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Abstract

Photolysis of M(CO),(%*-norbornadiene) group 6 metal complexes (1) in low-
temperature matrices involves both loss of CO and cleavage of metal-olefin bonds
to an extent depending on the metal and on the excitation wavelength. In inert
matrices mer-M(CO),(7*-NBD) (2, M =Cr), fac-M(COQ),(7*-NBD) (3, M =Cr,
Mo, W), and trans-vacant M(CO),(n*-NBD) (7, M = Mo) fragments are observed
as primary photoproducts and characterized by means of IR and UV-visible
spectroscopy. Secondary wavelength-dependent photoreactions of these fragments
include partial regeneration of the starting material and reversible 2 2 3 photoiso-
merization (M = Cr). Experiments in '*CO-doped matrices and with '*CO-labelled
starting material complement the characterization of 1, 2, and 3 (M = Cr). Re-
markably, the cis-vacant M(CO),(#*-NBD) fragment 9 could not be detected. For
all three metals photolysis of 1 in the presence of excess carbon monoxide results in
stepwise displacement of the NBD ligand, presumably via the initial formation of 7,
yielding M(CO) 5('n72~NBD) (4) and M(CO),. The fragments 2, 3, and 7 can take up
N, from the matrix environment to form mer-M(CO),(n*-NBD)(N,) (5, M = Cr),
fac-M(CO),(n*-NBD)N,) (6, M = Cr, Mo, W), and trans-M(CO),(n>-NBD)N,)
(8, M = Mo) as the major products. The relevance of these results with regard to the
mechanism of the photocatalytic hydrogenation of norbornadiene is discussed.

* Dedicated to Professor Giinther Wilke on the occasion of his 65th birthday.
** For preliminary accounts see ref. 1.
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Introduction

The photochemical hydrogenation and hydrosilylation of dienes in the presence
of group 6 metal carbonyls [2-14] is one of the better known examples for the use of
UV-visible light in homogeneous catalysis. With conjugated dienes [2-4,6-11] the
reactions result in specific cis-1,4-addition of H, or HSiR,, eq. 1, vielding the
corresponding cis-monoolefins [2-4,6,7,9-11] and allylsilanes [8,9], respectively. By
contrast, hydrogenation of norbornadiene [3,5,12-14] yields two products, nortri-
cyclene and norbornene, eq. 2.
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It has been shown that in the initial stages M(CO),(n*-diene) complexes are
formed which, however, are not the actual catalysts. Further irradiation is necessary
to achieve catalytic activity by creating a vacant coordination site ready for binding
H, or HSiR ;. Two different processes have been invoked in this context: photolytic
n* - n? dechelation of the diene on the one hand, and photodetachment of a CO
group on the other hand. The latter reaction would imply that the M(CO); moiety
acts as the repeating unit in the catalytic cycle, which is in accord with the ability of
Cr(C0O),(CH,-CN), [15] and Cr(CO);(n’-arene) complexes [16] to catalyse the
hydrogenation of dienes under thermal conditions in the dark.

Our previous investigation into the photolytic behaviour of Cr(CO),(%"-1,3-di-
ene) complexes {17] in low-temperature matrices has demonstrated that indeed both
of the two ligands, CO and diene, are displaced from the metal centre. However, the
latter process becomes apparent only in neat carbon monoxide or in heavily
CO-doped argon matrices. Under such conditions the (hitherto unobserved)
Cr(CO),(n*-1,3-diene) species is effectively trapped to form Cr(CO)S(nz-l,B—diene),
which upon further irradiation yields Cr(CO), as the ultimate product. The other
process, photodetachment of CO, occurs selectively at an axial position, apparently
the site adjacent to the “open” end of the diene, such that H, can be coordinated in
an orientation suited for cis-1,4-hydrogenation of the diene (cf. I).
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Evidence for the analogous reaction in the case of norbornadiene (NBD) comes
from the photoinduced 'CO incorporation into the axial positions of the
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M(CO),(3*-NBD) complexes II in solution [12,18]. This explains the photocatalytic
formation of nortricyclene but not of norbornene, which is thought to involve
M(CO),(n*-NBD) as a key intermediate [5,12,14]. Surprisingly, the intermediacy of
an equatorially vacant M(CO),(1*-NBD) fragment has not been taken into consid-
eration, neither in this context nor in that of the photochemical conversion of
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Cr(CO),(n*-NBD) into a mer-M(CO),(PR;)(n*-NBD) derivative (III) [19,20). It
should be noted that the same stereochemistry prevails in the photosubstitution of
W(CO),(n*-NBD) when an olefin is used as the incoming ligand, yielding mer-
W(CO),(n*-NBD)(n*-olefin) (IIT) [21].

In order to gain some information on the mechanistic implications of the above
photoreactions, particularly on the possible primary photoproducts of the group 6
M(CO),(n*-norbornadiene) complexes (1), we have investigated the low-tempera-
ture matrix photochemistry of these compounds. This work is related to comple-
mentary experiments in liquefied noble gases and flash photolysis studies with fast,
time-resolved infrared detection aimed at the identification of key intermediates in
the photocatalytic hydrogenation of norbornadiene [22,23].
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Experimental

Equipment and procedures. Details of the matrix isolation equipment have been
described previously [24,25), including devices for controlling the temperature, flow
of matrix gas (1.5-2 mmol h™'), and metal complex deposition rate. Evaporation
temperatures for the particular complexes (1a, 19°C; 1b 28°C; 1¢, 37°C) were
adjusted to achieve guest /host ratios < 1,/1000.

For narrow-band (ca. 13 nm) UV-visible irradiation a 900W Hg-Xe lamp
(Hanovia 977-B 0010) was employed in combination with a Kratos-Schoeffel GM
252-1 monochromator (A /2 radiation being removed by a short-wavelength cut-off
filter), whereas for broad-band irradiation the light of a Philips HPK 125W mercury
lamp was passed through the appropriate Schott cut-off filter.

