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sition metals. Oxidation cyclooctasulfur produces the bicyclic
cation 7.4¢ Further examples of such transanular oxidations
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and oxidative-additions may be anticipated.
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Photochemistry of Transition Metal Hydride Complexes.
1. Photoinduced Elimination of Molecular Hydrogen
from [[rCIH,(PPh3);] and [IrH3(PPh;)s]
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Abstract: Although [IrCIH,(PPh;)s], mer-[IrH3(PPhs);], and fac-[IrH3(PPhj);] will not lose hydrogen under a variety of
thermal conditions, irradiation with ultraviolet light readily induces elimination of H,. Irradiation of [IrCIH»(PPhs)s] with
ultraviolet light or sunlight gives formation of [IrCI(PPh3)3] with a 254-nm quantum yield of 0.56 + 0.03. Irradiation of mer-
[IrH3(PPh;);] and fac-[IrH;(PPh;);] leads to Hj loss with subsequent formation of internally metallated [I{(C6H4F’Ph2)-
(PPh3);]. The results reported herein suggest that photoinduced elimination of H; is a general process for di- and polyhydride
complexes of iridium. The lack of production of HD upon photolysis of an [IrCIH,(PPh3);]-[IrCID»(PPh3);] mixture demon-
strates that the photoelimination of Hj from [IrCIH,(PPh;);] proceeds in a concerted fashion. A molecular orbital description
of the complexes is proposed, and the photoactive excited state is believed to involve population of an iridium-H; antibonding
orbital. The [IrCIH;(PPhs)3]-[IrCI(PPh;);] system is an attractive model for hydrogen storage and energy storage.

Transition metal hydride complexes have become an im-
portant class of compounds in inorganic and organometallic
chemistry, and the field has expanded tremendously since the
1955 report! of the first thermally stable hydride complex,
{Re(n3-CsHs),H]. Many reviews have been published?-7 de-
scribing the properties of metal hydrides, and in a recent lit-
erature survey® of the three catalytically important metals,
ruthenium, rhodium and iridium, over 2000 known hydride

complexes were uncovered. Transition metal hydrides play a
key role in many homogeneous catalytic reactions, are useful
synthetic intermediates, have promise as hydrogen and energy
storage systems, and have been proposed® as important inter-
mediates for obtaining molecular hydrogen from water.

In spite of the very large number of known hydride com-
plexes and their importance in homogeneous catalysis, rela-
tively few photochemical investigations have been conducted
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on these compounds. It is appropriate to briefly review those
studies here. In 1968, Sacco and Aresta reported'© that in
sunlight [FeH»(N3)(PEtPh,);] undergoes reversible loss of
hydrogen,

v | App—
[FeH.(No}PEtPh,)s] L, H, + [FeH(CH,PEtPh}(N,XPEtPh,),]
(1)

1t was proposed that irradiation induces formation of coordi-
natively unsaturated [Fe(N,)(PEtPh,)3] and in a subsequent
step iron inserts into an ortho C-H bond of PPh; (ortho-me-
tallation). In a separate report,'' however, Koerner von Gustorf
and co-workers present evidence that N rather than H; is lost
upon photolysis, but give relatively few details. Darensbourg'?
reported that irradiation of [FeH>(N;)(PEtPhy)s] in the
presence of excess carbon monoxide yields [Fe(CO)4(PEtPh,)]
and trans-[Fe(CO);(PEtPh3),],

[FeH»(N,)(PEtPh;);] + CO -ii» [Fe(CO)4(PEtPh,)]
+ trans-[Fe(CO)3(PEtPh,),] (2)

Green and co-workers have shown!3-13 that UV irradiation
of solutions of [W(n*-CsHs),H,] results in formation of
[W(%3-CsHs),H(R)] or [W(3-CsHs);R5], in which R is
derived from the solvent. Irradiation of the dihydride complex
in benzene, for example, produces [W(n3-CsHs)>-H(C¢Hs)],'?
and in methanol [W(%°-CsH;);H(OMe)] and [W(n°-
CsH;s);Me(OMe)] are formed.!? These reactions presumably
occur through photoinduced elimination of H,, yielding re-
active tungstenocene, which then inserts into a C-H or O-H
bond of a solvent molecule.

