ligands. Comparison of the y!-complexes and Mo(CO)sPMe;, indicates a very
small range in the observed resonances. These values weakly mimic the ring chelate effect
observed on a much larger scale in the di-substituted phenyl phosphine complexes. The
chemical shift for 71-Mo(CO)sDMPE is only 10 ppm more shielded than Mo(CO)sPMes while
the shift for #1-Mo(CO)sDMPM is 15 ppm deshielded. The origin of this "small” ring chelate
effect is not known.

As indicated in the Background section, correlations between the energy of the first
electronic transition (metal-=CQ x* CT band) and the Mo chemical shift have been made.
This requires that both the ground and excited states of this transition be metal based. In the
nl-complexes, the differences in the chemical shifts are so small that any correlation to the
electronic transition energy would be fortuitous. For the remainder of this discussion, these
chemical shifts are referred to as being essentially identical relative to the much larger effects
seen in the di and fetra-substituted complexes.

The Jpo.p Coupling constants for the !-complexes are essentially identical. This
indicates the Mo-P interaction is essentially the same for all three complexes. This correlates
well to the equivalent o-donor properties observed in the electronic structure studies of

Chapter 4.

cis-Phosphine Complexes. From the 13C data, it is observed that the PLP-CO x*
interaction may contribute to the trends in 13CO,,q chemical shifts for the cis-phosphine
complexes. The %Mo data can also be interpreted in terms of this interaction. I will exclude

the DMPM complex for the time being and discuss the cis-(PMes), versus DMPE complexes
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first. The larger P-Mo-P angle in cis-Mo(CO)4(PMeg3), increases the PLP-CO x* interaction
due to a closer l"-COt=q distance. As indicated earlier, this decreases the metal-CO x*
backbonding contribution and places more electron density at the metal. In the interpretation
of Nakatsuji,?® a weaker z-acceptor (CO becomes a weaker x-acceptor) creates a subsequent
increase in the paramagnetic contribution. This occurs because the increased electron density
left in the metal ground state is now available for mixing into the excited states whereas before
it was involved in metal-CO =" backbonding. From this interpretation, the complexes with the
largest PLP-CO x* interaction should have the largest paramagnetic contribution and be
deshielded. This is exactly what is observed in the Mo chemical shifts for cis-Mo(CO)4-
(PMe3); and cis-Mo(CO)4,DMPE.

For the DMPM complex, it has been shown that the CH, bonding orbital points directly
at the filled metal dy2.42 orbital. It is not known what effect this will have on the %Mo
chemical shifts. The 695Mo value for the DMPM complex is very deshielded from both the
cis-(PMes), and DMPE complexes. Using the Nakatsuji z-acceptor interpretation, the CO’s
have become poorer z-acceptors in the DMPM complex and are deshielded relative to the other
two cis-phosphine complexes. It has been shown in the X-ray crystal structure of
cis-Mo(CO),DPPM, that the trans-CO geometry is extremely distorted from an expected 180°
OC-Mo-CO angle.56 The effects of this have been seen in the metal-based ionizations of
cis-Mo(CO),DMPM (Chapter 5). From these observations, the change in frans-CO geometry
will decrease the z-acceptor ability of the CO’s and this results in a deshielded nucleus.

Thus, the ring chelate effect for five-member chelate rings can be attributed to the
PLP-CO =" interaction while the effect in four-member chelate rings involves both the CH,
orbital interaction with the metal dy2.,2 and more importantly a large deviation in the local CO

coordination geometry.
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Jmo.p Coupling Constants. ThLe coupling constants for the cis-phosphine complexes
indicates the cis-(PMej); and DMPE complexes have similar Mo-P bonding interactions while
that for DMPM is significantly weaker. This is not surprising based on the PES results. The
correlation of the observed Mo-P coupling constants for the cis-(PMes), and DMPE complexes
with the identical average ionization energy for the PLP’s is excellent. Both results arrive at the
conclusion of the thermochemical result by de lIa Vega, er.al. which shows equal Mo-P bond
strengths in these two molecules.24 The DMPM complex also shows identical charge at the
phosphorus from the average of the P++ and P+- IP’s. However, the CH, orbital interactions
should decrease the overall Mo-P bond strength in the DMPM complex and this is best

observed from the Jy,.p data.

tetra-Phosphine Complexes. Comparison of the %Mo for the fetra-substituted complexes
indicates an even larger separation between the observed chemical shifts than that observed in
the cis-phosphine complexes. The bis-DMPE complex is 278 ppm more shielded than the
tetrakis-PMe; analogue. From the known geometry differences between the two complexes, a
larger PLP-CO x° interaction is present in the tetrakis-PMes than in the bis-DMPE molecule.

Like in the cis-phosphine complexes, the PLP-CO x* interaction creates a more
deshielded molybdenum nucleus from loss of s-acceptor ability. In the case of these two
molecules the PLP-CO x* interaction is much larger than in the retrakis-phosphine complexes.
Therefore, a larger difference between the 9Mo chemical shifts is observed.

More interesting, however, is the difference in linewidth between the two
tetra-phosphine complexes. The cis-Mo(CO)2(DMPM); has very sharp lines which the two
different Mo-P coupling constants can be measured. In cis-Mo(CO),(PMe3),, the lines are
significantly broadened and only five lines are resolved. As indicated in the Results section,

this cannot be attributed to rapid exchange of the PMe; ligands rendering all PMes groups



194
equivalent. This is because the 31P spectrum produces two resonances for the two sets of
inequivalent phosphorus atoms.

The 95Mo nucleus possesses a quadrupole moment, Q, which can couple to the
molecular electric field gradient, q, and produce rapid relaxation times, Ty. Since the linewidth
is related to 1/T;, large linewidths and low resolution of multiple lines will result. The

linewidth, Wy, is given by the following equation:105

W= #/Ty= n/Ty= 3n/10[(21+3)PQ1-1)]le?gnQMmI2[1+(r%3)]rc )

I is the nuclear spin (5/2 for Mo), q; is the zz component of the electric field tensor, and 7 is
the asymmetry parameter for q and is given by, 7 = (qyy - qx)/q. From this equation, an
increase in the electric field gradient or the molecular correlation time, 7, will result in larger
linewidths. For the two zefra-substituted complexes, 7. is expected to be similar. However, the
metal-based electronic structure indicates a lower electronic symmetry at the metal in the
tetrakis-PMe3 complex. The lowered symmetry will increase the electric field gradient at the
metal and broaden the observed lines. This is what is occurring in the cis-Mo(CO),(PMes),
spectrum. The cis-Mo(CO),(P(OMe)3)4 molecule has previously shown broad lines compared
10 the di and tri-substituted complexes of the same phosphite.1%? Thus, it appears this may be a
general result for all cis-tetrakis-PR4 carbonyl complexes.