UV-visible (Perkin Elmer 320 spectrometer) and IR spectra (Perkin Elmer 580
spectrometer, visible radiation from the sample beam being removed by an Oriel
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germanium filter) were taken of the same matrix within a few minutes and stored on
a Perkin Elmer 3600 data station.

Marerials. Matrix gases (> 99.99%; L’Air Liquide) were used as received.
3 C-labelled carbon monoxide was purchased from Promochem/Cambridge Isotope
Laboratories (CLM-1845: '*C 99%, O < 1%). M(CO),(n*-NBD) complexes (M =
Cr [26], Mo [26] and W [27]) were prepared by thermal substitution of M(CO),
according to the published procedures. In case of the chromium complex the
photochemical route (irradiation of 10 mM Cr(CQO), and 50 mM NBD 1n alkane
solution, 81% yield) proved to be an advantageous alternative.

Results

Photolysis of Cr(CO),(n’-norbornadiene) (1a)

{a} In methane and argon matrices. The CO stretching vibrational region of the
infrared spectrum of 1a, isolated in a methane matrix at 12 K, is displayed in Fig.
1A. It exhibits the four-band pattern characteristic for a complex of this type with a
C,,, M(CO), moiety. In various matrix materials slightly different band positions
are observed, with a general high frequency shift in going from CH, and CO to N,
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Fig. 1. Infrared and electronic absorption spectra from an experiment with Cr(CQ),(n*norbornadiene)
(1a), isolated in a methane matrix at 12 K: (A /E) after deposition; (B /F) after 10 min irradiation with X
313 nm; (C/G) after subsequent 2 min irradiation with A 579 nm; (D/H) after subsequent 40 min
irradiation with A 491 nm. Hatched and black marked bands are assigned to mer- and fuc-Cr(CO),(n*
norbornadiene) (2a and 3a), respectively. '
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and Ar (Table 1). The electronic absorption spectrum (Fig. 1E) exhibits a maximum
at 390 nm and a tail absorption towards longer wavelengths, responsible for the
yellow colour of the complex.

Upon irradiation at wavelengths ranging from ca. 400-250 nm the four bands in
the IR spectrum of la gradually diminish while several new features grow in at.
2135.5, 2000, 1975.5, 1925, 1886.5 (sh), 1879, and 1838.5 cm ~'. Examplarily Fig. 1B
shows the result of altogether 10 min irradiation at A 313 nm, whereupon 85% of 1a
have disappeared. The band at 2135.5 cm™! is readily attributed to liberated CO,
whereby the intensity of this feature (€. =400 1 mol ' cm ™!, in methylcyclohexane
glass) [28] accounts for the dissociation of ca. 1 mol CO from 1a (e 6320 1 mol !
cm™! at 2032.5 cm !, in n-hexane solution). Thus, at this stage already, it is evident
that loss of CO, most probably with formation of Cr(CO),;(n*-NBD), is the

2
| /Co
— h 4
él% /Cr co ——_5"6—-—> (n"-NBD)Cr(CO), (3)
8 (mer / fac)
1a 2a / 3a

predominant, if not exclusive, primary photoreaction of 1la, eq. 3. As will be
substantiated below on the basis of the other new IR bands, this fragment [29%*]
exists in two isomeric forms with a mer- and fac-Cr(CO), skeleton, respectively.

Concomitant with the above IR spectral changes a broad new feature appears
around 520 nm in the visible region of the electronic spectrum (Fig. 1F). Subsequent
irradiation with A 579 nm results in partial depletion of the absorption in this
region (Fig. 1G) and in substantial changes in the IR spectrum as well (Fig. 1C).
The latter indicates partial recovery of the starting material together with an
increase of the hatched three-band pattern, designated as 2a, at the expense of the
band at 1975.5 cm ™! and the shoulder at 1886.5 cm ™', which disappear completely
and thus are assigned to a different fragment, 3a. It is obvious from the intensity
changes at 1879 cm ™! that at this position a third band of 3a is overlapping with
one of 2a. This is clearly borne out by computer-assisted subtraction of the spectra,
as shown in Fig. 2. Subsequent irradiation with A 491 nm causes partial recovery of
3a and, again, of the starting material 1a at the expense of the bands associated with
2a (Fig. 1D). Based on the concomitant changes in the electronic absorption spectra
we conclude that the two long-wavelength features at 450 nm and 620 nm in Fig. 1G
are associated with 2a, while the maximum emerging near 520 nm (Figs. 1F and 1H)
has to be attributed to 3a.

The readily occurring partial recovery of the starting material 1a in both of the
above long-wavelengths irradiations is in accord with the assumption that the
chromium(n*-norbornadiene) moiety is not affected in either of the two species 2a
and 3a, i.e., we are dealing with two isomeric Cr(CO),(n*-NBD) fragments. Both of

* Reference number with asterisk indicates a note in the list of references.
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Fig. 2. Infrared CO stretching vibrational patterns of (A) mer-Cr(CO),(n*-norbornadienc) (2a) and (B)
fac-Cr(CO),(n*-norbornadiene) (3a), obtained by computer-assisted subtraction of spectra displayed in
Fig. 1. (A): spectrum 1C—(0.17 X spectrum 1A). (B): spectrum 1B~(0.61 X spectrum 1C)~ (0.05 X spectrum
1A). (The interference-free bands at 2031.5 and 2000 ecm ™! were used as subtraction standards).

the two possible structures, with a vacant coordination site in either an axial or an
equatorial position, possess C, symmetry. However, in the latter case, with a
mer-Cr(CO), skeleton, a distinct progression of the relative intensities of the three
CO stretching vibrational modes in the order /(in phase a’) < I(out-of-phase
a’) < I(a”") can be expected [21,30,31], whereas in the axially vacant fragment with
a fac-Cr(CO), geometry the totally symmetric, high-frequency a’ mode and the two
low-frequency modes should exhibit similar intensities [30]. Thus, the assignment of
the mer- and fac-Cr(CO),(n*-NBD) structures to the two species 2a and 3a,
respectively, on the basis of the intensity patterns displayed in Fig. 2 is straightfor-
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ward. The only IR feature not properly assignable to a particular species is the weak
band at 1838.5 cm ™ !. Considering the position of this band one might speculate
about a trace amount of Cr(CO),(n*-NBD), resulting from secondary photolysis of
either 2a or 3a. However, by analogy with the two tricarbonyl fragments, such a
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species is expected to diminish by taking up liberated CO upon long-wavelength
irradiation, which is not observed.

