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ABSTRACT

We herein present the previously unreported photochemistry of two forms of the
dimetallocyclopropane complex Fey(CO)s(l—CH,), and its deuterated analog. We have
determined that it behaves similarly to other dimetallic carbonyls in that it eliminates
carbon monoxide upon irradiation with high-intensity UV/Visible light to form distinct
single and double CO-loss products. Upon formation of a 34-electron single CO-loss
product, however, it exhibits the ability to either maintain an unbalanced 16/18-electron
configuration, or convert to a carbene complex with an iron-iron double bond. This
unusual behavior is probably due to the high degree of -interaction between the p-CH,

and the dimetallic center.
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INTRODUCTION

“Knowledge is of two kinds. We know a subject ourselves, or we
know where we can find information upon it.”

Samuel Johnson

Matrix Photochemistry

The photochemical activity of metal carbonyl complexes has been a subject of interest
since the discovery of metal carbonyls themselves. Only one year after Ludwig Mond’s
history-making discovery of Ni(CO)s, he published the observation that Fe(CO)s reacted
photochemically to produce carbon monoxide and the stable dinuclear compound
Fe,(CO).! More recently, dinuclear systems of various types have been successfully
studied, ytelding a great deal of new information about CO-loss chemistry and metal-metal
bonding.* The study of photochemistry is greatly aided by isolating the molecules of
interest in some manner. so their behavior may be observed on a reasonable time-scale.
There are many different ways of doing this, but we will only employ one of them. The
isolating “matrix” in this case will be a frozen hydrocarbon matrix, and the behaviors of
interest are the structural changes which take place upon the photochemical liberation of
carbon monoxide. This thesis reports the investigation of the photochemistry of the

dimetallocyclopropane complex Fe:(CO)s(u-CH,) (1).



A Brief Discussion of Dimetallocyclopropanes

Dimetallocyclopropanes are a relatively new entry in the field of organometallic chemistry,
with the first recognized synthesis of such a compound having occurred a mere twenty-
one years ago’. However, these unique complexes have sparked the interest of a wide
range of chemists, from those investigating the behavior of carbenes at metal interfaces, to
those developing molecular carbon monoxide sensors®. Indeed, the methylene bridge is a
remarkable entity, and lends surprising stability to the complexes in which it is found.
Generally, dimetallocyclopropanes are soluble in a wide variety of organic solvents, are
quite insensitive to both oxygen and moisture, and are usually intensely colored”.

T_he source of this stabilizing effect is the excellent n-backbonding nature of the methylene
bridge™*, a facet of the ligand which was not initially recognized. In fact, the amount of
T overlap between -CH; and a dimetallic center has been shown to be almost 30%
greater than for CO. Combined with its considerable overlap, the bond energy of pu-CH,
in a dimetallocyclopropane is calculated to be over 260% stronger than a similarly

bound p~CO!”’

An excellent example of this effect is in the case of Os, (CO)y and Os,(CO)s(1-CH.,).
Diosmium enneacarbonyl is more properly formulated as Os,(CO)s(u-CO), since it exists
as such in both crystalline form and solution, and possesses Cay symmetry. Itis extremely
unstable, requiring synthesis temperatures of <233 K, and deteriorating rapidly in
solution®. However, the mere replacement (symbolically) of one carbonyl oxygen with
two hydrogens results in an air-stable diosmacyclopropane which can be synthesized at

standard temperatures and pressures’!



The analogous transformation of Fe,(CO), is not as evident, but is nonetheless
remarkable. With iron being a much smaller molecule than osmium, the carbonyls bridge
more readily, resulting in a highly symmetric (Ds,) triply-bridged complex. Once again,
the replacement of u-CO with pu-CH, significantly changes the molecular properties.
Suddenly, a substance which was virtually insoluble in all solvents, becomes a substance
which is soluble and stable in almost any organic solvent. Even though Fe,(CO)y appears
to be quite stable, and indeed is much more so than the Os analogue, this is only due to the
fact that it is sparingly soluble in the majority of solvents. Once it is in solution, in any
solvent except for Fe(CO)s, it becomes quite unstable and decomposes into Fe(CO)s and
Fe(CO)4[solv]. Even under relatively mild cohditions, chemical reactions of Fex(CO)y
frequently result in significant amounts of mono-metallic products'®'"'*. Contrastingly,
Fe,(CO)s(U-CH,) is extremely stable in solution. Even under fairly rigorous thermal
conditions, such as in refluxing benzene for several hours, the metal-metal bond remains

mntact.

A Literature Review of Fe,(CO)s(1-CH,), 1979 to Present

In the Fall of 1979, a communication from the research group of Dr. Rowland Pettit
(University of Texas, Austin) was received at the offices of the Journal of the American
Chemical Society. The subject, of course, was the synthesis of the “novel organometallic
complex,” Fe,(CO)s(u-CH»)". Between this initial communication, the follow-up
article™, and an additional paper from Meyer, Riley and Davis'* (both published in 1982)

the physical characteristics of this complex were fully described. This characterization



included infrared, nuclear magnetic resonance, and Mossbauer spectroscopies, and X-ray

crystallography. It was shown to have a crystalline
structure similar to that of Fe,(CO), (Figure 1), with a
singly-bridged structure (Figure 2) predominating almost
exclusively in solution®®. Additionally, 1 was demonstrated
to react with an Hy/CO mixture to produce methane, vis a
vis the Fischer-Tropsch Process. This reactivity, and its

relatively simple structure, immediately made 1 the leading

Figure 1 - Triply-Bridged
Structure of Fe,(COjs(u-CH,)

candidate for a model of the “‘surface-bound methylene” mechanism for the Fischer-

Tropsch Process. As alluded to in the previous section, the CH, moiety was not fully

understood at the time, and was initially thought to be an

0O 0 sps hybrid". However, interleaved between the output
& Ct, ¢ - N
0=C— F:e AN F:e— c=0 from the University of Texas was a short communication
d 4|
(f(n) &Q published by Vites and Fehlner in the Journal of
O O

Electronic Spectroscopy and Related Phenomena. This

article reported the first photoelectron (PE) spectroscopic

Figure 2 - Singly-Bridged
Structure of Fex(CO)s(u-CH,)

treatment of 1.° The results obtained led the authors to

make three conclusions which were significant to

understanding the bonding characteristics of the methylenc bridge:

1) The p-CH, ligand retained a relatively high negative charge, in agreement with

current theoretical results.