In 1971 Kruck and co-workers showed ' that UV irradiation
of the monohydride [IrH(PF3)4] produced Hy and [Ir>(PF;)g].
Although this reaction apparently occurs with a very low
quantum yield, the system is particularly interesting, since
[Ir2(PF;)s] reacts with water to regenerate [IrH(PFs)4],'6 thus
completing a cycle for the photochemical generation of H,
from water. These same workers have also shown'” that irra-
diation of the cobalt analogue, [CoH(PF3)4], produces the
hydride and phosphide bridged complex shown in eq 3. In 1972,

2N
N
N
F F

S[CoH(PF,),] 2> (PFCo”  Co(PFy) 3

Camus and co-workers reported'® that the elimination of hy-
drogen from [CoH,(Chel)(PR3),] (Chel = 2,2’-bipyridine,
1,10-phenanthroline) is light accelerated.

In a study of the photochemical properties of several dihy-
dride complexes of iridium, Geoffroy, Gray, and Hammond!®
observed that irradiation of argon-purged solutions of
[Ier(Ph2PCH2CH2PPh2)2]+, [Ier(Ph2PCHCHPPh2)2]+,
and [IrCIH,(CO)(PPh3),] leads to elimination of H, and
formation of the stable Ir(I) complexes [Ir(Ph,PCH,-
CH,PPh;),]*, [Ir(Ph,PCHCHPPh,)]*, and [IrCI(CO)-
(PPh3);]. Of the dihydrides studied only [IrCIH,(CO)-
(PPh3),] loses hydrogen thermally, and photolysis is the only
known method for effecting elimination of H, from the di-
phosphine complexes. The nature of the active excited state
in these complexes was not identified, and the mechanism of
H; elimination was not unambiguously determined.

Because of the importance of transition metal hydride
complexes in homogeneous catalysis and their possible role in
the photoassisted production of H; from water, we have un-
dertaken a systematic investigation into the photochemical
properties of this class of compounds. Our first objective is to
test the generality of the photoinduced elimination of molecular
hydrogen from stable di- and polyhydride complexes of the
transition elements, and we have chosen to initially examine
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the well characterized triphenylphosphine complexes,
[IrCle(PPh3)3], mer- [IFH3(PPh3)3], andfac- [IrH3(PPh3)3].
[IrCIH,(PPh;);] was first prepared by Vaska,2® who reported
it to be an air stable, light-sensitive white solid, and it was
subsequently shown by NMR and infrared analysis to have the
configuration 1.2! The complex has also been prepared by

Bennett and Milner2? by the irreversible addition of H; to
[IrCI(PPh3)3]. mer-[IrH3(PPhs)3] and fac-[IrH;(PPhs);]
are easily prepared?? by heating Na,[IrCls], PPh;,and NaBH,4
in ethanol, and have structures 2 and 3.24 All three complexes

PPh,

mer-{ IrH;(PPh;);]

are quite resistant to thermal loss of hydrogen. For example,
we have shown that no loss of H; occurs when solutions are
purged with an inert gas or when solid samples are heated to
150 °C for 24 h under vacuum. The results reported herein,
however, demonstrate that irradiation with ultraviolet light
gives ready elimination of H,.

fac{IrHy(PPh,),]

Experimental Section

The complexes [[rCIH2(PPh3)3],20 [IrC1D;(PPh;);],22 mer- and
fac-[1rH3(PPh3);3],2® [IrCl;H(PPh;);],25 and [IrCl(PPh3)3]%6 were
prepared according to published procedures. Pure mer-[IrH;(PPh;);]
was isolated by recrystallization from benzene-methanol. Solvents
used for absorption spectra were Fisher spectroquality. All other
chemicals and solvents used were reagent grade. All experiments and
manipulations of compounds were performed under vacuum or under
an N, atmosphere, unléss otherwise specified.