The starting material (1a) itself does not show any reaction upon irradiation at
either of the two longer wavelengths, 579 nm and 491 nm. Hence it follows that the
photointerconversion of the isomers 2a and 3a at these wavelengths does not involve
the re-formation and subsequent photolysis of la as intermediate steps, but rather
takes place by direct skeletal rearrangement [32*] in either direction, eq. 4, with
re-formation of some la occurring simultaneously as a side reaction.

3a hv (A = 579 nm) -
— hv & = 491 nm) 2a
+CO (4)

1a

In argon matrices (cf. Table 1) the photolysis of 1a at A 313 nm (and at A 289
nm as well) takes essentially the same course as described above, including the
selective interconversion of the two isomeric fragments 2a and 3a upon subsequent
irradiation at the longer wavelengths.

Quantitative evaluations of these experiments indicate some variation of the
product ratio with the excitation wavelength. The relative molar IR absorbances of
the starting material and the two fragments are slightly different in methane
[€,,(2031.5 cm ™) /€,,(2000 cm ') /€5,(1975.5 cm ') = 3 /1 /3] and argon matrices
[€,,(2037.5 cm ™) /€,,(2005.5 cm ™) /€4,(1982.5 cm™') = 2.5 /1 /3]. However, these
data represent average values whose error is in the order of 15-20%. This is due to
some deficits in the material balances (cf. the unidentified minor side product
mentioned above) and, likewise important, some changes in the bandshapes and
halfwidths, which are difficult to account for on a quantitative level. Nevertheless,
despite such reservations concerning the accuracy, careful monitoring of the ap-
pearance of 2a and 3a upon monochromatic photolysis of 1a provides some
interesting information. Thus we note that the mer/fac product ratio not only
depends on the wavelength of irradiation, but also may change in the course of a
particular experiment as the conversion of 1a proceeds. At A 28% nm in argon (Fig.
3) for example, the 2a /3a ratio decreases gradually from an initial value of 3/1 (at
ca. 10% conversion of 1a) to 1.5/1 (at ca. 70% conversion of 1a), thus indicating that
secondary mer — fac photoisomerization takes place to a significant extent as the
starting material disappears and, consequently, exercises a diminishing internal light
filter effect. Regarding the initial mer /fac product ratios (< 20% conversion of 1a)
at different wavelengths we note that the above value at 289 nm (3 /1) represents the
maximum. It drops in either direction, viz., sharply to ca. 0.8/1 at 253 nm and
slightly to 2/1 and 1.3/1 at 313 and 404 nm, respectively.

Taking advantage of the recently developed [33*] route to the mono-('*CO)-
labelled derivative of 1a, Cr(CO),('*CO)(n*-NBD), we were able to generate and
characterize the respective mono-labelled fragments of type 2a and 3a. The starting
material used in this experiment contains both (ax-'>CO)-1a and (eq-'*CO)-1a,
together with ca. 50% unlabelled 1a [33*]. The CO stretching vibrational region in
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Fig. 3. Plot of IR absorbance data vs. time showing the formation of 2a (® at 2005.5 cm ™', © at 1932
m ') and 3a (¢ at 1982.5 cm ') upon irradiation of la (¥ at 2037.5 cm™ ') at A 289 nm in an argon
matrix. Note that the @ /0 ratio remains constant (3+0.2) while the ¢ /0 and ¢ /@ ratios gradually
increase as the conversion of 1a proceeds.

the infrared spectrum of this material, isolated in a methane matrix at 12 K, is
displayed in Fig. 4A. The observed data, collected in Table 2, are used to calculate
the CO-factored force field parameters, which are in general agreement with the
data previously extracted from the solution spectra of M(CO),(n*-NBD) (M = Cr,
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Fig. 4. Infrared spectra in the »(CO) region from an experiment with a '*CO-enriched sample of
Cr(CO) 4(n*-NBD) [33*] containing unlabelled 1a (@), ax-'3CO-1a (*), and eq-'*CO-1a () isolated in
a methane matrix at 12 K: (A) after deposition; (B) after 10 min irradiation with A 313 nm, showing the
formation of mer-Cr(CO);(n*-NBD) (2a, |), ax-'>CO-2a (1), eq-'*CO-2a (?). fae-Cr(CO),(7*-NBD)
(3a, +), ax-"*CO-3a (¥). and eq-'*CO-3a (P ). For assignments of overlapping bands cf. Table 2.
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Table 2

Infrared CO stretching vibrational data “ (cm ™ ') and force field parameters * (N m™?') of 1a, 2a, 3a, and
the respective 1 CO-labelled derivatives