Finally, the %Mo chemical shift for the Mo(DMPE), is reported at -1088 ppm. This is
a tentative value as the spectrum was collected in a large sweep width and very few points
under the peaks. The splitting pattern is expected to be a septet from the single line observed
in the 31P spectrum indicating equivalent P atoms. Only four distinct lines are observable, but
the intensity pattern is not consistent with a quartet. As indicated in the Results section, this

is not a stable molecule in chlorinated hydrocarbon solvents and further experiments are
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necessary before publication of this data. The probable septet (indicating six equivalent
phosphorus atoms) is interesting from the aspect that this molecule does not have Oy symmetry
but D3 symmetry. The three metal-based ionizations of this complex are degenerate which also
indicates local Oy, symmetry. This can be interpreted in with respect to the phosphine twist
model. In the case for Mo(DMPE)3, each P atom can maximize bonding metal-PLP overlaps
that make the metal "see” an octahedral ligand field.

The observed chemical shift, if confirmed at -1088 ppm, is not consistent with the trend
in the highly shielded chemical shifts for cis-Mo(CO),DMPE and cis-Mo(CO),(DMPE),. The
shifts move downfield slowly from Mo(CO), at -1856 ppm, to -1840 ppm for
cis-Mo(CO)4DMPM to -1660 ppm for cis-Mo(CO),(DMPM),. This can be compared to the
rapid downfield shifts for the PMe; complexes at -1818 [Mo(CO)sPMe,], -1722
[cis-Mo(CO)4(PMe3),], and -1382 ppm [cis-Mo(CO),(PMes),s]. The -1088 ppm value for
Mo(DMPE); is more in line with the PMes complexes and may signal the end to the ring
chelate effect with the elimination of the last CO ligand. Unfortunately, the %Mo data for

Mo(PMejz)¢ are not available for comparison. This would be an excellent future experiment.

Conclusions.

In this chapter, the contribution to the !3C, 31P, and %Mo chemical shifts of the orbital
interactions found important in the measured electronic structure by photoelectron
spectroscopy. Both techniques are excellent probes of molecular electron distributions and
bonding and should give complementary information about the important orbital interactions in
the molecules. The difficulty is in extracting this information from the complicated
paramagnetic dependence of the NMR chemical shifts. Only through further experiments in

these areas can one learn the delicate and unexplored connection between these two techniques.
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The metal carbonyl phosphine complexes are special in that they have NMR probes at
the important atoms in the molecule. In the future, NMR experiments can be specifically
designed for testing the presence of the PLP-CO x° interaction. This will require specific
synthesis of complexes for electronic structure and NMR measurements for this testing. Thus,
the ease in which these complexes go into the gas-phase is also a special property in these

experiments in continuing electronic structure and NMR data comparisons.
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CHAPTER 8.

GENERAL SUMMARY AND FUTURE DIRECTIONS.

In the previous chapters of this dissertation, the results and conclusions for electronic
structure comparisons of phosphine containing metal carbonyl complexes have been presented.
The bulk of the comparisons have centered on the similarities and differences in the
photoelectron spectra of the Group VI (Mo and W) metal complexes containing either the two
chelating diphosphines, DMPM and DMPE, or the mono-dentate phosphine PMes. In addition,
these metal-phosphine compiexes were compared by 31P and %Mo nuclear magnetic resonance
(NMR) and the results correlated to those conclusions drawn from the PES studies. The
conclusions reached in each chapter are very closely related to those conclusions presented in
subsequent or previous chapters. This chapter draws all interpretations together in order to
evaluate the impact of the combined work to the field of metal-phosphine chemistry.

In the Summary section of this chapter, each of the individual chapters are re-examined
to combine the conclusions. The significance of this research is evaluated through current
literature examples that are affected by the conclusions reached in this dissertation. In the
Future Directions section, additional experiments are outlined in both the PES and NMR areas
that will further strengthen our understanding of the metal-phosphine bond.

Summary
Chapter 3: Instrument Advances.
In Chapter 3, several instrumental and sample cell improvements for photoelectron

spectroscopy are presented. The combined effect of all of the instrument improvements is very
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important to the PES studies of this dissertation. The PES spectra for #1-Mo(CO)sDMPM, 5!-
Mo(CO)sDMPE, Mo(DMPE)3, and W(DMPE); could not have been obtained without the
improved sensitivity of the new cell (Cell 3). The #ris-DMPE complexes are quite a synthetic
challenge and were available only in very small quantities. In addition, the phosphine ligands
are quite expensive, which also decreases sample supplies. Since PES is a sample destructive
technique, the best possible data must be obtained from these very small sample amounts. The
improved sensitivity of the new PES cells enables data to be obtained on these compounds
despite the small sample amounts.

Other members of this research group have also benefited from the instrument
improvements, This is evident in the large amount of excellent data (directly related to
publications) obtained by past students (Dr. Ann Copenhaver and Dr. Anjana Rai-Chaudhuri)
who were present during the major portion of the cell development stages, Current students
are producing new data on compounds that are even more expensive (Rh, Ir, Pd, and Pt
organometallic complexes). The instrumental improvements have made these studies more
practical through use of less compound to obtain a spectrum. The future of gas-phase
photoelectron spectroscopy will undoubtedly include both more expensive and more synthetically
challenging compounds in which electronic structure information will be required for better
understanding of the reactivity, structure, or bonding in these molecules. As a result, further
instrument development will continue in order to improve the sensitivity and to simplify the

operating techniques of the PES spectrometer.

Chapter 4: Diphosphines in mono-dentate Coordination.
Before the electronic structure comparisons of the di-substituted, cis-M(CO)4(P),,
complexes could be made, the relative o-donor strengths for the three ligands in the absence of

geometry constraints needed to be known. The PES study of the mono-dentate complexes,
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Mo(CO)sP, revealed essentially identical o-donor strength for the three phosphines, PMe;,
DMPE, and DMPM. This conclusion was made possible by several factors. First, the
phosphine based ionizations occur as single ionization bands in which the experimental error
bars are very small (+0.005 eV). This is needed to place a significance to the small differences
in the coordination stabilization (coordinated lone pair IP - free ligand IP) of the phosphine
ionization potentials. Second, the ligands are structurally very similar (essentially identical
R-P-R angles) which allows all overlap effects in the phosphine based IP’s to be assumed
constant. This leaves the IP shifts to be evaluated in terms of the charge potential at each
atom, which leads to the conclusion of essentially identical o-donor abilities for these three
phosphines.