General Irradiation Procedures, Irradiations were conducted at 366
nm using a 450-W Hanovia medium-pressure Hg lamp equipped with
Corning glass 0-52 and 7-37 filters (/ ~ 1078 einstein/min} or at 254
nm with a low-pressure Hg lamp (/ = 4.4 X 10~7 einstein/min). The
complex to be studied was dissolved in CH,Cl, or benzene, and the
solution was placed in either an evacuatable quartz UV cell which was
subsequently degassed by three freeze-pump-thaw cycles, or under
N, ina sealed 0.5-mm solution infrared cell with NaCl windows. The
solution was then irradiated with the appropriate lamp, and the
electronic and infrared spectra were periodically recorded. Lamp
intensities were measured with ferrioxalate actinometry. The quantum
yield of elimination of H, from degassed CH,Cl, solutions of
[1rCIH;(PPh;);] was determined by irradiating with 254 nm and
monitoring the increase in absorbance at 460 nm due to formation of
[1rCI1(PPh3);].

Photolysis of [IrCIH,(PPh3);). Irradiation of degassed benzene or
CH,Cl; solutions of [IrCIH5(PPhs)3] with A < 400 nm induced an
initial change from colorless to orange. Evaporation of the solvent from
the orange solutions gave an orange solid with infrared and electronic
absorption spectra identical with an authentic sample of [IrCl-
(PPh;);]. Prolonged (1-5 h) photolysis of [IrCIH,(PPhs};] solutions
induced a bleaching of the initially generated orange color and
evaporation of the solvent from these solutions gave a cream-colored
solid (Anal. Calcd for [IFCTH(CgH4PPh,)(PPhs),]): Cl, 3.49; P, 9.14;
C, 63.94; H, 4.44. Found: Cl, 3.62; P, 8.84; C, 63.76; H, 4.50.) which
showed infrared bands (KBr) at 2050 (v),_1), 1575, 1560, 1550, and
717 cm™~! in addition to other coordinated PPhj vibrations. Addition
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Figure 1. Electronic absorption spectral changes accompanying 366-nm
photolysis of a 2.3 X 1072 M degassed CH>Cl, solution of
[IrC]Hz(PPh3)3].

of H, to solutions containing either product readily regenerated
[IrCIH2(PPh3)3]. Mass spectral analysis of the gases above 366 nm
irradiated CH,Cl; solutions of [IrCIH2(PPh;)s] and [IrCID1(PPhj)s]
showed the presence of H; and D, respectively. Prolonged photolysis
(>2h) of [IrCID5(PPhj);] solutions produced small amounts of HD.
Mass spectral analysis of the gases above a solution 6.77 X 1073 M
in [IrCIH,(PPh;);] and 7.05 X 1073 M in [IrCID,(PPhs);] irradiated
with 366 nm for 15 min showed only H; and D5, with no HD detect-
ed.

Photolysis of [IrHyPPhs);). Photolysis of degassed CH,Cl; or
benzene solutions of mer-[IrH3(PPhs)s] or of a mixture of mer- and
Sfac-[IrH3(PPh3);] with 366 or 254 nm induced a color change from
colorless to orange. Mass spectral analysis of the gases above these
irradiated solutions showed the presence of large amounts of H,.
Evaporation of solvent from solutions irradiated for 3 h gave an orange
solid which showed no metal hydride vibrations in the infrared spec-
trum (KBr), but which showed bands at 1579, 1561, 1556, and 715
cm~! not present in the spectra of mer-[IrH;(PPhs);] or fac-
[IrH;(PPh;);]. Reproducible elemental analyses of the photoproduct
were not obtained, but the mass spectrum of the orange solid (70 eV)
was virtually identical in mass number and relative intensity with that
reported by Schwartz and Cannon?’ for [IF(CsH,PPh,)(PPh;),], with
principal mass peaks at 978 (M*['931r]), 977, 976 (M*['9'1t]), 975,
715,714,713,712,711, 637, 636, 635, 634, 633, and 632. Addition
of H; to a benzene solution of the photoproduct reversed the photo-
reaction, yielding a mixture of mer-[IrH3(PPhs3);] and fac-
[IrH;(PPhs);). Irradiation of benzene solutions of mer- and fac-
[IrH3(PPh3)a] under an H atmosphere gave precipitation of a white
solid that was insoluble in water, acetone, benzene, CHCIl;, and
CH,Cl5, and which showed in the infrared (KBr) a strong v, y at
1948 cm~'. Irradiation under a CO atmosphere produced
[IrH(CO)(PPh3);], as evidenced by its characteristic?’ vc=p at 1915
cm~!