Complex Observed Calculated ®
Cr(CO),(n*-NBD) A, 2033.1 2033.0
(1a, C,,) A, 1957.6 1957.4
B, 1945.6 1945.0
B, 1909.6 1909.1
(ax-1*CO)-1a A 2022.2 20223
(<) A ‘ 1955.0
A 1913.3(sh) 1914.1
A" d 1909.1
(eq-1*CO)-1a A 2027.5 2027.5
(C.) A ‘ 1947.6
A” 4 1945.0
A/ 1880.5 1881.1
mer-Cr(CO)5(n*-NBD) A 2000.8 2000.8
(2a, C,) A’ 1926.0 1926.0
A 1879.9 1879.9
(ax->CO)-2a 1986.0 1985.9
[(oN) 1901.3 1901.4
¢ 1875.6
(eq-1*CO)-2a A ¢ 1998.1
(C,) A d 1926.0
A 1840.4 1840.5
fac-Cr(CO),(7*-NBD) A 1975.5 1975.3
(3a, C,) A 1887.4 1887.4
A” 1878.0 1878.0
(ax-13CO)-3a A (1970) ¢ 1969.4
(C,) A” 4 1878.0
A € 1850.9
(eq-1*CO)-3a 1961.5 1961.7
(cH) ¢ 1886.2
1850.0 1850.1

“ Methane matrix, 12 K; the data observed for unlabelled la, 2a, and 3a agree with those from other
experiments in methane matrices (Table 1) within experimental error (1-1.5 em™1). ® CO force field
parameters (N m™'): 1a, k,, =1578.4, koq=1530.7, koyoq=288, koqoq=58.3, K, qa =50.2; 2a,
k. =15501, k., =1443.1, k, =368, k, . =51.6; 3a, k, =1465.1, k., =14815, k,u.q=38.1,
kegeq = 062.8. © Overlapping with more prominent bands. 4 Coincident with other bands. ¢ Barely
observable.

Mo, W) [34*]. Irradiation of this material at A 313 nm, by analogy with the
photolysis of unlabelled 1a (vide supra), results in the formation of 2a and 3a and of
the respective mono-('*CO)-labelled species as well (Fig. 4B, Table 2). The bands
associated with (ax-'>CQO)/(eq-'>*CO)-2a are readily distinguished from those of
(ax-'>CO)/(eq-'*CO)-3a by monitoring the changes in intensities occurring (i) upon
subsequent selective irradiations at longer wavelengths (610, 579, 546 nm) leading to
fac — mer photoisomerization of the Cr(CO),(n*-NBD) fragment (by analogy with
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Fig. 1C) and (ii) upon irradiation at 435 nm which results in mer — fac rearrange-
ment (by analogy with 491 nm irradiation, Fig. 1D). The force field parameters of
both species, 2a and 3a, are calculated from the observed data collected in Table 2.

Comparing the data sets of the two fragments 2a and 3a with those of the parent
tetracarbonyl we note that loss of a CO group from la in general results in the
expected decrease in both principal force constants, but with pronounced specific
effects. In detail: detachment of an axial CO group, yielding 3a, reduces k,, by as
much as 113 N m~! and k., by only 43 N m ', The analogous effects resulting
from loss of an equatorial CO group, yielding 2a, are somewhat smaller and here it
is k., which is predominantly affected.

(b) In matrices containing carbon monoxide or dinitrogen. Photodetachment of
CO has been the only primary photoreaction of Cr(CO),(n*-NBD) observable in
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Fig. 5. Infrared spectra in the »(CO) region from an experiment with Cr(CO),(n*norbornadiene)
(1a, @), isolated in a carbon monoxide matrix at 12 K: (A) after 16 h irradiation through a cut-off filter
with X\ > 435 nm, showing the formation of Cr(CO);(n*-norbornadiene) (4a, ¥) and Cr(CO), (®); (B)
after subsequent 30 min irradiation through a cut-off filter with A = 400 nm; (C) after subsequent 1 min
irradiation with A 365 nm.,

Fig. 6. Infrared spectra in the »(CO) region from an experiment with Mo(CO),(n*-NBD) (1b), isolated
in an argon matrix at 12 K: (A) after deposition and 10, 20, and 40 s irradiation with A 365 nm, showing
the formation of trans-Mo(CO) (7> -NBD) (7b); (B) after subsequent 1 min irradiation with A 546 nm;
(C) after subsequent 30 s irradiation with A 365 nm.

the above experiments. No evidence could be found for the alternative process,
dechelation of the n*-coordinated norbornadiene ligand yielding Cr(CO),(#*-NBD),
possibly because of rapid 9> — n* chelate re-formation. If so, such a species might
be trapped in a matrix environment containing other potential ligands, such as CO
or N,, which could occupy the vacant coordination site rapidly enough to prevent
re-formation of the chelate complex.

Indeed, in a carbon monoxide matrix photolysis of Cr(CO),(n*-NBD) (la)
results in the formation of Cr(CO)S(nZ-NBD) (4a) and, ultimately, Cr(CO),. Upon
irradiation with A > 435 nm into the long-wavelength tail of the UV-visible absorp-
tion of la, the 2031.5 cm™~! and 191¢ cm™! »(CO) bands of the tetracarbonyl
complex gradually diminish, whereas the absorptions near 1958 and 1943 cm™'
increase in intensity. Furthermore, new bands emerge at 2068 and 1984 cm ™' (Fig.
5A). The latter feature is readily assigned to Cr(CO),, while the former is part of a
three-band pattern (2068, 1957, and 1946 cm™!), as shown by computer-assisted
subtraction of spectra at different stages of the experiment. Comparison with
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various M(CO),(n*olefin) spectra [28,35-37] establishes the assignment of this
species to Cr(CO)s(n>-NBD) (4a) [38*]. After several hours of irradiation with
A > 435 nm the progress of the reaction ceases when ca. 50% of 1a is converted into
the two photoproducts. Concomitantly, the maximum at 390 nm in the electronic
absorption spectrum of 1a flattens, while a new shoulder emerges at slightly shorter
wavelength, 370 nm, reasonably attributable to 4a. Upon further irradiation, but
through a shorter wavelength cut-off filter (A =400 nm), the IR bands of 4a
gradually diminish. After 30 min ca. 20% of 4a has disappeared with almost
exclusive formation of Cr(CO), (Fig. 5B). Much faster conversion of 4a (nearly
complete after 1 min) occurs upon irradiation at 365 nm. However. at this
wavelength photodetachment of CO with regeneration of the tetracarbonyl complex
1a clearly predominates by a factor of 2.5 over n*norbornadiene displacement
leading to Cr(CO), (Fig. 5C). Similar results are obtained when 4a, subsequent to
its photochemical generation from 1a with A > 435 nm. is irradiated at A 313 nm.