The coordination stabilization was used previously by Bancroft to conclude that the
phenyl phosphines in the series W(CO)4.,(PPhs Me,), [n=1,2; x=0,1,2,3] are stronger o-donors
than the methyl phosphines.!? In this previous study, the same assumptions were made
concerning the influence of overlap effects upon the phosphine based IP’s. In comparing phenyl
and methyl phosphines this assumption is not valid. The R-P-R angle must change due to the
larger steric requirements of the phenyl group. In fact, the cone angle, ©, for PPh; is 145° and
for PMe; is 118°.6 The free ligand IP will reflect the change in 3s and 3p mixing in the lone
pair and the coordinated lone pair IP reflects the different metal 4 and p mixing. These effects
are not constant between the PMez and PPhj ligands. For this reason, the coordination
stabilization is a measure of both overlap and charge potential effects if the steric requirement
is different between phosphines. Further experiments in X-ray photoelectron spectroscopy
(XPS) are required to determine the relative o-donor abilities between phosphines of different

size R groups. These are outlined in the Future Directions section.
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Chapter 5: Diphosphines in bi-dentate Coordination.

The studies of Chapter 4 indicate essentially identical o-donor strength for the three
phosphines, PMe;, DMPE, and DMPM. This indicates that any electronic structure differences
in the di-substituted complexes at the metal or phosphorus will not be due to differences in
o-donor strength. Using this conclusion from Chapter 4, the photoelectron spectra of the
di-substituted complexes reveal two very important aspects concerning the metal-phosphine
bond. The electronic structure comparison of a metal complex containing a chelating
diphosphine ligand with its analogous mono-dentate phosphine containing metal complex is the
first look at the electronic effects due to perturbations upon the local metal coordination
geometry. The intent was to identify the differences in metal and phosphine electronic
structure between a chelate complex and a cis-(PMes), complex based on the important orbital
interactions present when the P-M-P angles differ. However, the nearly identical metal
electronic structure and the essentially identical charge potential and overlap effects at the
phosphorus for the cis-(PMes), and DMPE complexes indicates the P-M-P angle has little effect
upon the electronic structure. This observation is not expected on theoretical grounds.

The second aspect of this chapter concentrates on the mechanism by which the observed
electronic structure similarities can occur, i.e. via the phosphine twist. The phosphine twist is
rigorously examined through molecular orbital (MO) theory and through X-ray structural
evidence for its presence in any metal complex containing sterically strained phosphine ligands.
The mwist is always in the direction that maximizes metal-phosphine lone pair (PLP) bonding
overlap and minimizes steric contacts (cis-(PMes),) or ring strain (chelating diphosphines). In
addition, the swist is variable and depends on the magnitude of the steric interaction.

The phosphine twist has a major impact in metal-phosphine chemistry. The
metal-phosphorus bond length is sometimes used as a measure of the strength of the

metal-phosphine bond. This convention cannot be used when comparing M-P bond lengths in
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metal complexes containing sterically interacting phosphines because the wwist is always present
in this situation. Steric effects may lengthen the observed M-P bond (from X-ray structures),
but the "true” metal-P interaction (bond energy, o-donor ability, etc.) will also depends upon the
magnitude of the rwisz. Perhaps a methodology combining the X-ray M-P bond length and the
magnitude of the phosphine twist can be developed as a measure of the metal-phosphine
interaction. This is a topic for future research.

The contribution of twist to the physical and spectral properties of metal complex must
now be evaluated for both past and future studies on metal-phosphine complexes. One
application of the swist is evident in the magnetic properties and electronic structure of
[Ni(CH3)(PMe3)4]B(CgHs)4.82 The X-ray structure reveals the nickel coordination geometry is
between an ideal trigonal bipyramid and an ideal mono-capped tetrahedron. This is due to the
strong steric interactions between the one axial PMe; and the three equatorial PMes’s (avg.
P-Ni-P angle 96.2°). Both the magnetic properties and UV-visible spectra are consistent with
an ideal trigonal bipyramid (C;, symmetry) and do not reflect the break in local geometric
symmetry at the metal. This can be explained through the phosphine twist which points the
PMe; lone pairs at the nickel bonding orbitals and creates an electronic coordination geometry
at the metal nearly identical to an ideal trigonal bipyramid. Thus, the metal "thinks" the
electronic coordination geometry is not distorted and gives physical and spectral properties
consistent with the ideal coordination geometry.

This symmetric electronic coordination geometry also appears in the PES spectra for
Mo(DMPE)3 (Chapter 6). In this molecule, the rigid geometry is in D3 symmetry which is a
distortion from octahedral, Oy, symmetry. However, the metal electronic structure from the
PES spectrum shows a triply degenerate metal ionization band. This ionization bandshape is
very symmetric and shows no evidence of the D3 symmetry distortion. In this molecule, the

metal "thinks" or "sees" an electronic octahedral ligand field that results from the phosphine
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twist. It is evident from the literature example and the Mo(DMPE)3 example presented in this
dissertation that the phosphine twist is a major contribution to the electron distributions and

metal-phosphine bonding in metal complexes containing sterically strained phosphines.

Chapter 6: Ligand Additivity.

Additive ligand electronic effects have been previoﬁsly shown for the metal ionizations in
the Mo(CO)g.n(PMe3), [n=0,1,2,3] series.!? The comparison of the cis-(PMes), complex with
the DMPE and DMPM chelate complexes was originally performed in order to determine if
these ligands could be used to extend the ligand additivity model to higher substitution number,
n. Chapter 5 indicated nearly identical metal electronic structure for the cis-Mo(CO)4(PMe3),
and cis-Mo(CO)4DMPE complexes due to the phosphine twist. Thus, the DMPE ligand is used
in Chapter 6 to extend the phosphine substitution number, n, to four [cis-Mo(CO),(DMPE),]
and six [Mo(DMPE)3] phosphines. In addition, cis-Mo(CO),(PMe3), was prepared in an effort
to have a second comparison of a DMPE and PMe; containing complex.