Spectral Measurements. Infrared spectra were recorded on a Per-
kin-Elmer 621 grating infrared spectrophotometer using KBr disks
prepared from IR spectroquality powder (MCB) or 0.5-mm path
Iength NaCl solution infrared cells. Electronic absorption spectra were
recorded with a Cary 17 spectrophotometer using 1-cm quartz spec-
trophotometer cells. Mass spectra were recorded with an AEI MS902
mass spectrometer.

Results

We have observed that [IrCIH,(PPh3);] is quite photo-
sensitive, and when solid samples or solutions of the complex
are irradiated with sunlight or fluorescent room light a rapid
color change from white to orange occurs. Mass spectral
analyses of the gases above irradiated solid samples show
the presence of large amounts of hydrogen. The electronic
absorption spectral changes which occur during 366-nm
photolysis of a degassed 2.3 X 10-2 M CH,Cl; solution are

Scheme I

(IrCIH,(PPhs,),] % [IrCI(PPhy),] + H,

flam

Ph,P"

shown in Figure 1. The spectrum of [IrCIH,(PPh3);] is feat-
ureless below 300 nm, and as the irradiation proceeds a new
band appears and grows in at 449 nm. This band is identical
in position and shape with that displayed by an authentic
sample of [IrCI(PPhj3);], prepared by the reaction of
[IrCI(N3)(PPh;);] with PPh3.26 When the photolysis is fol-
lowed in the infrared spectral region, solutions show a steady
decrease in intensity of the metal hydride vibrations at 2215
and 2110 cm™!, and no new bands appear between 1800 and
2300 cm™~!,

The mass spectral analysis and the electronic and infrared
spectral changes detailed above demonstrate that hydrogen
is eliminated from [IrCIH,(PPh3)3] upon photolysis and that
[IrCI(PPh;);] is the primary photoproduct. If the photolysis
is not prolonged (<30 min), [IrCI(PPh;);] can be isolated as
an orange solid from the irradiated solutions by evaporation
of the solvent. However, under continuous irradiation the
initially generated orange color slowly bleaches, and after 2-3
h of irradiation the solution is again colorless. Evaporation of
the solvent from these colorless solutions gives a cream-colored
solid which analyzes for [IrCl(PPh;)3], but which shows a
metal-hydride vibration at 2050 cm~'. Additional weak bands
at 1575, 1560, 1550, and 717 cm™!, not present in the spectra
of either [IrCIH,(PPhs3);] or [IrCI(PPh3)s], are also observed.
The infrared spectrum suggests an ortho-metallated derivative
similar to that which has been show by Bennett and Milner??
to result from heating [IrC1(PPh3)3] solutions. A similar
bleaching and product are obtained when a degassed solution
of [IrCI{PPh3);] is irradiated with 366 nm. The ortho-metal-
lated product obtained in these experiments may be a different
isomer than that initially reported by Bennett and Milner,22
as evidenced by the different IR spectrum (vap-p: 2050 vs. 2160
c¢m~") and by the observation that the color bleaching is greatly
enhanced by photolysis.

The entire photolysis sequence can be readily reversed by
H,, as summarized in Scheme 1. A sealed degassed benzene
solution of [IrCIH,(PPh3);], from which the photoreleased
H, is not allowed to escape, can be recycled repeatedly (>50
cycles) through the photoinduced H; elimination-thermal H;
addition reactions without any observable loss of complex.
Elimination of H, can be induced by irradiation with A < 400
nm, and the quantum yield of elimination measured at 254 nm
by monitoring the growth of the 449-nm band of [IrCI(PPh;);]
is 0.56 £ 0.03.