v (= 435 nm) 2
= Cr(CO)5(n®-NBD) 4a
CO matrix
4 (365 / 313 nm) hv' | (2 400 nm) (5)
Cr(CO),(n*-NBD) -
iy i
Cr(CO)g

It is evident from these experiments that under suitable conditions, by analogy
with the photochemical behaviour of Cr(CO),(n*-1,3-diene) compounds [17], step-
wise photosubstitution of the norbornadiene ligand in 1a by two CO groups, eq. 5,
plays a significant role. However, accumulation of the intermediate product,
Cr(CO)4(n*-NBD) (4a), requires selective irradiation into the long-wavelength tail
absorption of 1a. This is demonstrated by the photolysis of 1a in an Ar-CO (5/1)
matrix with A 365 and 313 nm, which yields Cr(CO), albeit to a minor extent
compared with the experiment in a neat CO matrix, while da does not show up.
Moreover, the dilution with argon uncovers the simultaneous photolytic loss of CO
as manifested by the appearance of both mer- and fac-Cr(CO),(7*-NBD) frag-
ments, 2a and 3a (Table 1). In matrices containing only 5% CO the formation of
Cr(CO), is almost negligible.

In the presence of '*CO photogenerated 2a and 3a take up the labelled CO group
from the matrix environment. Thus, in a *CO-CH, (1,/16) matrix photolysis of 1a
at A 313 nm not only yields the two Cr(CO),(n*-NBD) fragments 2a and 3a but,
after 30-40% conversion of 1a (ca. 1 min), »(CO) bands begin to grow in which are
characteristic of '"CO-labelled 1a, 2a, and 3a (cf. Table 2). After 2 min of
irradiation (65% conversion of 1a) bands at 2027 cm ™! (eq-'*CO-1a), 2021.5 cm ™!
(ax-"*CO-1a), ca. 1900 cm ™! (sh, ax-'*CO-2a), 1850 cm ™' (ax/eq-'*CO-3a), and
1839 cm ™! (eq-'’CO-2a) are clearly discernible, while other absorptions associated
with these species overlap with those of the predominant, unlabelled complexes.
Upon subsequent irradiation at A 579 nm both 3a and ax/eq-'*CO-3a disappear
with concomitant reformation of 1a and further formation of eq-'*CO-1a, ax-'>CO-



215
1a, and (to a minor extent) 3a; a weak band at 2014 cm ™! indicates the appearance
of doubly *CO-labelled 1a. Accordingly, subsequent irradiation at 491 nm converts
a substantial amount of both unlabelled and '*CO-labelled 3a into 1a, eq-'*CO-1a,
and ax-'>CO-1a, while mer — fac fragment rearrangement is a minor process.
Further photolysis at 313 nm leads to a complex mixture of species with increasing
degree of 1>CO incorporation into the various CO positions of 1a, 2a, and 3a.

In a dinitrogen matrix Cr(CO),(n*-NBD) (1a) loses carbon monoxide (2140
cm™ ') and is rapidly converted into a mixture of N,-containing complexes, as
indicated by the appearance of several bands in the »(N=N) region of the infrared
spectrum. After 6 min of irradiation at A 313 nm ca. 70% of la has disappeared.
Two of the products, mer- and fac-Cr(CO)3(n4—NBD)(N2) (5a, 6a), are readily

N i
|_Hc|/\"/ I
@l/lr——co ﬁ—m*—co
5
5a 6a

identified on the basis of their infrared data (Table 1). The lower frequency of the
v(N=N) vibration of 5a, compared with that of 6a, is in accord with the N, ligand
having an olefin rather than a CO group in trans position. The 4°-(C=C) unit, being
a single-faced w-acceptor ligand, competes less effectively for metal(d,) electron
density than does a CO group. Consequently, metal(d, ) — N,(#*) back donation is
stronger in the case of Sa, which implicates a lower »(N=N) frequency. The
assignment of other, weaker absorptions in the »(N=N) region (2187, sh; 2156
cm 1) remains somewhat ambiguous since the corresponding CO stretching vibra-
tional features around 1890-1920 cm ™' are not clearly resolved and separated from
others. It seems possible that two species, trans-Cr(CO),(n*-NBD)(N,) (2187 and
ca. 1908 cmn™'; cf. data of the analogous Mo complex 8b, Table 1) and trans-
Cr(CO),(n*-NBD)(N,), (2156 and ca. 1893 cm '), in addition to 5a and 6a, are
present in the reaction mixture. Two minor »(CO) features at 2080 and 2062 cm ™!
remain unassigned. The electronic absorption spectrum, after 70% conversion of 1a,
shows a new, but poorly resolved shoulder appearing around 350 nm and a
moderate increase in absorbance around 450 nm. However, it is not possible to
assign these spectral changes to a particular product. Subsequent irradiation with A
435 nm results in the recovery of some la and, to a minor extent, the formation of
5a at the expense of the fac isomer 6a, the IR bands of which diminish by a factor
of 3 after 40 min.