The comparison of the metal electronic structure for cis-Mo(CO),(PMes), and
cis-Mo(CO),(DMPE); reveals the importance of the phosphorus lone pair (PLP)-CO x° orbital
interaction. The studies of Chapter 5 hinted that this interaction is the reason for the slight
difference (0.03 eV) in IP for the first ionization band. The close-up spectra for the bis-DMPE
and tetrakis-PMes complexes clearly indicate an overlap effect and not a charge potential effect
is present in the tetrakis-PMes complex. The PLP-CO x* interaction is present only in the
PMe; complexes due to the symmetry of the interaction when the P-M-P angle is greater than
90°. In addition, the close-up spectra further indicate the wist is still creating similar charge
potential at the metal for the bis-DMPE and retrakis-PMe; complexes, however, the PLP-CO =*
is an additional orbital interaction that is unaffected by the swist and breaks local symmetry at

the metal.
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The results of the additivity study reveal a charge saturation effect (o-donor ability of the
phosphine decreases) at the metal after n=3. The negative charge at the metal per phosphine
substitution increases linearly at some rate, R, and linearly after n=3 at a smaller rate, aR (o <
1). The « parameter, defined as AE; (n=1,2,3)/AE, (n=4,6), is constant at 0.75 for Mo and
0.77 for W. The « values indicate a 25% reduction in the charge potential at the metal atom
per_phosphine substitution for n=4 and 6 points than at n=1, 2, or 3 (charge saturation).
These data can be physically interpreted as a 25 % decrease in o-donor ability of the phosphine
or a 25% decrease in the metal electron acceptor ability after n=3. The latter property is
directly related to the weakening s-acceptor abilities of the remaining CO ligands. This means
more charge remains on the phosphorus atoms and is not transferred to the metal.

In the XPS studies on the Mo(CO),.,(PMes), series, the phosphorus 2ps, ionization
shifts linearly to lower IP indicating an increase in charge at the coordinated phosphorus atoms.
The conclusions presented from the valence metal IP data indicate more charge is present at
the coordinated phosphorus atoms in the n=4 and 6 substituted complexes. Further XPS
studies are needed to determine if @ > 1 for the n=4 and 6 substituted complexes. This

experiment will be detailed shortly.

Chapter 7: 31P and ?Mo-NMR.

In Chapter 6, the importance of the PLP-CO x* interaction is indicated in the
comparison of the metal ionizations of cis-Mo(CO),(PMes)4 and cis-Mo(CO),(DMPE),. This
interaction is also thought to be important in the di-substituted complexes cis-Mo(CO)4(PMejz),
and cis-Mo(CO)4,DMPE, however, the metal-based ionizations reflect only a small 0.03 eV
difference in the IP of the first ionization band. The 3!P and 9°Mo-NMR experiments were
performed in order to identify the importance of the PLP-CO x* interaction in all of these

phosphine containing molybdenum carbony! complexes.
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All chemical shifts are examined in terms of the paramagnetic contribution to the
shielding and with reference to the existing 31P, %Mo, and 13C literature. The ring chelate
effect in the %Mo and 3!P-NMR chemical shifts is addressed and a correlation of this effect to
the PLP-CO #* interaction is made. Correlation of the %Mo and 3!P chemical shifts to this
important orbital interaction represent the first experiments combining the electron distribution
and bonding information from NMR and PES. The PES experiment gives a well-defined
representation of the electronic ground state of the molecule whereas the NMR experiment
includes both the ground and excited states that are important to the NMR active nucleus. The
PES experiment cannot probe these excited states. The excited states are not defined in the
NMR spectra, but the experiment does indicate the relative difference in excited state mixing
between two molecules. The conclusions and ideas presented in this chapter represent the
beginning of a potential link between PES and NMR in order to better the understanding of

molecular electron distributions and bonding.

Future Directions.
XPS Experiments on mono-dentate Coordinated Phosphines.

The studies of Chapter 4 indicate that the coordination stabilization energy is an
excellent measure of charge effects at the metal and at the phosphorus only if all overlap effects
are constant. The R-P-R angles of the phosphine determine the 3s and 3p character of the
PLP and contribute to the PLP IP for the free ligand. Upon coordination of the PLP to the
metal, the p and d mixing (forming the M-P bond) contribute to the IP of the coordinated lone
pair (CLP). These overlap effects do not affect the IP of phosphorus core orbitals because
bonding overlaps with the 2p orbitals of phosphorus are essentially zero. Since all overlap
effects are zero in the core, the shifts of the phosphorus 2p,,, ionization represent the charge at

the phosphorus due solely to the electron donor and acceptor properties of the R substituents.
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The donor abilities of several different phosphines (i.e. PPh3 vs. PMe3) could be measured
through XPS of the P 2p35 in the free ligand and that in a coordinated metal complex (i.e.
Mo(CO)sP). This gives a core IP equivalent to the coordination stabilization that is solely
dependent upon charge effects.

In addition, this method could be extended to different metal-ligand fragments to
compare the electron acceptor properties of each metal fragment bond to the phosphine. As
indicated in Chapter 6, the electron acceptor properties of the molybdenum-carbonyl fragment
changes at n > 3 phosphine substitutions. The electron acceptor properties of the Mo(CO)s
fragment are probably different from the Ni(CO);, CpFe(CO)(CHj3), or CpMn(CO), fragments.
These questions are best addressed in the metal core ionizations. This is a very large project
that requires an student with excellent synthetic skills as well as a working XPS instrument.

\
Design and Assembly of the XPS Instrument.

In this section, many of the future experiments needed to continue the study of the
metal-phosphine bond require X-ray photoelectron spectroscopy (XPS). Currently this method
is not available in our laboratory. In the past two years, major steps toward the building of a
state-of-the-art combined XPS, UPS, and Auger instrument have been accomplished. As
discussed in Chapter 3, the X-ray source has been purchased and the sample chamber to
support the gun, sample cell, and vacuum hardware has been assembled. The remaining work
on this instrument requires a complete vacuum system, electrical connections for valve
operation, inert gas plumbing, and an XPS sample cell. The completion of this instrument is
still several months to a year away and will require a motivated graduate student or
post-doctoral student specifically interested and specially educated in the design and

development of PES instruments.
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Further Electronic Structure Comparisons of cis-(PMe;), and DMPE Complexes.

The comparison of a cis-(PR3); complex with the chelating diphosphine complex has so
far been limited to electron rich metal-carbonyl complexes. Other comparisons of these ligands
can be made through the Mo(Cl)4.,(P), series. These metal centers are formally either Mo(II)
[d2, n=2] or Mo(IV) [d4, n=4] and are electron poor. In addition, the CO ligands are no
longer present and therefore eliminates the CO-PLP x° interaction. The Cl ligands are good
m-donors, in contrast to the good z-acceptor capabilities of the CO ligands. The PLP-CO x*
interaction may be replaced with a PLP-CI x filled-filled interaction.

