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ABSTRACT: IR spectroscopy has transformed the study of mechanistic organometallic chemistry. Reaction
intermediates can now be detected and characterized; their kinetics can be measured and their behaviour understood.
However, the field is not static. New techniques are still being developed. We focus here on hydrogenation and related
reactions describing (i) a miniature low-temperature/high-pressure cell, which allows photochemical reactions to be
studiedunder high pressuresof gases, (ii) the use of flow reactors for continuous reactions in supercritical fluids,
including hydrogenation of organic compounds, and (iii) the use of supercritical fluid solutions for studying weak
metal–ligand interactions by nanosecond time-resolved IR spectroscopy (TRIR) and the application of TRIR to the
detection of intermediates in organic reactions. 1998 John Wiley & Sons, Ltd.
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EXPERIMENTS AT LOW TEMPERATURE AND
HIGH PRESSURE

Matrix isolation has made an enormous impact on the
understanding of organometallic intermediates.1 Tradi-
tionally, the technique has involved the generation of
organometallic intermediates in noble gas matrices, but
this approach suffers from considerable limitations when
applied to homogeneously catalysed reactions such as
hydrogenation. There are two difficulties: (i) how to trap
all of the components of the reaction mixture (substrate,
H2 and catalyst) in close proximity in the matrix and (ii)
how to vary the temperature over a sufficiently wide
range both to freeze out the reaction intermediates for
spectroscopic identification, but also to warm the reaction
mixture sufficiently for the reaction to occur within the
matrix. Rest and co-workers2 have shown that the
temperature limitation can be avoided by using poly-
ethylene (PE) as a matrix for studying photochemical
reactions over thewhole temperature range 20–300 K.
We have developed this idea further, by devising a

miniature high-pressure cell3 which can be pressurised
with gases such as H2 yet still can be cooled to 30K. We
illustrate the role of our cell by showing how it can be
used to follow the key stages in the hydrogenation of
norbornadiene, (NBD) (Scheme 1) from reactants via
intermediates to products in a way which would be
difficult by any other method.

Scheme 1

The hydrogenation of NBD is catalysed photochemi-
cally by the Group 6 metal hexacarbonyl complexes,
M(CO)6. This reaction is mechanistically complicated
since it can produce three products, NBN, NTC and
NBA. The distribution of these products depends on both
the metal and the reaction conditions.4 The mechanism
has been studied extensively over the past 25 years,
including a very detailed investigation5 which combined
the results of matrix isolation, time-resolved IR spectro-
scopy (see below) and cryogenic liquid Xe experiments.
The overall conclusion is summarized in Scheme 2,
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which providesplausiblepathwaysfor the formationof
NBN andNTC but not of thefully hydrogenatedproduct
NBA.

Figure 1 outlines the way in which the low-tem-
perature/high-pressure cell canbe appliedto the hydro-
genationof NBD andFig. 2 summarizesthe stagesof a
typical experiment.Theadvantageoverothertechniques
is that this approachgivestheexperimenterthe freedom
(i) to vary thetemperaturefrom ambientdownto 30K so
thatthereactioncanbefrozenatanystage,(ii) to change
gasesrapidly and efficiently during the experimentand
(iii) to recoverandanalysetheproductsby GC–MSat the
endof the reaction.Figure3 showsIR spectraobtained
from two experiments,performedin the absenceand
presenceof H2.

Most of our recentexperimentshavefocusedon the
mechanismof formation of the fully hydrogenated
product, NBA. The key to our understandingof this

processhasbeentheability to switchbetweenH2 andD2

at any time during the experimentsand to analysethe
isotopiccompositionof theNBA by GC–MSwith single
ion detection(seeFig. 4).

Theconclusionfrom theseexperimentswasthatNBA
canbeformedby twodifferentroutesdependingwhether
the reaction is stoichiometric [i.e. the reaction of
(NBD)Mo(CO)4 and H2] or catalytic (i.e. when the
reactionis carriedout in the presenceof excessNBD)
(Scheme3). The catalytic mechanisminvolves a two-
stagehydrogenationof NBD. Initially NBD is converted
to NBN as shownin Scheme2, which is releasedinto
solution.In thesecondstep,freeNBN is hydrogenatedto

Scheme 2. M = Cr or Mo. The scheme omits the initial
formation of (NBD)M(CO)4, a, from M(CO)6. The other
intermediates in the reaction are labelled b to f, and these
labels are used in the discussion below. S denotes a molecule
of solvent, typically hexane (adapted from Ref. 5)