Preparation of [IrH3;(PPhj)3] according to literature pro-
cedures?? gives a mixture of facial and meridional isomers
which are separated by recrystallization from benzene-
methanol. Irradiation of a degassed benzene solution of the
synthetic mixture yields a rapid decrease in intensity of the
1740-cm™! p|,_y of the meridional isomer and a much slower
decrease of the 2080-cm~! »y,_p of the facial isomer and no new
vi-_H vibrations are observed. Formation of H; was verified by
mass spectral analysis of the gases above irradiated solutions.
Irradiation of a degassed benzene solution of pure mer-
[IrH3(PPh3);] leads to electronic absorption spectral changes
similar to those observed for photolysis of [IrCIH,(PPh3);],
with new absorption shoulders appearing at 375 and 430 nm.
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Scheme II "
(IrHy(PPh,),] — [IrH(PPhy)] + H,

The expected primary photoproduct from both isomers,
[IrH(PPh3);], should be more reactive toward ortho-metal-
lation than [IrCl(PPh;);]. Indeed, evaporation of solvent from
irradiated solutions of mer-[IrH3(PPhs);] yields an orange
solid, 4, which shows no iridium-hydride vibrations, but which
does show bands at 1579, 1561, 1556, and 715 cm~!. We have
been unable to obtain satisfactory and reproducible elemental
analyses on this very air-sensitive material, but its mass spec-
trum is virtually identical with that reported by Swartz and
Cannon?’ for a complex formulated as internally-metallated
[Ir(C6H4i’Ph2)(PPh3)2]. A complex of similar formulation
has also been isolated by Bresadola and co-workers,”® who
reported an infrared spectrum quite similar to that of 4. The
formation of 4 suggests occurrence of ortho-metallation fol-
lowed by photoelimination of a second molecule of H, (Scheme
IT). Further support for the formulation of 4 comes from our
observation that the photoproduct can be converted quanti-
tatively into [IrH3;(PPh;);] simply by stirring a benzene so-
lution of the complex under an H; atmosphere. Evidence for
the initial photoproduction of [IrH(PPh3)3] comes from our
finding that irradiation of mer- and fac-[IrH3(PPh;);] under
a CO atmosphere leads to formation of [IrH(CO)(PPh3)s].
This reaction does not occur thermally and [IrH(CO)(PPh;);]
must thus be formed by the scavenging of [IrH(PPh;);] with
CO.

If photolysis of mer- or fac-[IrH3;(PPh3);] is conducted
under a hydrogen atmosphere, a different product is obtained.
Prolonged photolysis of [IrH3;(PPh3):] in benzene under an
H. purge yields a white precipitate with a single v,y at 1948
cm~! (KBr). This white solid is insoluble in water, acetone,
benzene, chloroform, and dichloromethane, and further
characterization proved impossible. A complex of similar color
and solubility and with an identical infrared spectrum was
prepared by Chatt and co-workers,?* originally formulated as
[IrH3(PPh3),], but later proposed?® to be [IrHs(PPhs),]. Ir-
radiation under H, thus suppresses the principal photoreaction
pathway (loss of H>) and allows a second pathway (loss of
PPh;) to be observed

[IrH(PPhs)s] — [IrHs(PPhs),] + PPh;  (4)
H2

The poor spectral properties of mer- and fac- [IrH;(PPh3);]
have thus far precluded quantum yield measurements, al-
though the infrared spectral changes and the results obtained
by monitoring the photolysis with high-pressure liquid chro-
matography3? indicate that the meridional isomer is more
photosensitive than the facial isomer.