The cis-MoCl4(P), [(PMes); and DMPE] comparison was attempted during my graduate
work. The cis-MoCl4(PMes), molecule was prepared and a Hel spectrum obtained. However,
all attempts to make cis-MoCI,DMPE have failed, but I am confident this molecule can be
made and this comparison accomplished. Also, the trans-MoCla(DMPE), molecule has been
prepared (by-product of the Mo(DMPE); preparation) and the Hel spectrum obtained. In this
case, the trans-MoCly(PMes)y, cis-MoCly(PMes)y, or cis-MoCl,(DMPE), have not been
prepared in order to complete the comparisons. In these comparisons, both the cis and trans
isomers are available for electronic structure comparisons. The frans isomers allow for a new
coordination geometry comparison in Dy, symmetry that is not available in the carbonyl
complexes.

All of the Mo(Cl)¢.,(P), comparisons are related to the phosphine twist model and to
the absence of the PLP-CO x* which created the metal electronic structure differences between
the cis-Mo(CO),(PMe3)4 and cis-Mo(CO)2(DMPE), complexes. The most difficult part of this
study is the synthetic aspect which will be much easier with the high-vacuum synthesis line and

the expected arrival of a complete synthesis dry box to this research group.
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Ligand Additivity in the Chromium Carbonyl PMe; and DMPE Complexes.

The additive behavior of the Mo and W jonizations in the M(CO)g.,(P), series indicated
a difference in magnitude between the E; and E; values. The E; term is smaller for tungsten
than for molybdenum indicating backbonding is not as important to the tungsten carbonyl
fragment than in the molybdenum fragment. The E; and E; terms are inversely related such
that if E; decreases the charge ends up on the metal creating an increased value of Eq. The Eg
term is larger for tungsten indicating the tungsten carbonyl fragment is a better electron
acceptor than the molybdenum carbonyl fragment. These results are correlated to the
electronegativity trends down the Periodic Table. Tungsten is less electronegative, thus the
metal jonizations reflect a larger destabilization of the metal ionizations for coordination to the
same o-donor phosphine.

The chromium analogues would complete the correlation down the Periodic Table. It is
expected that backbonding will be extremely important to the first-row metal and E; will be
much larger than that found for Mo and W. The E; term will be correspondingly much smaller
than the Mo and W fragments indicating the ability of Cr to handle more charge (more
electronegative). This project could be performed very quickly as the syntheses of the Mo and
W series’ (which are much less reactive) are well-defined. The reactivity of Cr(CO)g should

make the preparation of the Cr phosphine analogues relatively simple.

Ligand Additivity in the Phosphorus Core.

The 25% decrease in the Eg values at n > 3 indicated more charge should be found on
the coordinated phosphorus atoms for the n=4 and n=6 complexes. The shift correlation
diagrams for the valence metal ionizations show a deviation from linearity that creates a smaller
slope at the n=4 and n=6 substitution numbers. If more charge is found at the coordinated

phosphorus atoms in the cis-Mo(CO),(PMes)4 and cis-Mo(CO),(DMPE), the shift correlation
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diagram for the phosphorus 2ps3, ionization should deviate in the opposite direction (larger
slope).

Further XPS experiments to determine the metal core ionization potentials for the n=4
and n=6 complexes are also planned. The shift correlation diagram of the Mo 3ds, ionizations
do not indicate the deviation from linearity at n=3 that is observed in the valence. However,
the core jonizations should reflect the valence metal IP deviations at the n=4 and n=6 points.
These experiments are very high on the list of compounds to be run by XPS once this

instrument is up and running.

Further Experiments in 31P and Mo-NMR.
Ab-Initio Calculations on the Diphosphines.

The possible experiments in the NMR area are only limited by the comparatively (to the
phosphine studies) small amount of thought given to this topic. This section outlines those
experiments already planned. As a start, we are interested in performing (in collaboration with
Dr. Barfield) calculations of the shielding constants and chemical shifts for the free phosphine
and diphosphine ligands. Both the staggered and chelating (eclipsed) geometries will be used in
the calculation to get an idea of the expected values of the 31P chemical shifts and the relative
direction (upfield or downfield) of the shifts between the two geometries. In addition, the 13C
chemical shifts of the methylene and ethylene bridging carbons will also come out of this
calculation providing the chemical shift dependence of the hybridization at these carbons in
both geometries.

Coupled with the calculations are the 13C experiments of the methylene and ethylene
bridging carbons in both the metal complexes and the free ligands. Also, low temperature 31P
experiments on the free diphosphine ligands will be performed to identify if just one, or

possibly other conformers are present in solution. It is thought that the staggered conformation
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is dominant in solution and that the 3P ring chelate effect may be a result of the presence of
the eclipsed conformer which is found in the metal complex. The 13C experiments of the
complexes will reveal the 13CO chemical shifts in the PMe;, DMPE and DMPM complexes.

The trends in these shifts should correlate to those 13CO shifts presented in Chapter 7 for the

phenyl phosphine complexes.

95Mo Experiments. .

The 95Mo experiments are still quite ill-defined. The %Mo ring chelate effect has only
been observed in molybdenum carbonyl complexes. The important question of whether this
effect is present in Mo complexes that do not contain CO ligands still remains. Without the
CO ligands, the PLP-CO x* interaction (which is suggested to be a major contribution to the
ring chelate effect) is eliminated. At first glance, the MoClg_,(P);, series may be a candidate for
these %Mo experiments. However, the 9Mo experiment is very difficult for Mo(II) complexes
and nearly ifnpossible for Mo(IV). This is due to the extremely broad lines (quadrupolar
broadening) observed for these oxidation states sometimes reaching 3000 Hz. Since the Mo(lI)
complexes sometimes show observable signals, perhaps the MoCly(CO),(P), molecule with
trans-CO’s, cis-Cl’s, and cis-P’s could be prepared. The PLP-CO =z interaction will be constant
throughout the P-Mo-P angle difference between cis-(PMes), and DMPE. It is not known if

this molecule or some other phosphine analogue has been prepared previously.

Mo(DMPE);
Finally, the 9Mo-NMR of Mo(DMPE); produces a chemical shift which correlates more
with the shifts for the PMe; complexes. This may identify an end to the ring chelate effect with

the loss of the last CO ligand. Further %Mo experiments are planned to unambiguously
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determine the correct spin-spin coupling pattern and to obtain an accurate measure of the

chemical shift.