2) The 1b; orbital of u-CH, (Figure 4) had a low enough energy 1o interact with,
and allow donation of electron density from, the HOMO of the Fe-Fe fragment

(Figure 3).

3) The bonding in 1 was strictly analogous to the

bonding in cyclopropane, further legitimizing the

“dimetallocyclopropane” label.

In 1982, a second PE spectroscopic treatment was reported by

Xiang, et al. which confirmed the findings of Vites and Fehlner. Figure 4 - 1b; orbital
of u-CH,

Additionally, they reported the Carbon 1s and Oxygen s core

binding energies, and calculated the charge on the methylene 1o be a

substantial -0.5 0.2 .

After a four year silence, 1 appeared once again as the

subject of a major publication. Chang, er al. reported the

first cryogenic matrix isolation study of 1, with the

emphasis being placed on the methylene bridge itself. Figure 3 - HOMO of the Fe-Fe
Jragment

Based upon the calculated H-C-H bond angle of 106°,

and the "C NMR coupling constant of 147 Hz, the authors concluded that the methylene

carbon was indeed sp; hybridized. This, of course, was in direct opposition to the earlier

findings regarding the mw-accepting ability of u-CH,, since an sps-hybridized carbon would

have no available 2p orbital. However, the “last word” on this controversy, at least

chronologically, appeared in a 1992 publication in Spectrochimica Acta. In this excellent

paper, the IR frequencies and intensities of C-H vibrational modes were analyzed for

wm




twelve different organometallic systems, including 1.° This Italian-German team of seven
scientists reached the same conclusion as the PE spectroscopists had several years earlier,
but for a more general case. Namely, that M,-CH 4., systems exhibit “the unexpected
presence of an opposite T-effect, which increases as n increases.” @@ P 12%%

The remainder of the publications in which 1 appears, from 1986 to present, can be
divided into two classes. The first class being those which use 1 as a building-block to
create more complex systems, especially heterogenous metal carbonyl clusters.'®!"1%1%2
The second class represents those publications which reference 1 as a model for some
reaction mechanism featuring a metal-bound methylene intermediate.*!*>?>*%

Indeed, this “novel organometallic complex”, as represented by the original
communication and following article, has lived a remarkably useful life in the literature to

date. Taken together, these publications have been cited a total of 161 times, averaging

more than 9 citations per annum.*®

The Fe,(CO)s(u-CH;) Molecule

General Discussion

As indicated above, a fair amount of physical data has been collected for this molecule.
For the purposes of this thesis, however, only the IR and NMR data is pertinent. This

data has been compiled in Table 1.

R



MLA W” CHZ Amtu

Type of Solvent Peak Values Ref.
Spectroscopy

Infrared hexanes v-CO, cm’™ 2118(w), 2058(vs), 2028(vs), 2012(s) - 28
Ar (12 K) v-CH,, cm™! 2975.0, 2925.0, 978, 936.5, 759.8 30
N, (12 K) v-CH,, cm’? 2981.2,2933.2,974.4,932.8, 764.6 30
Ar (12 K) v-CD,, cm’! 2235.8,2152.9,754.5, 723.7, 627.7, 543.8 30
N, (12 K) v-CD,, cm’} 2243.5,2157.2,752.1,725.0, 626.8, 545.0 30

'H NMR acetone-dg 5 5.5(s) 28

Table 1 - Spectroscopic Data from the Literature

In the “flagship” 1982 publication from the Pettit group, several derivatives of 1 were
synthesized, and a large number of thermal reactions were studied. Besides the
aforementioned reaction with H, to produce methane and acetaldehyde, 1 was also found
to react with short-chain olefins, such as ethylene and propylene, to give one-carbon
homologation products. Treatment with ethylene (400 p.s.i.) resulted in >90% production
of propylene. Treatment with propylene gave mostly isobutylene, along with small

amounts of cis- and trans- 2-butene and n-butene. The general conclusion was reached

that the loss of CO preceded the chemical reaction, since these reactions were inhibited by
the presence of CO gas. The reactions were assumed to proceed through the nucleophilic
attack of either the hydrogen or the © complex on a coordinatively unsaturated iron after
the loss of a CO ligand. This was presumed to lead to incorporation of the p-CH, into an
expanded metallocycle, with B-hydride elimination producing an elongated 7t complex
coordinated to one of the irons, and reductive elimination producing the observed
products. An interesting theoretical study published in 1985 took issue with the above

mechanism by studying the energies of the molecular orbitals involved in two possible




mechanisms. One of these was Pettit’s mechanism, and the other was one proposed by the
authors in which the metallocyclopropane ring opened to allow nucleophilic attack at the
methylene”’. The authors concluded that Pettit’s mechanism was energetically
unfavorable, but did not attempt to explain the observed inhibition due to CO pressure.
Photochemistry

Simply put, no study of the photochemistry of 1 currently exists in the literature. The
interest in 1 has historically, and understandably, revolved around the methylene bridge.
Consequently, a part of this molecule which normally enjoys a great deal of attention has
been rigorously ignored -- the carbonyls. Even in Chang’s excellent infrared matrix

isolation analysis, the carbonyl peaks are relegated to the additional material®

. If, in fact,
CO-loss is an integral part of the reactivity of 1, it would seem that the study of
photochemical CO-loss products would be particularly useful. As noted above, 1 is
known to exist in solution with only terminal CO ligands, and is assumed to possess Cay
symmetry as shown in Figure 2. If this is the case, it would have eight C-O stretching

modes, seven of which would be IR-active (Figure 5). Of course, some of these modes

may not possess the intensity to be detectable in a normal IR spectrum.
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Figure 5 - IR-Active Carbonyl Stretching Modes of Fey(CQO)«(y-CH,)




The Scope of this Thesis
In this thesis, we will study the UV-photochemistry of two molecules, 1 and its deuterated
analogue Fe;(CO)g(u-CDs) (2). We will accomplish this by monitoring both the C-O and
C-D stretching regions of the infrared spectrum, as well as utilizing nuclear magnetic
resonance (NMR) and ultraviolet-visible (UV-Vis) spectroscopy. In so doing, we will
attempt to answer the following questions:

e What is/are the photochemical CO-loss product(s)?