Discussion

The results reported herein demonstrate that elimination
of molecular hydrogen from these iridium di- and trihydride
complexes is photoinduced. Furthermore, it is becoming evi-
dent that this is a general photoreaction pathway for polyhy-
dride complexes of iridium.3' The exact mechanism of the
photoelimination reaction is of some importance. It has been
shown?? that the thermal elimination of molecular hydrogen
from [IrH;(CO),(PMePh,),]* proceeds in a concerted
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TableI. Electronic Absorption Spectra of Some Iridium Hydride
Complexes in CH,Cl; Solution
Complex Amax» NM um=! (¢)
[IrCl,H(PPh;);] 435 2.30 (140)
360 2.78 (2120)
276 sh 3.62 (19 240)
270 sh 3.70 (20 800)
[IrCIH,(PPh;);] 325sh 3.08 (2700)
260 sh 3.85 (24 900)
mer-[IrH3(PPh;);] 308 sh 3.25 (4450)
265 sh 3.77 (14 500)
08 —\
L
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Figure 2. Electronic absorption spectra of iridium hydride complexes in
CH,Cl, solution: (a) [IrCLLbH(PPh3);] (2.5 X 10=4 M); (b)
[IrCIH2(PPh;s)s] (8.3 X 1075 M); (c) mer-[IrH3(PPh3);3] (1.4 X 103
M).

fashion, and it is likely that thermal elimination of H, from
other polyhydride complexes of iridium also occurs by a similar
mechanism. We have conducted experiments directed toward
determining the mechanism of the photoinduced elimination
of H,. Irradiation of degassed CH,Cl, solutions of
[IrCIH(PPh3)3] and of {IrCID»(PPhs3)s] yields H; and D,
respectively. However, prolonged photolysis (>2 h) of
[IrCID,(PPh3);] solutions eventually leads to detectable
amounts of HD, which presumably arises from scrambling
through ortho-metallation. Photolysis (A 366 nm; 15 min ir-
radiation) of a degassed CH,Cl, solution containing equimolar
amounts of [IrCIH;(PPh3);] and [IrCID,(PPhs)s] gave only
H; and D3, with no HD detected by mass spectrometry. The
absence of HD in the gases above the irradiated solution of the
mixture indicates that the photoinduced elimination of H, is
also concerted, since elimination of H~(D~), H«(D:), or
H*(D*) would certainly lead to detectable amounts of HD.
Further evidence of the concerted pathway for the photoin-
duced elimination comes from previous studies,!® in which it
was observed that irradiation of [IrCIH»(CO)(PPh3),] in
toluene did not yield any bibenzyl, a product expected if hy-
drogen atoms were formed in the photoprocess.

In an effort to determine the nature of the photoactive ex-
cited state in these hydride complexes, we have carefully ex-
amined their electronic absorption spectra. Spectral data for
mer-{IrH3(PPh3);], [IrCIH2(PPh3);], and [IrCl,H(PPh;);)
are set out in Table I, and the spectra are shown in Figure 2.
The spectra of mer-[IrH3;(PPh3);] and [IrCIH,(PPh;);3] are
virtually featureless below 350 nm, whereas {IrCl,H(PPh;);]
shows a distinct band at 435 nm with e 140. This latter band
can readily be assigned to a ligand-field transition and analo-
gous interpretations3? have been made for similar bands in the

Geoffroy, Pierantozzi /| Elimination of Hydrogen from [IrCIH,(PPhsj3]
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Figure 3. Molecular orbital energy level diagram for six-coordinate cis-
dihydride complexes of iridium. The metal d orbitals for an IrL4 complex
in octahedral geometry with vacant cis sites are shown on the left side of
the diagram, and the H, molecular orbitals are indicated on the right.

spectra of [IrCly(Ph,PCH,CH,PPh;);]* and [IrCly(Ph,As-
CH,CH,AsPh3),]*. The absence of analogous bands in the
spectra of mer-[{IrH3(PPh3)3] and [IrCIH,(PPh;);] is not
surprising due to the very high position of hydride in the
spectrochemical series and indicates that the ligand-field bands
are shifted above 3.0 um™! in these complexes. The active
excited state leading to elimination must come from one of the
transitions, which appear as shoulders in the 3.0-3.3 yum™!
spectral region, since elimination can be induced by irradiation
into this region. However, the ill-defined spectra of the pho-
toactive complexes preclude positive assignment of these
shoulders.