Final Remarks

The primary focus of the research presented in this dissertation has been to better
understand the electronic factors that influence metal-phosphine bonding. Through the PES
spectra, the electronic environments at both the phosphorus and metal for several different
metal complexes were accurately determined in the metal-carbonyi complexes presented. These
comparisons have made significant contributions in two areas. First, the phosphine twist model
in sterically strained metal-phosphine interactions has been proposed. This model must now be
used to re-examine past studies and be applied to future studies involving strained
metal-phosphine complexes. The full impact of this model in metal-phosphine chemistry will
not be realized until it can be presented to the field and more rigorously tested in other
metal-phosphine complexes.

Second, the combination of PES and NMR data for investigations into electron
distributions and bonding information in organometallic or transition metal complexes has been
proposed. The link between these two techniques in somewhat cloudy, but shows promise as
long as the systems examined give relatively simple spectra from both methods. This is an
important area to link together because the comparison between the NMR and PES electron
distribution and bonding information often do not agree. As in most new methodologies, time

and experimentation are needed for this relationship to be further developed.
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APPENDIX A.

X-RAY CRYSTAL STRUCTURES: cis-W(CO)4(PMe;); AND cis-W(CO)4,DMPE.

Introduction

The photoelectron studies of Chapter S required a accurate knowledge of the local
coordination geometry of a cis-(PMes),; and DMPE containing carbonyl complex. In addition,
the phosphine ligand bond distances and angles provide a relative comparison of the steric
interaction [cis-(PMes3), unit] or ring strain [DMPE ligand] present in these two ligand sets.
Thus, the X-ray crystal structures of cis-W(CO)4(PMe3), and cis-W(CC)4DMPE were solved by
Dr. Michael A. Bruck in the Molecular Structure Laboratory. The details of these two

structures are outlined together in this Appendix.

Experimental

Crystals of cis-W(CO),DMPE were grown by slow vacuum sublimation (65°C, 2 torr for
2 days). Crystals of cis-W(CO)4(PMes); were grown by recrystalization from dichloromethane-
methanol solution. The collections were performed at room temperature with Mo Ko radiation
on a Nicolet P2, diffractometer. The cell parameters and specific data collection parameters for
cis-W(CO)4(PMe3), and cis-W(CO)4DMPE are given in Table XXII and Table XXIII,
respectively.

The structures were solved using the Patterson heavy-atom method which revealed the
position of the W atoms in each structure. The remaining non-hydrogen atoms were located in

succeeding difference Fourier syntheses. The hydrogen atoms were included in the final
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Crystal data for cis-W(CO)4(PMe3),.

cis-W(CO) 4(PMej), Crystal Parameters at T=23°+1°C.

a = 9.726(1) A Space Group: Py

b = 12.085@2) A. Formula Weight: 448.05 amu.
¢ = 14.114(1) A Z=a

V = 1651.2 A3, d, = 1.80 glem3.

u = 73.4 cml,

Crystal size: 0.20 x 0.28 x 0.09 mm.

Data Parameters:

Radiation: MoKa, 4 = 0.71073 A.
Monochrometer: Graphite crystal, incident beam.
Crystal-detector distance: 21 cm.

Maximum 20: 55°

Scan Type: ©-20.

Scan rate: 2.0-8.0°/min.

Corrections:  Lorentz-polarization.
Reflection averaging.
Analytical absorption. (26.67 to 52.63 on I)

Number of reflections measured: 4472 total, 3823 unique.

Intensity Standards: (002), (101), and (110) were measured every 46
reflections with no decrease in intensity.

Computer Hardware: VAX.
Computer Software: ~ SDP/VAX (Enraf-Nonius & B.A. Frenz & Assoc., Inc.).
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Table XXIII  Crystal data for cis-W(CO),DMPE.

¢cis-W(CO),DMPE Crystal Parameters at T=23°+1°C

a = 12.398(2) A. Space Group: Py,

b = 16.860(2) A. Formula Weight: 446.03 amu.
c = 14.642(2) A. Z =8

V = 3060.5 A3, d. = 1.94 g/em3.

u =792 cm.

Crystal size: 0.15 x 0.26 x 0.31 mm.
Data Parameters:
Radiation: MoKa, 4 = 0.71073 A,
Monochrometer: Graphite crystal, incident beam.
Crystal-detector distance: 21 cm.
Maximum 2©: 55°.
Scan Type: 20/0©.
Scan rate: 2.0-8.0°/min.

Corrections:  Lorentz-polarization.
Analytical absorption. (0.323 to 0.158 on I)

Number of reflections measured: 3962 total, 3524 unique.

Intensity Standards: (021), (183), and (543) were measured every 46
reflections with no decrease in intensity.

Computer Hardware:  PDP 11/34a.
Computer Software: ~ SDP-PLUS (Enraf-Nonius & B.A. Frenz & Assoc., Inc.).
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refinement of the DMPE structure, but were restrained to ride on the atom to which they are
bonded with fixed thermal parameters. Hydrogen atoms in the PMej structure were held in
idealized positions and not allowed to refine.

Additional remarks concerning the cis-W(CO)4(PMes), structure are required due to the
disordered methyl groups about P(2). This disorder is identical to that found in the Mo
structure.106  Stereo views of the unit cell reveal P(2) centered in a large hole. In this hole, the
P(2) methyl groups can rotate about the W-P(2) bond. Several attempts were made to model
the disorder, but no improvement over the chosen model was found. This model assumes an

equal distribution of each methyl group over two positions.

Results

The final refinement in the cis-W(CO),DMPE structure included 154 variable
parameters and converged with unweighted and weighted agreement factors, R=0.034 and R,,=
0.043. The final refinement in the cis-W(CO)4(PMes), structure included 181 variable
parameters and converged with unweighted and weighted agreement factors, R=0.040 and
Ry=0.044. The function minimized by the least-squares program was Sw(|F,|-|F.|)? where w
is the weights for each reflection, w=4F2/(o(I)2+(p*F2)2. The uncertainty factor, p, was set to
0.04. The highest and lowest peak in the final Fourier difference had a value of 0.55 e/A3 and
-1.18 ¢/A3 for cis-W(CO),DMPE and 1.43 ¢/A3 and -1.96 e/A3 for cis-W(CO)4(PMes),. In both
structures, these peaks were located near the W atom.

The ORTEP drawings for cis-W(CO)4(PMe;), and cis-W(CO)4DMPE appear in
Figure 46 and Figure 47 while the important bond distances and angles are listed in
Table XXIV and Table XXV. The atom positions can be found in Table XXVI, Table XXVII,
and Table XXVIII. Each "Structure Report”, including the F, and F, listings and thermal

parameters can be found in my permanent lab files.