Similar irradiation of 1a at A 313 nm, but in an Ar-N, (10/1) matrix, again
results in loss of CO (2138.5 cm™!) from both the equatorial and the axial positions,
yielding the mer- and fac-N, substituted derivatives (5a, 6a) together with the
respective coordinatively unsaturated species 2a and 3a. Although some of the
characteristic IR bands (Table 1) are overlapping, unambiguous assignments are
possible on the basis of the spectral changes occurring upon subsequent irradiation
at longer wavelengths. With A 579 nm the unsaturated fac species 3a disappears
largely, with formation of the fac-N, complex 6a, some 2a and Sa and even a trace
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regeneration of the starting material 1a. Subsequent irradiation with A 491 nm
results in re-formation of the unsaturated fac species 3a, mainly at the expense of
the mer isomer 2a, and in a further increase of the bands associated with 1a, 5a, and
6a.

Photolysis of Mo(CO) (n*-norbornadiene) (1b)

The photochemistry of b differs from that of the analogous chromium com-
pound, described above, in two essential points. First of all, loss of CO from the
equatorial position yielding a fragment of type 2, mer-Mo(CO),(n*-NBD), is almost
negligible at any wavelength. Secondly, there is a much more pronounced wave-
length dependence in so far that formation of the type 3 fragment., fac-
MO(CO)3(174—NBD), resulting from axial CO photodetachment, is limited to the
short-wavelength region of excitation below 350 nm.

The infrared spectrum of 1b, isolated in methane or other matrices, shows only
three »(CO) bands (Table 1) instead of the expected four (cf. la, Fig. 1A);
apparently, two of the vibrations are accidentally degenerate. In argon (Fig. 6) or
methane matrices, selective irradiation (A 365 nm) into the long-wavelength maxt-
mum of the electronic absorption spectrum of 1b leads to the formation of a single
new product, which exhibits one »(CO) band (1898.5 in methane, 1903 c¢m “Vin
argon). There is no indication of CO being liberated. This leads to the conclusion
that this species contains an Mo(CQO), moiety with square planar geometry. Thus,
we assign it as trans-Mo(CO),(n*-NBD) (7b), bearing in mind that naked [29*]
Mo(CO), has a non-planar C,, structure [39]. In the UV-visible spectrum we note a
shoulder appearing at 260 nm and a moderate increase in the long-wavelength tail
absorption from 400-600 nm. Subsequent irradiation in the latter region (A 546 nm)

0 O
C C
% P
I M/ hv (365 nm) Mo/ -
— 0-—-CO - i W) 6
@/ ‘ *hv (546 nm) c/ l (6)
c (CH, or Ar) O) C
0 (0]
1b 7b

results in rapid, and quantitative, recovery of 1b, eq. 6. This observation provides
further support for the identity of 7b, viz., that the norbornadiene ligand is still
coordinated to the metal. The reaction can be driven forwards and backwards
simply by changing the wavelength of irradiation (Fig. 6). However, the 1b — 7b
conversion ceases when ca. 15% of 1b have reacted, presumably because the system
reaches a photostationary state which, at this wavelength, comprises 85% of 1b and
15% of Tb.

In a carbon monoxide matrix a similar irradiation at 365 nm converts 1b into
Mo(CO), (1986.5 cm ') via the intermediate stage of Mo(CO)(n>-NBD) (4b).

hv (365 nm)

1b ——5 Mo(CO)S(n2—NBD) + Mo(CO), (7)

4b

eq. 7, as indicated by the appearance of a weak band at 2078 cm ™!

and a shoulder
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at 1942 cm ™! on the lower frequency side of the strongest band of 1b. While in neat
CO no trace of the coordinatively unsaturated species 7b could be detected, this
species shows up in significant concentration when 365 nm irradiation of 1b is
performed in argon-diluted carbon monoxide (Ar/CO =10/1). Mo(CO), (1988
cm~ ') and 4b appear as minor products, at least in the initial stages of the
experiment. Noticeably, subsequent irradiation with A 546 nm results in quantita-
tive conversion of 7b back to the starting material 1b, but not in further production
of Mo(CO)4(n>-NBD) (4b) and Mo(CO), eq. 8 (L = CO).

Mo(CO),(n*-NBD)  1b
hv (546 nm) /

+L(L=CO N,

trans-Mo(CO) ,(n>-NBD) (8)

7b trans-Mo(CO),4(n?-NBD)(L)
4b L=CO
8b L= N2

Similar behaviour of 7b is observed in the presence of dinitrogen. Photolysis of
1b with A 365 nm in an Ar-N, (10/1) matrix generates 7b as the major product (ca.
10% conversion after 1 min) together with a minor amount of a species exhibiting a
weak »(N=N) vibration (2193 cm™!) and one single »(CO) band (1932.5 cm™}),
which is assigned to frans-Mo(CO),(n*-NBD)(N, ) (8b). Subsequent irradiation with
A 546 nm leaves the concentration of 8b unchanged while 7b disappears completely
with reformation of 1b, eq. 8 (L = N,). By contrast, 365 nm

Q
¢ (0]
hv (365 nm) __ i /c
1b neat N, ~— M0 — N=N (9)
hv’ (2420 nm) c/ ‘
o]
c
o}
8b

irradiation of 1b in a neat dinitrogen matrix yields 8b as the sole product, eq. 9, thus
confirming the above assignment. This N, complex, upon irradiation through a 420
nm cut-off filter, decays slowly with partial recovery of 1b.

In sharp contrast to the above results, short wavelength photolysis (A 253 nm) of
1b in either methane or argon matrices yields little, if any, trans-Mo(CO),(n*-NBD)
(7b). Instead, we note liberation of carbon monoxide together with the appearance
of the characteristic three-band »(CO) pattern of a fac-M(CO),; moiety (cf. Fig.
2B), thus providing clear evidence for the formation of fac-Mo(CO),(n*-NBD) (3b)
as the (almost) exclusive product, eq. 10. Even after 4 h of irradiation in argon (50%
conversion of 1b) no trace of the mer isomer 2b could be detected, the high
frequency band of which should appear around 2000 cm . On the other hand, we
cannot entirely exclude that a very minor proportion of 7b remains undetected,
bearing in mind the position of the single »{CO) band of this species in close
proximity to the strong absorptions of 1b and 3b around 1900 cm ™' (Table 1).
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Unlike the analogous chromium species, 3b does not undergo fac — mer rearrange-
ment to more than a marginal extent. Instead, irradiation into the distinct electronic
absorption maximum of 3b near 430 nm results in efficient re-formation of 1b, eq.
10. After 40 min 60% of 3b has disappeared and the amount of regenerated 1b
accounts for more than 80% of this. There are some minor »(CQO) features which, by
comparison with the analogous chromium species, are assigned to mer-Mo(CO),(n*-
NBD) (2b) and which should account for the rest of converted 3b.