* Given the unusual strength of the u-CH, bonding, does the methylene bridge

remain intact during the CO-loss process?
* How does .Lhe photochemistry of 1 relate to that of other metal-carbonyl

complexes”?
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EXPERIMENTAL

“What mighty contests rise from trivial things.”

Alexander Pope

General Laboratory Technique and Equipment

Air Sensitive Compounds

All reactions and manipulations of air-sensitive compounds were carried out under an
atmosphere of Ar using standard procedures. The Ar (Linde) was additionally purified by
passage through two consecutive columns containing activated De-Ox catalyst (Johnson
and Matthey) and Drierite, respectively. Air-sensitive solids were handled and transferred
in a Braun MB 150 M inert-atmosphere box (“dry-box”) equipped with a BASF R3-11
catalyst/Linde 13x molecular sieve system. The atmosphere in the dry-box was
maintained by periodic purging and regeneration of the catalyst. A titanocene
chloride/zinc indicator was used to determine the state of the atmosphere. The catalyst
was regenerated once each academic quarter, or whenever the titanocene indicator
changed color. Evacuation of the access chambers and the dry-box itself was
accomplished by a Leybold TRIVAC B rotary vane vacuum pump, which was capable of
maintaining a pressure of 10™ mbar. Compounds which were extremely air or moisture

sensitive, or which posed a significant potential health risk, were stored in an Innovative

11



Technologies freezer which was integral to the dry-box itself.

Glassware

Routine glassware was washed thoroughly, rinsed three times with deionized water and
dried in an oven. Volumetric glassware was washed with Aqua Regia, rinsed with
deionized water until neutral, and kept in a 130 °C oven. When removed from the oven
for use, the volumetric glassware was cooled under dynamic vacuum (- 1000 mbar) 0
avoid water adsorption during the cooling process. Syringes with ground-glass plungers
(Popper Micro-Mate®) were used for transferring larger volumes of liquid. When it was
necessary to avoid air contact, these syringes were flushed three times with Ar before use.
Hamilton gas-tight syringes were used for smaller, more accurate measurements. These
were also flushed with Ar before use.

Infrared Spectrophotometry

A Nicolet FT-IR Magna-550 infrared spectrometer was used for acquiring infrared
spectra. Typical spectra were collected at 1 or 2 cm™ resolution for 32 scans. The liquid
cell used for routine solution samples consisted of 20 x 10 mm NaCl plates with 40.2 mm

Teflon spacer. LuerLock ports, and Teflon plugs.

A specialized cell, manufactured by Specac, e S 1T
Inc., was used to collect the low- | e
. i
. 22— 4|
lemperature spectra. This cell had a steel

frame, CaF, windows, and a | mm path
’ B ’ P Figure 6 - Low-Temperature IR Cell
length. For data collection, the cell was mounted in a nickel-plated brass clamp at the end

of a steel dewar (item 16, Figure 7). This entire assembly was placed inside a steel jacket
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(item 2, Figure 7) and a vacuum pump was used to evacuate the cavity around the cell.
The purpose of this was to eliminate anything which might condense on the cell windows
at low temperatures (~100 K). To effect cooling, liquid N, was poured into the dewar.
The temperature of the brass clamp was monitored with a thermocouple mounted inside
the steel jacket. Another thermocouple monitored the temperature of the CaF, windows
in the outer jacket. Both of these devices were connected to a controller which reported
the approximate cell temperature and maintained the temperature of the outer windows
(item 15, Figure 7) at approximately 30 °C. The controller could also warm the cell, but
this was almost never used in order to avoid unnecessary thermal stress on the cell
windows.

Our research group added an additional item to the cell which had the intended purpose of
reducing thermal stress during the cooling phase. This was a copper shroud which was
mounted on two sides of the brass cell clamp and extended to cover the entire length of
the cell. The shroud only made physical contact with the clamp itself, and Indium spacers
were used to ensure good thermal conductivity at these junctions.

The sample was added with a Luer-lock adapter which was threaded into the cell (item 22,
Figure 6). This was typically done inside the dry-box to ensure there was no
contamination from oxygen or moisture. The cell was washed with CH,Cl, and dried

under vacuum between samples.
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UV-Vis Spectrophotometry

A Cary-171 instrument, with a data acquisition and control upgrade by On Line
Instrumentation Systems, Inc. (OLIS), was used to generate all UV-Vis spectra. Typical
spectra were obtained using the low UV lamp setting. The OLIS-17 software resided on a
“486” personal computer. One scan took approximately ten minutes and consisted of 16
observations per data point, with one data point per nm. Spectra were typically obtained
between 800 and 250 nm in hydrocarbon solvents such as methylcyclohexane and 3-
methylpentane.

The low-temperature IR cell described above was used for UV-Vis data collection also. A
special tray was manufactured which allowed it to be placed into the Cary-171 at an
appropriate and reproducible location. Because the dewar was taller than the cavity in the
machine, the cover which was usually placed over the top of the instrument could not be
used. Instead, thick black felt material was placed around the top of the dewar in order to
exclude external light.

Nuclear Magnetic Resonance (NMR) Spectroscopy

The NMR spectrometers we used were part of the Shared Analytical Instrumentation
Laboratory of the OSU Department of Chemistry. The only spectra obtained for this
work were proton (‘H) using the 200 MHz Bruker WP-200. Spectra were stored on the

NMR computer, and hardcopies of each were produced.

Reagents and Solvents

With the exception of CDalp, which was purchased from Cambridge [sotopes, all reagents



were obtained through Aldrich. The Fe(CO)s, Na, and CH,I, or CD,I, were used as
purchased, without further purification. With the exception of Na, thesc were all purged
with Argon, sealed, and stored in a refrigerator. However, the sodium was stored under
mineral oil and handled in the dry-box in order to preclude oxidation. The naphthalene
was sublimed before use and stored under Ar. The (C,Hs)sNBr was dried by heating it to
80 °C under dynamic vacuum overnight, and then stored under Ar.