A molecular orbital diagram which can be drawn for an
iridium dihydride complex is shown in Figure 3. The orbitals
on the left side of the diagram are the d orbitals in the proper
ordering for an IrL4 complex, which is distorted to form an
octahedron with vacant cis sites. The o and o* orbitals of
molecular hydrogen are shown on the right side of the diagram.
In a cis-[IrH;L4] complex, bonding of hydrogen occurs
through interaction of the H-¢ orbital with d,, and through
interaction of the Hy-o* orbital with d,2- 2, and bonding and
antibonding combinations are formed in each case. The exact
positioning of the Hy-¢ and H-o* orbitals relative to the metal
d orbitals greatly influences the final molecular orbital or-
dering, although the positioning given in Figure 3 appears
reasonable in view of the low electronegativity of H,. A similar
molecular orbital picture results if hydrogen is added as two
distinct H atoms rather than as an H, molecule. An-electronic
transition which depopulates o,2-,2 or populates g*,2_,2
should lead to a weakening of the metal H, bonding. The
transition gx2-,2 —> o*,2_ 2 leaves the complex with zero net
bonding between H; and iridium, and elimination of Hj is
predicted. Although the exact nature of the photoactive excited
state has not been elucidated from spectral measurements, it
is attractive to view the complex in terms of the MO diagram
shown in Figure 3, and we propose that ¢*,2_,2 is populated
in the photoactive state. A similar molecular orbital diagram
based on semiempirical calculations has been drawn for
analogous O3, S3, and Se; adducts of iridium,** and electro-
chemical studies on these complexes suggest that in the re-
duction of the adducts the electron goes into an orbital of the
0*,2-,2 type.3S It is worthy to note that irradiation of these
dioxygen'® and disulfur36 adducts leads to efficient elimination
of O, and S,.

Bennett and Milner22 have reported that [IrClI(PPh;);]
dehydrogenates ethanol to produce acetaldehyde and
[IrCIH»(PPh3);]. We have attempted to cycle this dehydro-
genation reaction by irradiating [IrCIH(PPh;3)s] in the
presence of ethanol with the aim of catalytically dehydroge-
nating primary alcohols through continuous photolysis. Irra-
diation of [IrCIH,(PPh3)s] in refluxing ethanol leads only to
less than stoichiometric amounts of CH;CHO and not the
catalysis that was expected. It was subsequently discovered that
both [IrCI(PPh;);] and [IrCIH,(PPhj);] react with acetal-
dehyde to produce catalytically inactive species, including
trans-[IrCI(CO)(PPh;)»].

The [IrCIH,(PPh3);]-[IrClI(PPh;);] system serves as a
model system for hydrogen storage and energy storage.
[IrCI(PPh;)3] readily takes up H; to store it as
[IrCIH»(PPh;);] and then easily releases it on demand by ir-
radiation with ultraviolet light or with sunlight. Further, when
hydrogen adds to [IrCl(PPhs);], approximately 15-20 kcal/
mol of energy is released?’