Figure 46

ORTEP Drawing for cis-W(CO)4(PMe3),.
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Figure 47 ORTEP Drawing for cis-W{(CO),DMPE.



Atom 2

P(1)
P(2)
C(1)
C()
C@3)
C4)
C(10)
c(i1)
C(12)
C(20)
C(21)
C(22)

Distance

2.510(2)
2.508(2)
1.975(8)
1.963(8)
2.026(9)
2.012(8)
1.806(8)
1.816(9)
1.778(9)
1.78(2)

1.82(2)

1.70(2)

Atomn 1

c(1)
C(2)
C(3)
c()
P(2)
PQ2)
P(2)
C(20)
C(20")
c(1)

Table XXIV  Bond Distances and Angles for cis-W(CO)4(PMes),.
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Atom 2 Distance
Oo(1) 1.159(9)
0(2) 1.168(9)
0@3) 1.14(1)
(o1C)] 1.138(8)
C(20") 1.80(3)
C(21") 1.87(3)
C(22") 1.69(3)
C(21) 1.21(5)
C(22) 1.13(5)
C(22) 1.25(6)

Atom 1 Atom 2 Atom 3

P(1)
P(1)
P)
P(1)
P(1)
P2

P(2)
P(2)
PQ2)
c)
C®)
@)
C@)
@2
C3)

PQ2)
¢
C@
C@3)
C@)
c)
C@)
3
C@)
C(2)
CA3)
C@)
c3
C“)
c@
P(1) C(10)
P(1) C(11)
P(1) C(12)

EEEcELdEecLgeLLess

Angle

97.44(6)
173.1(2)
85.0(2)
90.0(2)
91.1(2)
89.4(2)
177.5(2)
88.9(3)
88.4(2)
88.2(3)
89.1(3)
90.1(3)
90.6(4)
92.0(3)
177.2(4)
112.5(4)
114.1(4)
123.1(3)

Atom 1 Atom 2 Atom 3

w
w

w

C(10)
CQ10)
cau)
C(20)
C(20)

O
~~
[N
(s
N

EEEELEEE

PQ2)
P(2)
P(2)
P(1)
P(1)
P(1)
P(2)
PQ)
PQ2)
C(1)
Q@)
C@3)
C4)
PQ)
P@)
PQ)

C(20)
c(21)
C(22)
C(10)
C@12)
C(12)
c(21)
C(22)
C(22)
o)

0(2)

0@3)

)]

C(20)
c@r)
C(22)

Angle

117.8(8)
116.9(8)
120.6(8)
100.7(5)
99.8(5)
103.6(6)
9.(2)
100.(2)
98.(1)
177.1(7)
178.3(8)
178.4(9)
179.4(7)
123.(1)
114.(1)
112.(1)
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Table XXV  Bond Distances and Angles for cis-W(CO)4DMPE.

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance

w P(1) 2477(2) P(2) C(20) 1.810(7)

W P(2) 2.483(2) P(2) C(@21) 1.829(8)

w c@) 1.990(7) P(2) C(22) 1.814(8)

w C(2) 1.972(7) Cc() o) 1.138(7)

w C(3) 2.037(6) C(2) 0(2) 1.157(7)

w C@) 2.018(6) C(3) 0@3) 1.122(7)

P(1) C(10) 1.830(7) C@4) 0O®@4) 1.143(7)

P(1) C(11) 1.827(7) C(12) C(22) 1.286(11)

P(1) C(12) 1.806(9)
Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle
P(1) W PQ2) 80.10(6) w P(1) C@10) 119.4(3)
PQ1) W C(() 173.3(2) w P(1) C@11) 118.2(3)
P(1) W C@2) 92.3(2) w P(1) cC@12) 108.7(3)
P(1) W C(3) 90.3(2) w P(2) C(20) 118.9(3)
P(1) W C@) 89.7(2) w P2y C(21) 118.1(3)
P(2) W C1) 93.2(2) w P(2) C(22) 107.5(3)
P(2) W CQ2) 172.1(2) C(10) P(1) C(11) 100.4(4)
P(2) W C(3) 88.6(2) C(10) P(1) C(12) 106.0(6)
P(2) W C@H) 89.9(2) C(11) P(1) C(12) 102.3(5)
C(1) W CQ2) 94.4(3) C(20) P(2) C(21) 101.9(4)
C(1) W C(3) 90.1(2) C20) P(2) C(22) 105.7(4)
c(1) W C@ 89.7(2) C21) P(2) C(22) 103.0(5)
C(2) W C@3) 89.3(3) w C(1) o) 177.6(6)
C(2) W C@4) 92.2(3) w C2) 02 179.1(6)
C(3) W CH 178.5(3) w C(3) 0Q) 179.0(6)

W . C@4) 0@  1792(6)
P(1) C(2) C(22) 1209(7)
P2) C(22) C(12) 122.6(7)
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Refined Atom Coordinates and their Estimated Standard Deviations (esd) for

Atom

w
P(1)
P(2)
o(1)
oQ)
0@3)
O(4)
c()
C(2)
C(3)
C(4)
C(10)
c(11)
C(12)
C(20)
C(20")
C(21)
c@r)
C(22)
C(22)

X

1.06688(4)
1.1947(3)
0.8276(3)
0.9479(9)
1.3591(8)
1.082(1)
1.032(1)
0.989(1)
1.251(1)
1.078(1)
1.046(1)
1.338(1)
1.283(1)
1.116(1)
0.768(3)
0.728(3)
0.686(2)
0.814(4)
0.781(2)
0.716(3)

CI:S‘-W(CO).;(PM(‘/_;)z.

b4

0.18821(3)
0.2643(2)
0.2362(3)
0.0901(8)
0.1235(9)
0.4216(7)

-0.0430(6)
0.1259(9)
0.1492(9)
0.3378(9)
0.0406(8)
0.351(1)
0.160(1)
0.351(1)
0373(2)
0.149(3)
0.159(3)
0.374(3)
0.219(3)
0.250(5)

0.72694(2)
0.5950(2)
0.6569(2)
0.9077(5)
0.8233(6)
0.8296(7)
0.6244(7)
0.8394(7)
0.7870(7)
0.7921(8)
0.6613(7)
0.6384(9)
0.5307(9)
0.503(1)
0.673(3)
0.573(3)
0.701(2)
0.596(3)
0.539(2)
0.741(3)