Solvents were dried and degassed using standard methods. Most of the solvents were
distilled over the appropriate drying agent, and collected under Ar for immediate use.
The matrix solvents, 3-methylpentane (Aldrich, 3-MP) and methylcyclohexane (Aldrich)
were §tirred for at least twenty-four hours over a sodium-potassium alloy (NaK) to ensure
complete dryness. Tetrahydrofuran (Mallinckrodt Analytical Reagent), THF, was dried
and distilled from potassium/benzophenone. Hexanes (Mallinckrodt Analytical Reagent)
were washed three times with concentrated sulfuric acid and subsequently washed with
distilled water until neutral by Hydrion paper. The hexanes were then pre-dried over
MgSO, and distilled over potassium metal. Acetone (Mallinckrodt Analytical Reagent)
was distilled twice over fresh Drierite® and then refluxed continuously over activated
molecular sieves (Advanced Specialty Gas Equipment, 4A). Diethyl ether (Mallinckrodt
Analytical Reagent) and absolute ethanol (AAPER Alcohol and Chemical Co.) were used
as received, without additional drying or purification. Deionized water from laboratory
supply lines was degassed by bubbling Ar vigorously through it for at least 24 hours. This

was used in lieu of distilled water.
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Preparation of Compounds

As mentioned in the introductory section of this thesis, we confined our experimental
efforts to compounds 1, and 2. A large sample of 1 was provided by Dr. Wojcicki’s
research group, having been prepared by Dr. Sarla Goel. We prepared small quantities of
both these compounds by the method of Sumner, Collier and Pettit®®. Both 1 and 2 are
extremely air and moisture-stable and require no special handling after preparation.
[Eex(CO)s][(C-Hs)uN |

This material was used to subsequently prepare both 1 and 2. In the dry-box, Na (1.366 g

, 0.059 mol) was weighed into a 100 mL Schlenk flask. The flask was removed from the

dry-box and approximately 50 mL dry THF was needle-transferred under Ar.
Naphthalene (0.652 g, 0.005 mol) was added while maintaining positive Argon flow
through the flask. A pressure-equalizing dropping funnel was placed in the top of the
flask, purged. and capped with a rubber septum. A Hamilton gas-tight syringe was used
to transfer Fe(CO)s (7.9 mL, 0.06 mol) into the funnel. The Fe(CO)s was added as slowly
as possible, and the reaction flask never became more than slightly warm during addition.
An additional 5 mL dry THF was used to rinse the funnel after addition was complete.

After stirring overnight, the dropping funnel was removed and a fritted Schlenk tube with

a catch-flask was put in its place. The reaction flask was cooled for one hour in a dry-

ice/isopropanol slush bath to form filterable crystals. The apparatus was carefully inverted
to achieve filtration of the reaction mixture. Argon was used 1o maintain positive pressure
on the reaction flask, while a vacuum was pulled on the catch-flask with a dual-stage

vacuum pump. The filter-cake was kept slightly wet with THF, and then rinsed into a

17




clean, dry, Ar-purged 100 mL Schlenk flask using a small amount of dry THF. Degassed
and deionized water (30 mL) was added to the reaction flask. Great care was taken to
keep the air exposure to a minimum, since the intermediate product (Na,Fe;(CO)s»THF) is
very reactive with oxygen. The dropping funnel was then reaffixed and (C,Hs)4NBr
(13.845 g, 0.0659 mol) in 30 mL degassed and deionized water was added slowly. A
brick-red precipitate formed immediately and was filtered as before. The product was
then washed with 60 mL degassed and deionized water, 2 x 60 mL dry THF, and 2 x 60
mL absolute ethanol. All reagents used for washing (except for water) were first cooled in
a dry-ice/isopropanol slush-bath for at least 15 minutes. The product was then dried
under vacuum to constant weight. giving 10.341 g (58%) of [Feg(CO)g][(C2H5)4N }2. Due
to the possibility of finely divided Fe bein g present in the final product, it was transferred
quickly into the dry-box and stored in the freezer at -30 °C.

Fey(CO)s(u-CH>)

In the dry box, [Fe2(COX][(CoHs)4N], (4.14 g, 0.007 mol) was weighed into a 100 mL
Schlenk flask. Once this was set up under a hood and connected to Ar. approximately 25
mL dry acetone was added. The flask was immersed in an ice/NaCl bath and stirred
continuously for two hours. An addition funnel was placed atop the flask and 5 mL of
dry, 0 °C acetone was syringed into it. A Hamilton gas-tight syringe was used to add
CHaI, (0.64 mL, 0.008 mol). which was added as slowly as possible over a 20 minute
period. The mixture stirred for an additional hour, and was then filtered as before, and
washed with dry, 0 °C acetone until the washings appeared pale yellow. The solid was

transferred 1o a beaker and stirred with 20 mL deionized water for about one hour. The

18




product was then filtered through a regular fritted funnel in atmosphere, and washed with

- 3x 10 mL cold (0 °C) acetone. After drying under vacuum to constant weight, the yield

was calculated as 31% (0.7508 g). Infrared spectroscopy (Figure 8) and '"H NMR (Figure
9) showed bands which were consistent with literature values. The other two peaks in the
NMR spectrum are due to solvent (7.38) and water ( 1.508)

Fex(CO)s(u-CD>)

The same procedure was followed for this synthesis, beginning with a smaller amount of
[Fea(COM;1[(CaHs)aNT, (2.00 g, 0.003 mol), and with the appropriate substitution of
CD:L. This sysnthesis resulted in a much higher yield of 52% (0.6154 g), probably due to
a less vigourous acetone wash in the final step. An infrared spectrum (Figure 10) of this
product was, predictably, indistinguishable from tl;e protonated version. Proton NMR

(Figure 11) in CDCL; showed only solvent and water peaks.
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Experimental Procedures

Matrix Isolation Technique

The matrix isolation studies were performed in glassing organic solvent matrices.

Matrices were chosen which formed a clear, homogenous glass at temperatures of
approximately 100 K. The criteria governing wheth=r a matrix will form a glass is not
well characterized. While some empirical data exists® there is no way to predict whether
a solvent will form a glass other than to observe it upon freezing. For instance,
3-methylpentane forms a very nice glass, presumably because its branched nature
precludes crystal formation. However, both methylcyclohexane and hexanes crack and
become opaque upon freezing, even though they shouldn’t form crystals either.