[IrCl(PPhs)3] + H, — [IrCIH,(PPh;);] + 15-20 keal/mol

Irradiation of [IrCIH,(PPh3);] with 366 nm (78 kcal/mol)
gives Hy and [IrCI(PPh3);], which can be separately stored.
When the components are later allowed to react to re-form
[IrCIH»(PPh3);], approximately 15-20 kcal/mol of energy
is given off and this amount of energy was then stored. Because
of the high cost of iridium, a system like this can only serve as
a model. Experiments are currently in progress to explore the
potential of using hydride complexes of less expensive metals
for hydrogen storage and energy storage.
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Abstract: Curve fitting methods have been developed which promise to be of considerable utility in extracting structural infor-
mation from x-ray absorption spectra. In principle, the extended x-ray absorption fine structure (EXAFS) for a given atom
can be analyzed to reveal the radial distances and atomic numbers of those atoms surrounding the absorber. The requisite high-
quality x-ray absorption spectra can now be easily and rapidly obtained on solid or solution samples, using synchrotron radia-
tion from the Stanford electron-positron storage ring SPEAR at the Stanford Linear Accelerator Center. In order to provide
the basis for an understanding of metalloprotein absorption fine structure, data for ferrocene, Co(NH3)¢3*, Co(OH3)62*, and
a variety of iron porphyrins have been analyzed. The procedure used was to fit the EXAFS of known structures with a paramet-
erized, semiempirical function: 3_;Cik —# exp(—2(e;2) k?) sin (2R;k + «(k)); where the sum is over all neighboring atoms,
the distance information R; is contained in the phase term, and the other variables account for the amplitude behavior as de-
scribed in detail in the text. These parameters are then used in fits on other known structures, and the accuracy of the calculat-
ed distances (R;) is used as a test for the validity of the method. The results of fits on Fe!!'TPP, Fe!''TPP(SC¢Hs), and FeT-
pivPP(N-Melm)Q; indicate that radial distances out to four coordination shells in iron porphyrins can be determined to better
than 0.1 A. For cases where the interest is only in changes in coordination, difference methods of analysis have been developed
which allow accurate determination of the geometry and distances to small molecules such as dioxygen which can reversibly
bind to the metal ion. For oxy and deoxy FeTpivPP(N-Melm), the Fe-O distances are determined to better than 0.03 A, At
present, the interpretation of the EXAFS from an unknown structure relies heavily on comparison with model compound data.
However, the present results suggest that a library of transferable phase shift and amplitude functions may be eventually com-
piled, and that curve-fitting analysis of the extended fine structure will be useful for determining the local structure around

specific atomic constituents in metalloproteins and other complex materials.

The recent availability of a stable, intense x-ray source
using synchrotron radiation from high energy (GeV) electron
storage rings' has generated a renaissance of interest in x-ray
absorption spectroscopy. Following the absorption edge, where
the photon energy equals the binding energy of a core electron,
simple models of x-ray photoabsorption predict a gradual
monotonic decrease in the absorption coefficient with in-
creasing photon energy.? Although such behavior is approxi-
mately observed for noble gas spectra, the presence of other
atoms around the absorber causes the appearance of a periodic
modulation in the absorption coefficient. This modulation
contains information about the nature of the surrounding
atoms and their distances to the absorber. The absorption
coefficient oscillations have been termed EXAFS (Extended
X-ray Absorption Fine Structure) or alternatively Kronig
structure, and until recently they were more a theoretical cu-
riosity than a useful structural tool.? It is the purpose of this
paper to illustrate the application of x-ray absorption spec-
troscopy to the study of the local environments around specific
metal centers in complex molecules. Specifically, in an earlier
communication® we suggested that x-ray absorption spec-
troscopy might be useful for structural investigation of mole-
cules such as metalloporphyrins. We consider herein detailed
application of this method to the study of the molecular envi-
ronment of the iron in porphyrins.

While it is easy to show that the extended fine structure is
related to the radial distribution of atoms around the absorbing
atom, there is considerable difficulty in interpreting the data
in a quantitative manner. The extended fine structure was first
treated theoretically by Kronig in the 1930’s.> More recent
theoretical treatments of EXAFS by Ashley and Doniach,® Lee
and Pendry,” and Sayers and Stern® have emphasized the effect
of short-range photoelectron backscattering on the transition
probabilities to the continuum states. Multiple scattering ef-
fects have also been treated by these authors. While theoretical
calculations cannot as yet produce perfect agreement with
experimental results, they provide a useful foundation upon
which to base empirical methods.

Since EXAFS is essentially a result of the photoelectron
backscattering from the surrounding atoms, it contains in-
formation about the nature of these atoms and their distances
from the absorbing atom. Unfortunately, this information is
veiled by the energy dependence of the electron-atom back-
scattering function. Inelastic processes may also complicate
the fine structure. Recent attempts to unravel the structural
information from EXAFS have involved three types of ap-
proaches: (1) ab initio calculations, (2) Fourier transformation,
and (3) curve-fitting.

Using a short-range-order electron-atom backscattering
approach as a starting point, Kincaid and Eisenberger® have
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