B, (A2

3.816(6)
4.33(5)
5.39(6)
8.4(2)
9.0(2)
10.4(3)
8.6(2)
5.4(2)
5.6(2)
6.4(3)
52(2)
8.3(3)
9.0(4)
11.6(4)
14.(1)
18.(1)
12.9(9)
22.(1)
13.(1)
25.(2)

Anisotropically refined atoms are given in the form of the isotropic equivalent
displacement parameter defined as: 4/3[a2B;; + b2B,; + c2Bs3 + ab(cos
y)Bj1a + ac(cos ﬂ)B]3 + be(cos a)B23]
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Table XXVII Non-Refined Hydrogen Atom Coordinates for cis-W(CO)4(PMej),.
Atom x Y z B,q(Az)
H() 1.305 0.410 0.675 50
H(2) 1.381 0.381 0.586 5.0
H(3) 1.403 0.309 0.678 5.0
H4) 1.329 0.109 0.574 5.0
H(5) 1.348 0.194 0.494 5.0
H(6) 1.215 0.123 0.490 5.0
H(7) 1.037 0.315 0.473 5.0
H(8) 1.180 0.365 0.458 5.0
H(9) 1.089 0.419 0.530 5.0
H(21) 0.677 0.382 0.643 5.0
H(22) 0.768 0.384 0.740 5.0
H(23) 0.827 0.426 0.648 5.0
H(24) 0.600 0.184 0.670 5.0
H(25) 0.697 0.083 0.689 5.0
H(26) 0.686 0.171 0.767 5.0
H(27) 0.688 0.242 0.522 5.0
H(28) 0.840 0.260 0.502 5.0
H(29) 0.790 0.143 0.527 5.0
H(2Y) 0.640 0.181 0.554 5.0
H(22") 0.776 0.138 0.519 5.0
H(23’) 0.715 0.081 0.604 5.0
H(24) 0.722 0.388 0.571 5.0
H(25%) 0.839 0.425 0.647 5.0
H(26") 0.875 0.383 0.548 5.0
H@27) 0.626 0.268 0.715 5.0
H(28’) 0.716 0.178 0.770 5.0

H(29") 0.747 0.303 0.788 5.0
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Table XXVIII Atom Coordinates and their Estimated Standard Deviations (esd) for

cis-W(CO)4sDMPE.

Atom X y z _Beq(Az)
w 0.16849(3) 0.15521(2) 0.14542(2) 3.158(5)
P(1) 0.2656(2) 0.0274(2) 0.1320(2) 4.42(5)
P(2) 0.2328(2) 0.1652(2) -0.0148(2) 4.29(5)
o(1) 0.0544(7) 0.3205(4) 0.1361(7) 7.6(2)
0o(2) 0.1103(8) 0.1228(6) 0.3500(5) 7.6(2)
o(3) 0.3830(6) 0.2407(5) 0.2077(6) 6.9(2)
O(4) -0.0443(6) 0.0713(5) 0.0760(6) 6.9(2)
C(1) 0.0941(7) 0.2597(6) 0.1407(7) 4.7(2)
C(2) 0.1322(8) 0.1354(6) 0.2746(7) 4.7(2)
Cc@3) 0.3070(7) 0.2097(6) 0.1861(6) 4.3(2)
C(4) 0.0322(7) 0.1020(6) 0.1016(7) 4.4(2)
C(10) 0.191(1) -0.0655(6) 0.147(1) 8.1(4)
C(11) 0.3804(9) 0.0097(7) 0.2077(9) 7.6(3)
C(12) 0.327(1) 0.0220(9) 0.0204(9) 15.1(5)
C(20) 0.3143(8) 0.2500(7) -0.0460(8) 6.1(3)
C(21) 0.134(1) 0.1625(8) -0.1074(8) 8.2(4)
C(22) 0.316(1) 0.0789(7) -0.0374(9) 10.6(4)
H(1) 0.130 -0.064 0.108 5.0°
H(2) 0.236 -0.109 0.130 5.0°
H@®3) 0.169 -0.072 0.208 5.0°
H(4) 0.426 0.055 0.208 5.0°
H(5) 0.353 0.001 0.267 5.0°
H(6) 0.420 -0.035 0.189 5.0°
H(®7) 0.291 -0.020 -0.009 5.0"
H(8) 0.401 0.008 0.029 5.0°
H(9) 0.387 0.099 -0.039 5.0°
H(10) 0.297 0.058 -0.096 5.0°
H(11) 0.371 0.257 -0.003 5.0°
H(12) 0.344 0.243 -0.105 5.0°
H(13) 0.270 0.296 -0.046 5.0°
H(14) 0.087 0.119 -0.098 5.0°
H(15) 0.094 0.210 -0.106 5.0°
H(16) 0.168 0.157 -0.165 5.0°

* -- Starred atoms were refined isotropically. Anisotropically refined atoms are
given in the form of the isotropic equivalent thermal parameter defined as:
8PI2(U;; + Uy, + Usy)3. The U expressions are available in the Structure
Report.
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Discussion

The X-ray data for the DMPE and cis-(PMe3); tungsten complexes [Table XXIV and
Table XXV] reveal a large difference in coordination geometry about the metal atom. The
P-W-P angles are 80.10(6) and 97.44(6), respectively. The DMPE complex possesses local Cy,
symmetry as each C(carbonyl)-W-P angle is smaller than a normal octahedral 180° compen-
sating for the DMPE chelate angle. These two angles, OC(1)-W-P(1) and OC(2)-W-P(2), are
found to be 173.3(2) and 172.1(2), respectively. In the PMe; complex, steric interaction
between PMes groups create a P-W-P angle greater than 90°. However, the PMe; structure
contains a disorder (see Experimental section) for P(2) resulting in broken C,, symmetry and
inequivalent P atoms. The OC(1)-W-P(1) angle is observed at 173.1(2) (identical to the DMPE
complex). However, the OC(2)-W-P(2) angle is nearly linear at 177.5(2). The reason for this
linear arrangement is unclear. This same disorder was found in the previously published
structure of the Mo analog!% and must be related to crystal packing.

The W-P bond lengths are slightly shorter for the DMPE complex. This was shown in
Chapter 5 to be a consequence of the chelating geometry and not to a stronger W-P interaction
for the DMPE complexes vs. the cis-(PMes), complex. When the DMPE ligand is found in a
non-chelating coordination geometry,’’ the metal-P bond length is identical to that of PMes.

The phosphine twist is visible in the six W-P-CH3(CH,) angles of the DMPE structure.
It is also observable in the three ordered W-P(1)-CHj angles of the cis-(PMes), structure. A

complete discussion of the twist can be found in Chapter 5 under The Phosphine Twist.
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