Therefore, trial and error methods were used to identify suitable mixtures of solvexﬁs.
Another factor in the selection of an appropriate matrix solvent is the degree of “hardness”
nherent in the system once it has frozen. This degree of hardness refers to the viscosity of
the matrix after it has formed a glass™. Presumably, a solvent which produces a “‘soft”
glass will allow molecules in solution to vibrate and rotate more freely. Conversely, a
“hard” matrix will restrict the movement of the molecules to a higher degree. However,
due to the fact that we were operating at only ~100 K, even a relatively hard organic glass
could not completely isolate the solute molecules. To approach true matrix isolation more
closely, one must employ techniques such as co-condensation with an ideal gas at
temperatures ~10 K®”.  Table 2 lists the various solvents and mixtures which were

examined in the process of choosing an appropriate matrix for our research. The bulk of
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the spectra were taken in matrix 5 (from Table 2) since 1 is very photo-labile and the
softer matrices such as I allowed too many side products to form, resulting in indistinct
spectra. Unless otherwise indicated, the terms “soft matrix” and “hard matrix” will refer

to mixtures 1 and 5 from Table 2, respectively.

The matrix mixture was [ Matrix Composition Observations
1 100% 3-MP good glass, indistinct spectra,
prepared in the dry-box prob. due to softness of matrix
2 100% Methyl-THF interaction with solute at 30 °C
in a clean, dry 3 100% Me.thylcyclo.hexane cracks and becomes opaque
4 100% Hexanes (mixture) cracks and becomes opaque
. ) 5 10% 3-MP in good glass, v. sharp peaks in
volumetric flask. For Methylcvclohexane spectrum, assume to be “hard”
~ 6 10% 3-MP in Hexanes cracks and becomes opaque
example, 0.5 mL 3-MP 7 50% 3-MP in Hexanes cracks and becomes opaque

would be transferred to

Table 2 - Matrix Selection
a 5 mL volumetric
using a 1.0 mL Hamilton gas-tight syringe. The volumetric would then be filled to the
mark with methylcyclohexane, resulting in a 90/10 mixture. Volume ratio was used in lieu
of mole ratio because it was only a 10 L difference in volume, and the volume ratio was
more easily reproduced. A sample of the pure matrix would then be transferred to the
cell, and a spectrum taken for use as the background. This enabled us to use solution
spectra directly without explicitly subtracting the solvent spectrum. The background was
collected at both room temperature and at the matrix isolation temperature (98 - 100 K).
During the two hours needed to warm the cell to room lemperature, a solute sample
would be weighed into a 2 mL volumetric and taken into the dry box for preparation of

the solution. Room temperature and low temperature spectra were laken of the solution

to use as starting points. The low temperature was maintained by adding liquid N, to the

|
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dewar as needed. The course taken after this point depended upon the nature of the
experiment. Individual experiments will be fully described in Chapter 3. However, all
experiments involved UV photolysis at some point. This was carried out using a 200W
medium pressure Hg lamp from Oriel Corporation (66007 UNIV ARC lamp). Infra-red
radiation was removed by a distilled water filter. The low-temperature cell (mounted in
the dewar assembly) wasl placed on a specially designed variable-height platform and
positioned on an optical bench at approximately 40 cm from the Hg lamp. This distance
was used for all experiments for purposes of repeatability, and to minimize sample heating
due to any infra-red radiation remaining. The lamp height and height of the dewar/cell
assembly remained constant, but the focus of the lamp was adjusted each time for
maximum light flux through the sample. This was accomplished by adjusting the focus
until the image projected behind the cell was as sharp as possible. In order to increase the
photon efficiency of the impinging light, aluminum foil was placed over the rear window
of the cell dewar. Photolysis periods were timed using a digital stopwatch, although all
times are approximate, and only repeatable within about 5 seconds.

Data Analysis

Infrared Data

Data collected on the Nicolet Magna IR 550 was processed on a personal computer
workstation using Nicolet’s Ommnic 2.1 software. Omnic is a versatile program which
allowed us to manipulate the data using a variety of methods. Normal data collection was
performed using the following options:

* 32 scans per spectrum with a resolution of 0.5 - 1.0 cm™: This allowed

26



reasonably fast collection {(~1.5 min.) with a reasonable signal-to-noise ratio.
Data spacing ranged from 0.2 cm™ t0 0.4 cm™, depending on the resolution.

* Apodization: Either “boxcar” or “Happ-Genzel” apodization was used. Happ-
Genzel was used normally, since it suppresses side-lobes more effectively and
retains higher resolution than triangular apodization. In cases where maximum
resolution was needed, boxcar apodization was used.

After the data was collected, the spectra usually needed some fine-tunin ¢ to baseline it
properly. This was performed using the following procedure:

1. Two regions of the spectrum were reduced (o a straight line using the straight-
line function: 2400-2300 cmjl, and 1500 - 1600 cm™. Neither of these regions
were expected to contain useful data, and were nearly flat already.

2. Using the inherent function in Omnic, the spectrum was baselined by setting
2350 cm™ and 1550 cm™ to zero. This allowed for direct comparison of the
spectra by overlaying them (on a computer screen) and aligning the two flat-
line regions.

Many of the spectra we collected appeared to have several overlapping peaks.
Deconvolution of these peaks was performed using the Fourier Self-Deconvolution (FSD)
and Second Derivative (SD) functions. The SD function was used to determine the
presence of “shoulders”, since it would transform them into actual peaks. The FSD
function was used to determine the number of peaks within broad features of the spectrum
Another highly useful technique which we employed was the use of subtraction spectra.

After one spectrum was subtracted from the other, one could observe which peaks had
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increased in intensity and which had decreased during the time period between the spectra.
However, in order to obtain the actual peak intensities of the overlapping peaks, it was
neccessary to use a curve-fitting program. To this end, Jandel Scientific’s Peakfir 3.11
performed admirably. All IR curves were fit to Lorentzian line-shapes using a 99%

confidence level.

UV-Visible Data

The OLIS-17 software, used to collect and store the UV-Vis data, was not particularly
easy to use and had some limitations in its ability to manipulate spectra. Therefore, data
was exported to a comma-delimited format and imported into another program, such us
Microsoft® Excel. In this format, the data could be easily graphed, subtracted, ‘01'
multiplied. Curve-fitting and peak deconvolution was performed using Jandel Scientific’s

Pealfir 5.11.