Not unexpectedly, photolysis of 1b at A 313 nm, i.c., at a wavelength halfway
between those used in the above experiments, yields a mixture of both products, 3b
and 7b. Again, the mer species 2b is not observed as a primary photoproduct.

In the presence of N,, loss of axial CO again is the predominant, if not exclusive,
photolytic process of 1b occurring upon electronic excitation at 253 nm. After 2 h of
irradiation in a neat dinitrogen matrix, ca. 20% of 1b has been converted into
fac-Mo(CO),(n*-NBD)N,) (6b), eq. 11, which is identified on the basis of its
high-frequency »(N=N) vibration and the »(CO) mtensity pattern, indicative of a
Jac-M(CO), skeleton (Table 1), An analogous photolysis in an Ar-N, (10/1) matrix
yields mainly the corresponding unsaturated fragment 3b (Table 1), which upon
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subsequent irradiation with A 435 nm undergoes nearly quantitative conversion into
the N, complex 6b, eq. 12.

In a neat CO matrix, extended irradiation of 1b at 253 nm results in slow
formation of Mo(CO), (40% conversion in 17 h). The axially vacant species 3b
shows up in moderate quantities when the 253 nm photolysis of 1b is performed in
an Ar—-CO (10/1) matrix (Table 1), but disappears immediately upon subsequent
irradiation into its electronic absorption maximum near 430 nm, which results in
recovery of the starting material (1b) and formation of some Mo(CO),. These
observations are in accord with the above finding that loss of CO from the axial
position is the predominant photoprocess at 253 nm, however, when carbon
monoxide is present in a large excess, it is very efficiently re-coordinated.

Photolysis of W(CO)(n*-norbornadiene) (Ic)

Regardless of the wavelength of excitation (253, 289, and 365 nm) the tungsten
complex 1c shows only one type of photoreaction: loss of an axial CO group with
formation of fac-W(CO),(n*-NBD) (3¢c; Table 1). Subsequent irradiation at the
electronic absorption maximum of 3c near 435 nm (where 1c is almost transparent)
results in partial re-formation of starting material. On this occasion the mer isomer
2¢ appears in very minor concentration (2009 and 1946 cm '), which is barely
detectable.

In a carbon monoxide matrix, the photolytic behaviour of 1c resembles that of
the analogous chromium and molybdenum complexes. Again, we observe stepwise
substitution of the two C=C units of the norbornadiene ligand by carbon monoxide,
yielding W(CO)4(7>-NBD) (4c; Table 1) in moderate stationary concentration and,
ultimately, W(CO), (1981.5 cm™"). After 10 min irradiation at 365 nm ca. 25%
conversion has been achieved, thus indicating that the efficiency of photolytic
metal—diene bond cleavage compares well with that of CO photodissociation.

Dinitrogen is distinctly less effective than CO in trapping the W(CO) ,( n°-NBD)
primary photoproduct. It is only at the initial stages of the 365 nm photolysis of 1¢
in a neat N, matrix that we note the appearance of trans-W(CO) +(n-NBD)(N,)
(8¢; Table 1), albeit in a minor concentration. Apart from this, almost exclusive
conversion of 1c into fac-W(CO),(n*-NBD)(N,) (6¢c; Table 1) is observed, which in
higher concentration, after a longer period of irradiation, hides the minor »(CO)
feature associated with 8¢. Subsequent irradiation at A 435 nm yields a slightly
higher percentage of 8¢, but still 6¢ is by far predominant.

Discussion

The photochemistry of M(CO),(n*-NBD) complexes (M = Cr, Mo, W) involves
both loss of CO and (partial) detachment of the diene ligand from the metal centre,
eq. 13, but to a degree varying with the metal and the wavelength of excitation. In
many respects the above results in low-temperature matrices broadly agree with
complementary observations made in liquefied noble gases [22,23,40] and by means
of time-resolved infrared detection of short-lived species [22,23].

The %* = 5? dechelation of the norbornadiene ligand is clearly observable in the
case of the molybdenum complex 1b upon selective long-wavelength irradiation (A
365 nm) in various low-temperature matrices. However, instead of the expected
[5,12,14] cis-vacant Mo(CO),(n*-NBD) fragment of type 9, an isomeric species, 7b,
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Scheme 1. Observed prtmary photoproducts of la-1lc.

is formed with a square planar Mo(CO), moiety and, consequently, the vacant
coordination site trans to the 3>-NBD ligand. In other words, photolytic norbor-
nadiene 5% — n° dechelation is accompanied by skeletal Mo(COQ), rearrangement.
We interpret this in terms of an excited-state isomerization of the cis-vacant
five-coordinate species 9b (Fig. 7) passing through an intermediate trigonal-bi-
pyramidal geometry (10b) from which decay to the ground state of either
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Fig. 7. A qualitative slate diagram for the photochemical interconversion of Mo(CO)‘,(n“-NBD) (1b) and
trans-vacant Mo(CO),(72-NBD) (7b), involving excited-state cis / trans-Mo(CO) ,(7°-NBD) rearrange-
ment.
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Mo(CO) 4(112-NBD) tsomer, 7b or 9b, should be possible. A similar excited-state
rearrangement has been postulated for matrix isolated M(CO), and M(CO),(CS)
fragments [41,42] in order to interpret the photo-induced pseudorotation of the
former and the photochemical formation of various W(CO);(**CO)CS) isomers
from trans-W(CO) (> CO)(CS). The scheme shown in Fig. 7 contrasts with calcula-
tions on Mo(CO),(n*-ethene) in so far that the trans-vacant isomer of this five-coor-
dinate fragment, in both the excited and ground states, was predicted to be unstable
towards rearrangement to the trigonal-bipyramidal structure and then further to the
cis-vacant isomer [43,44]. However, as a matter of fact, the trans-vacant species 7b is
the only product detectable after 365 nm irradiation of 1b in inert matrices, and the
scheme shown in Fig. 7 provides the most simple rationalization of this finding.