RESULTS AND DISCUSSION

“Whoever, in the pursuit of science, seeks after immediate practical utility, may
generally rest assured that he will seek in vain”

Hermann von Helmholtz

Overview

The photochemistry of 1 and 2 was studied in both hard and soft matrices, yielding
distinctly different results. The soft matrix (neat 3-methylpentane) allowed the molecule
to assume the energetically favorable Ds, conformation upon reaching ~98 K (Figure 12).
During photolysis in this matrix (Figure 13), the resulting bands were indistinct and poorly
resolved. Conversely, the hard matrix (10% 3-methylpentane in methylcyclohexane)
resulted in sharp, well-defined peaks. This was true for both the starting material (Figure
14), which retained C,. symmetry upon freezing, and the spectra taken during photolysis
(Figure 15). In either matrix, however, both 1 and 2 proved extremely photolabile,
forming CO-loss products after less than one minute of photolysis. This was not entirely
unexpected, since Fe;(CO)y is extremely photo-active™, and the -CH, would be expected

to compete for electron density with rrans carbonyls to a much higher degree than u-CO.
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Photolysis of Fe,(CO)s(1u-CH,) in a Hard Matrix

First CO-Loss Product

After as short as 40 seconds of photolysis, 1 is observed to liberate free CO (~2032 cm™)
and form a CO-loss product. Figure 16 shows a difference spectrum between 40 seconds
of photolysis and the starting material. Already evident are the main features of what
seems to be a single CO-loss product. The starting material is clearly consumed, with its
main bands appearing as negative peaks after subtraction. The new species shows infrared
peaks at the following locations: 2093, 2085, 2030 and 1987 cm™, with possible peaks at
?_()21 and 2003 cm, and a broad feature centered at 1920 cm™. As the photolysis period
is lengthened, these peaks are seen to increase, and a new peak appears at 2045 cm™, after
about 5 minutes (Figure 17). After 10 minutes, the peaks assigned to product #1 (3)
decrease steadily. Figure 18 shows the difference between 180 minutes and 5 minutes,
emphasizing the disappearing peaks due to 3. Note that CO continues to be produced
over this period, and that the negative peaks due to remaining 1 are labeled “parent”. If 3
is a CO-loss product at all, is it the result of single or double CO elimination? If it were a
single CO-loss product, one might reasonably expect to see bridging carbonyls, since the
molecule would be an unbalanced, 18/16-¢electron complex. However, 3 exhibits no
bridging or semi-bridging carbonyls. which should appear between 1700 and 1900 em™. It
1s obvious we need a method of quantitating both the loss of 1, and the formation of

free-CO and 3. The obvious choice in this instance is the use of molar absorptivity (g).
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This was clementary for CO and 1, and only slightly more difficult for 3. As mcasured by
Pope and Wrighton™, carbon monoxide in an alkane matrix has a value of € equal to
400 M em™. To determine the value of € for 1, a Beer’s Law plot was created from the

infrared spectra of a series of

Line Fit Plot-2030CM"'

dilutions, and the slope of the least-

ey

squares line was calculated (Figure
& Predicted Y

Absorbance

20 and Table 4, next page). This

0 0.00062  0.00004  0,00006  0.00008 0.0001
mmolarity

analysis was only performed for the
three major peaks at 2055, 2025, and  Figyre 19 - Linear Regression Graph for 3
2006 cm™. Even though these peaks shifted somewhat at <100 K, the values of € were

considered valid at low temperatures for our purposes.

First Photo-Product (from 1 June 1996)
Min. Irrad. b*c A(2030) Regression Statistics
2 6.16E-05 0.51778 Multiple R 0.996025
3 7.86E-05| 0.683915 R Square 0.992067
4 8.62E-05| 0.731281 Adjusted R Square 0.658733
5 8.9E-05] 0.755743 Standard Error 0.009545
Observations 4
epsilon: 852417

Table 3 - Least-squares Fit Data for 3

To calculate a value for 3, we made use of the observation that it was virtually the only
product being formed within the first S minutes of photolysis. Using infrared data from
each minute of the first five, a 1:1 molar ratio of A1 to A3 was assumed, and the
concentration of 3 was calculated for each minute. This data was used to create a Beer’s
Law plot for the major peak of 2030 cm™ (Figure 19 and Table 3).
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After calculating these values, we used them to determine whether 3 was indeed a single

CO-loss product, or the result of double CO-loss. To determine this, we calculated molar

ratios of ACO/A1, ACO/A3, and A1/A3, where AE indicates the change in the

concentration of & in units of millimolarity. A ratio of approximately unity for cach of

these would indicate the following, respectively:

e There is only one CO being lost per molecule of 1.

¢ There is only one molecule of 3 being formed for each molecule of CO.

* Compound 3 is the only product being formed at that given point in time, and is
therefore the single CO-loss product of 1.

The results of these calculations are listed in Table 5, and support the above conclusions.

Molar Ratios of CO, 1 and 3
Date of Experiment ACO/A1 | ACO/A3 | A1/A3
11 Apr, 5 min. irradiation 0.96 0.98 1.02
1 June, 1 min. irradiation 0.98 0.92 0.94
1 June, 2 min. irradiation 1.06 1.03 0.97
1 June, 3 min. irradiation 1.13 1.08 0.95
1 June, 4 min. irradiation 1.11 1.12 1.01
1 June, 5 min. irradiation 1.2 1.19 0.99
14 July, 5 min. irradiation 1.13 1.19 1.06
13 August, 5 min. irradiation 1.05 . 1.15 1.1
Averages: 1.08 1.08 1.01

Tuble 5 - Molar Ratios (absolute values) of CO. I and 3

The formation of an asymmetric, single CO-loss product is unusual, due (o the propensity
to adhere o the “18-clectron rule”™. The lack of a bridging carbonyl ligand is especially
surprising in this case, because the small size of the iron atoms should offer litle resistance
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io bridging. Undoubtedly, the hardness of the matrix is at least partly responsible for this

phenomenon. However, it secms unreasonable that the rigidity of the matrix alone could

prevent a carbonyl ligand from assuming a bridging geometry. It is likely that the

excellent m-accepting ability of the u-CH, ligand acts to stabilize the molecule in some

fashion. It may act as a conduit for electron density so that the electron imbalance, if it

exists, may be partly ameliorated. If we assume that the molecule has remained intact,

there is another structural option which, though unlikely, would allow each iron to attain

an 18-electron configuration. This
would require that the methylene
bridge convert to a carbene group

on the CO-donating iron, and that

an iron-ron double bond be formed.

These potential structures are
lustrated in Figure 21.

Second CO-loss Product

After further irradiation, a second
set of peaks begins to appear. This

new product, or products, begins to

7 -CO S F
—-—Fé/—\F;——— -, —Fe—Fe
18¢ 18 ¢ 18¢ 106¢

1 3

a.

CH,
TS -CO SHIS
N T Fi=Fe
18¢ 1Se I8¢ I8¢

1 3!

b.

Figure 21 - Possible structures for 3

appear substantially between S and 10 minutes of irradiation, and continues (o be

produced for the remainder of the experiment. The major peaks are located at 2076,

2045, 2016, 2004, 1988, 1971, 1949 and 1833 cm™ (Figure 22). It is also evident that

free CO is still being produced, although at a much slower rate. In fact, the entirc system
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begins to slow down, almost coming to a complete halt after 90 minutes of irradiation.
For example, the amount of free CO produced during the hour between 120 and 180
minutes is roughly 5-times less than that produced during the first 5 minutes (Figure 23).
The obvious question is, what is the structure of this new product and how many
carbonyls are being lost to form it? Applying the same method we used before, we were
able to determine that a double CO-loss product (4) is being created, and that it is being
formed by the elimination of a carbonyl group from 3. This conclusion is arrived at by
examining two pieces of information: total amount of CO produced, and the molar ratio
of CO production to the consumption of 3.
Since 3 seems to reach its peak concentraﬁon after about 5 minutes of irradiation, we can
use the times of 5 minutes and >90 minutes to approximate the times when 3 and 4 are
respectively at maximum concentration. Comparing the free CO produced during these
time periods, we observe the following facts:
¢ The CO produced during the first 5 and the remaining 85 to 175 minutes is
approximately equal.
* The concentration of free CO after 90 to 180 minutes of photolysis is approximately

twice the original concentration of 1

CO Produced (mmolar)
Date of First 5 min. |Last 85to 185 Total Initial Ratio
Experiment min Conc.of 1
11-Apr 0.525 0.725 1.25 0.67 1.87
14-Jul 0.875 0.875 1.75 0.83 2.11
13-Aug 1.925 1.6 3.525 2.04 1.73

Table 6 - Ratio of Total CO produced 10 Initial concentration of I, showing evidence for
the generation of a double CO-loss product
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The supporting data for these observations is summarized above in Table 6, and leads to

the following conclusions:

* There is a double CO-loss product being formed.

* Since 1 is essentially depleted in the first 10 minutes, the second equivalent of CO
must be provided by 3.

Further evidence for the second

conclusion may be obtained by

comparing the depletion of 3

with the production of CO.

Plotting the separate data

points and their ratio for 510 10 15 20 30 60 90
10 to to to to to to
15 20 30 60 90 120

identical periods of time, we

can see that, with the exception

of the first fifteen minutes, they Figure 24 - Ratio of Production of CO 1o Depletion of 3

track very closely. Therefore, we may reasonably conclude that 4 is the single CO-loss
product of 3.

Before discussing possible structures for 4, based upon the above data. we should answer
a critical question: “What happens to the methylene bridge?”

The Fate of the Methylene Bridge

Of course. one of the possible photochemical pathways which a molecule such as 1 might
follow is metal-metal bond homolysis. Are the peaks which we observe upon the

formation of single and double CO-loss products the result of several mono-metallic
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compounds? To answer this intriguing question, we examined the deuterated version of
the parent molecule (2) under similar conditions. After positively identifying the carbon-
dueterium (C-D) stretching bands(Figure 25, see Table 1 for reference), we were able to
monitor them throughout the entire photolysis process. After 90 minutes of irradiation,
the lower-lying peak had been absorbed into the free CO peak, and the higher peak .
exhibited a considerable amount of shift and/or attenuation. If the peak value at 2232 ¢cm’™
is measured directly after 90 minutes of irradiation, there seems to be a 30% decrease in
its intensity. If the peak is measured at its shifted location of 2225, there is only an 1%
decrease in intensity. Postulating that the C-D stretches should remain in the same
location if the bridging ligand stays intact, it is apparent that most of the molecules retain
their methylene bridge. and are therefore dimetallic. Examinin g data from the two
experiments for which we were able to collect post-photolysis spectra, we found that a 90
minute period results in ~12% decrease in the concentration of 1, while a 180 minute
period results in ~26% decrease. This is in agreement with the data collected from 2, and
there seems 1o be evidence that. even in a very rigid matrix at <100 K, 1 is able (0 split
apart and form a stable mono-metallic compound. To help us understand what was
happening in the matrix. we decided to observe the behavior of 1 while it underwent
room-temperature photolysis. Under these conditions, homolysis should certainly be
observed, and indeed it was. What we discovered was the formation of a major product
(Figure 26) with peaks which correspond to the literature values for Fe(CO)s™ The

identity of the minor product is unknown at this time. Upon examination of the matrix
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isolation spectra, it is not readily apparent that Fe(CO)s is present. Because of the large
absorbances at 2030 and 2004, the subtraction spectra do not reveal any useful
information. However, performing a polynomial curve-fit yields peaks at 2023 and 2002
(Figure 27), in approxvimately the same ratio (1:1.2) as the peaks in Figure 26. It is our

belief that these are the matrix-shifted peaks of Fe(CO)s.

I//
b

oy
@ 'I[//

./\F.