Concerning the elusive cis-vacant fragment of type 9 we suspect that it decays
immediately, even under low-temperature matrix conditions, with n* — 4* rechela-
tion of the norbornadiene ligand, and that it therefore is neither directly detected
nor trapped by taking up a potential ligand from the matrix environment. This
would account for the very efficient and quantitative regeneration of the starting
material 1b upon selective long-wavelength excitation of 7b, not only in an inert
matrix environment, but also in N,- and CO-doped argon matrices. Even in a neat
N, matrix, where 365 nm excitation of 1b yields trans-Mo(CO),(7*-NBD)(N, ) (8b)
in an appreciable amount, there is no evidence for cis-Mo(CQ),(n*-NBD)N,)
formation as a result of N, coordination to the cis-vacant Mo(CO),(n*-NBD)
fragment. By analogy, we assume that this species is not involved in the initial step
of norbornadiene displacement in 1b by carbon monoxide. Instead, it should be the
trans-vacant isomer 7b which takes up CO, eq. 14, provided that this is available in a
suitable orientation relative to the vacant coordination site. Otherwise, coordina-
tively unsaturated 7b will be left behind, as it happens to occur in a matrix
containing CO diluted with argon, and subsequent electronic excitation leads back
to the starting material 1b.

With these results in mind we consider it rather unlikely that a species of type 9
could be involved in the photocatalytic hydrogenation of norbornadiene by taking
up H, at the cis-vacant coordination site, followed by hydrogen transfer to the
diene to form norbornene {5,12,14]. This should apply particularly to the chromium
and tungsten systems, since in these cases neither a c¢is- nor a (rans-vacant
M(CO),(7>-NBD) species (9 or 7) has been observed. However, with regard to the
conversion of 1a or 1e into the respective hexacarbonyl complexes it seems probable
that a species of type 7 is involved in the initial step, i.e., the mechanism outlined in
eq. 14 should be valid not only for molybdenum but also for chromium [38*] and
tungsten.

Photolytic loss of CO is a process common to the complexes 1 of all three metals,
eq. 13. In the cases of molybdenum and tungsten it involves exclusively the axial CO
groups. This finding parallels the previous observation that in solution photoin-
duced *CO incorporation occurs selectively into the axial CO positions of 1b and
1c [12,18]. For the chromium complex la the direction of '*CO incorporation in
solution could not be accurately assessed [12], but it was suggested to be analogous
to that observed for the molybdenum and tungsten compounds. However, the
photolytic behaviour of la in low-temperature matrices shows clearly that CO
photodetachment involves both the axial and the equatorial positions, followed by
take-up of N, or '*CO at the respective vacant coordination site. Notably, CO
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Scheme 2. Reactions proposed for the dechelation fragments 7 and 9.

photo-detachment from an equatorial position of 1a is even predominating in the
whole range of excitation at A > 289 nm. This is difficult to rationalize since,
estimating the metal-CO bond strengths from the degree of metal(d, ) — CO(7*)
back donation on the basis of the CO force constants [12,45] (cf. Table 2), one
would expect the equatorial CO groups to be more strongly bound to the metal than
the axial ones. Admittedly, such parameters represent ground state, not excited state
properties, but in a similar context it has been suggested that the qualitative
ordering of metal-carbon bond strength should be maintained [46).

The photochemical formation of equatorially substituted mer-M(CO),(n*-
NBD)(n’-olefin) derivatives [21,47] is in apparent contrast with the selective axial
CO photodetachment from 1b and le. However, at least in the case of the tungsten
complex we have demonstrated [47] that the substitution of CO by the olefin
initially occurs in the axial position, followed by fac ~ mer isomerization of the
M(CO),(n*-NBD)(n*-olefin) product.

(15)
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Regarding the photocatalytic diene hydrogenation we suspect that the M(CO),
moicty serves as the repeating unit in the catalytic cycle. Photogenerated
M(CO),(n*-NBD) should take up hydrogen, which then is transferred to the diene
onto either the 1,4 or the 1,2 carbon atoms. The photolytic generation of both mer-
and fac-Cr(CO),(n*-NBD) fragments may thus explain, at first sight, why norbor-
nadiene yields two hydrogenation products, norbornene and nortricyclene (eq. 15),
while in case of a conjugated diene the exclusive cis-1,4-hydrogenation coincides
with the selective axial CO photodetachment from Cr(CO),(n*-1,3-diene) [17].
However, we must not fail to notice that the molybdenum and tungsten complexes
1b and 1c¢, losing CO from the axial position, in the photocatalytic process produce
both norbornene and nortricyclene, the former predominating in the case of
molybdenum and the latter in the case of tungsten [12]. Thus, one particular lesson
to be drawn from this study is that even reliable information on primary products or
other species involved in a catalytic system should be taken with a grain of salt,
when expanding on detailed mechanistic implications. With regard to the particular
case of photocatalytic diene hydrogenation we have to consider the possibility that
reversible fac @ mer rearrangement of the M(CO); moiety, subsequent to the initial
photolytic formation of the M(CO),(n*-NBD) fragment, is an integral part of the
catalytic process [23,33*].
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