Solv - Fe
Solv 4

D,

F

18e”  l6e’

()

Figure 28 - Possible mechanism for inter-marrix formation of Fe(CO)s

The formation of Fe(CO)s within the matrix was unexpected and quite unusual. Given
that this particular matrix seems to be rigid enough to keep carbonyl ligands from
bridging, it is untenable to think that two halves of either 1 or 3 could diffuse far enough
away from each other to independently recombine with carbon monoxide. Therefore,
there must be some feature of 3’s structure which aids in this process. One possible
solution may be found in Zhang, Zhang and Brown’s study of Mn,(CO),0." The authors
mvestigated the photochemistry of Mny(CO), in a frozen 3-methylpentane matrix, and

discovered the existence of a solvento complex which subsequently converted 1o
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Mn,(CO)g(-n"1’—CO). This solvento complex formed immediately upon the release of
CO from the parent molecule, and had a lifetime of about ten minutes. The formation of
such a complex in the case of 3 would explain the unusual stability of the unbalanced
species, and provide a possible mechanism for the formation of Fe(CO)s. In order for 3 to
split apart without diffusing into the matrix, it seems necessary for a solvent molecule to
act as a wedge and drive the two halves of the molecule apart. If a molecule of solvent
were already complexed with 3, it would be that much easier to engage in such a
mechanism. This mechanism is depicted schematically in Figure 28.

Possible Structures Revisited

Given what we know about 3, 4, and the methylene bridge, we must only consider
structures which contain a u-CH, group, and at least one p-CO in the case of 4. For
photo-product 3, this effectively limits us to the structure depicted in Figure 21(a), wiﬂl
the addition of a solvent molecule complexed with it in some fashion. For the formation

of photo-product 4, there are two possible choices, which are depicted in Figure 29.

r N
" Fe/"—éFe J1100
i
.§/\ -‘S -CO
——Fe—Fe Solv > < OR >
/,/,". \\\‘\\\\
8¢ 16¢ >Fe\:/Fe“\
3 ¢
0
. J

Figure 29 - Possible Structures for 4
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Since there is only one bridging carbonyl peak, the doubly-bridged/doubly-bonded
structure seems to be the most likely. However, given the weakness of the peak at

1833 cm, it is possible that a second bridging peak exists and is too weak to detect.

Photolysis of Fe,(CO)s(1u-CHs) in a Soft Matrix

Due to the previously mentioned problems with the 100% 3-methylpentane matrix (see
Figure 13), we were able to draw very few conclusions from this data. What we did
observe was that 1 seems to follow a reaction pathway similar to that followed in room
temperature photolysis. That is to say, the peaks which are present after the solution
returns to room temperature are very similar to what we observed in continuous room

temperature photolysis. but in different proportions (Figure 30).

Back-Reaction of Fe,(CO)4(t-CH,) with Carbon Monoxide

Upon cold, dark back-reaction of 4 with CO, we see what we would expect to see: the
consumption of 4, re-production of 3, and possibly a very small amount of 1 (Figure 31).
However, upon warming in the absence of light to ~140 K, the back-reaction proceeds
through to the starting material. 1. Curiously, however, an apparently equal mixture of
the triply-bridged (Dsp) and the singly-brideed (Cay) is produced (Figure 32). This would
seem to indicate that there are two competing pathways through which CO can attack 3
and 4. If this were merely the result of re-formation of 1 and its rearrangement, the
energetically favored Dy, structure should predominate. However, we do not have enough

data to make any rcasonable guess as to what is happening in this case.

50



SIS JOIOUYf 2OHDAIAND L1000y PUD NLUD - 108 fo wosindun ) - naioad poaifig

SO ANl

S SRR IR

S I

R T
~.
e,

(1 -wo) Emg:_:cu>m>.>z

' \:..:1:...):/\\..;\.1\..}.?.,,:I{.\\I..z.I(...::!..:....7.)i«,./;...:...{.:.

22’550

LO'Lv0

88°€20

<anwor-aocco00




IXD1 Y1 U1 PAJUUDJ2.0 1 SIS DINIIPUL SIS NIUINA W SIIQIIE () DU f O HOHIDIN-YING P07 JO ULIIAS poanifu] - 1§ 2nSiy

,A _-Emv. anE:cm\@S
oSl 0081 0s8L 0061 0561 0002 0502 00le 01124 00ce

o

.

Q
7

o
b
<

(¥) 2voz
(¥) 9102

o

o

(=)
7

(¥) 0002
900

(v) ogs8l
ol |

(00) zele A

<
o
<Q

(SRR SRR R LR A Ty A o R

=200

7

/
A A N e e

<

D L N
g 1

NS [ £000

&Y

=200

<2 wOoO-0TCCOQ

() Lol
(g) £80:

(1) ssoz “z10

(S(ooJed) €202

(e) 0e0

024 s




s agnradoaddn
Jo uonnaipul Yl o1 pauissn av sy PN Y OF ] I SUIILIDM ALV 0D YIM p JO UOHIDAI-Youg (DU JO 101122 paanifu] - z¢ dndly

{1 -wo) s/qWINUSABAA

o

TS TPP T SRR RN

.\rs.\....fri..,\.
ey o

9

(yeq) 148t

{4eq) ozsl

(wiog) 600;

(A20) 520

{AZD) 550

0081 0S8} 0061 0561 0002 0502

[ele] %4

(02134

{ueq@) 160

C o

<<aO®»wo-0« <

oy
vy

.



Conclusions

Although it appears to be a simplistic molecule, Fe,(CO)s(u—CH,) has proven an
interesting and challenging study in metal-carbonyl photochemistry. From the data
presented here, irradiation of 1 with high-intensity UV/Visible light promotes the
formation of both single and double CO-loss products. The initial photo-product, 3, has
no bridging carbonyls and is apparently an unbalanced 16/18-¢lectron complex. The
H-CH; ligand remains in place during formation of 3, and most assuredly has a stabilizin g
effect on the molecule by at least partially equalizing the electron distribution on the two
iron atoms. Product 3 may also be stablized by forming a solvento complex with 3-MP,
much as Mn,(CO)y is known to do. The second photo-product, 4, is at least a doubly,
and possibly a triply-bonded system. The methylene bridge apparently stays intact in this
species as well, and there is at least one bridging CO. Species 4 back-reacts with CO at
low temperatures (~100 K) to re-form 3, and at higher temperatures (~140 K) to give
approximately equimolar concentrations of both the Cyv and D3y, forms of 1. This

Is)

information is summarized in Figure 33.

Future Directions

There are certainly many questions which remain about this “simple” molecule. What are
the actual structures of the CO-loss products? Why doesn’t the initial photo-product
contain a bridging carbonyl? Why does it forsake the energetically favored triply-bridged
structure in solution? These and other questions can only be answered through further

experimental research and application of theoretical methods.
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Starting Material, Hard Matrix
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Figure 33 - Schematic Summary of Experimental Data and Conclusions
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