Figure 1. A schematic diagram showing how the low-
temperature/high-pressure cell can be used to monitor the
hydrogenation (or deuteration) of NBD. The cell contains a
disk of PE which, prior to the experiment, is impregnated
with the catalyst (NBD)Mo(CO)4 and an organic substrate
(NBD, NBN, etc.) as appropriate. The cell is then pressurized
with H2 or D2 to the required pressure. Hydrogenation can
be initiated by UV photolysis through the CaF2 windows of
the cell and the subsequent reaction can be monitored by
FTIR spectroscopy through the same windows. Full experi-
mental details are available in Ref. 6

Figure 2. Outline of the different stages of a typical ex-
periment in the low-temperature/high-pressure cell. Before
the `start,' the PE disk is impregnated with (NBD)Mo(CO)4
and the appropriate organic substrate. At the end of the
experiment, the reaction products are extracted with CH2Cl2.
About 1±10 mg of the organometallic are normally impreg-
nated into a PE disk of 250 mm thickness; with these
quantities, the extraction provides suf®cient material for ca
15 replicate analyses of the products. Further details are
given in Ref. 6
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NBA via cis-(Z2-NBN)Mo(CO)4(H2). Thestoichiometric
hydrogenationof NBN proceedsby a different mechan-
ismwhichwehaveonly beenableto documentpartially;

it involves the formation of fac-(Z4-NBD)Mo(CO)3(H2)
followed by more than one thermal step, with inter-
mediatessufficiently long-livedin PEto undergoat least
partial exchangeof thecoordinatedH2 for D2.

Hence,as in all mechanisticstudies,thereareoppor-
tunities for further investigation. Nevertheless,these
experimentshaveprovidedthefirst definitemechanisms
for the formationof NBA, the productionof which has
previously be regardedas a side-reaction.The reason
why wehavebeenableto obtainthisextrainformationis
that theuseof PEmatricesin the low-temperature/high-
pressurecell hasallowed us to manipulatethe reaction
muchmorepreciselythanhaspreviouslybeenpossible.

Figure 3. IR spectra illustrating the effects of UV photolysis of (NBD)Mo(CO)4, a, in PE at 80 K with H2 (spectra on the right-hand
side) and without H2 (spectra on the left) and the results of subsequent warming of the PE disk. All spectra are IR difference
spectra (i.e. spectra generated by subtracting the spectrum recorded before an event from that recorded after). In such spectra,
bands due to species which are formed by that event are shown pointing upwards, while bands due to species which are
destroyed point downwards. In both experiments, UV photolysis destroys a and causes the formation of the coordinatively
unsaturated species c, whether H2 is present or not. There is, however, a difference in behaviour on warming. In the absence of
H2, a is regenerated directly from c. In the presence of H2, c reacts to form the dihydrogen complex, g, the bands of which are
coloured black. All spectra recorded at 2 cmÿ1 resolution. Spectra are shown in absorbance. The strongest positive peak in the
both of the upper spectra correspond to an absorbance of ca 0.3

Figure 4. Scheme showing the possible isotopomers of NBA,
formed during the hydrogenation or deuteration of NBD.
GC±MS (VG Biotech Trio 2000) was used in the single ion
mode to quantify the relative amounts of mass 96, 98 and
100 formed when H2 and D2 were used in the same
experiment. A whole series of such experiments were carried
out: H2 and D2 were premixed; the gases were used
sequentially, H2 before D2 or H2 after D2; the gases were
used separately but were frequently interchanged (5 min H2

followed by 5 min D2), etc. Note that the positions of the H
and D labels in NBA are not intended to represent any
particular stereochemistry

Scheme 3. Mechanisms proposed for the formation of NBA
in both catalytic and stoichiometric hydrogenation of NBD by
(NBD)Mo(CO)4
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Increased control of reactions is also provided by
supercriticalfluids which form the secondpart of this
paper.

REACTIONS IN SUPERCRITICAL FLUID SOLU-
TION

Supercritical fluids are gasescompresseduntil their
densitiesapproachthoseof liquids. If the temperatureof
thefluid is closeto its critical value,Tc, thefluid displays
an intriguing mixture of the propertiesof a gas and a
liquid.7 In particular,thefluid canbeusedasasolventfor
chemical reactions,often with distinct chemical and
environmentaladvantagesover more conventionalsol-
vents.8 Thereareasurprisingnumberof materialswith Tc

closeto ambient.Herewe describetheuseof only three
(Xe, 16.8°C; CO2, 31.6°C; andpropane,96.8°C).

GaseousH2 has relatively low solubility in conven-
tional organicsolvents,placingsignificantlimitationson
reactionssuchashydrogenation,which involve addition
of H2 to substrates.By contrast,H2 is completelymiscible
with supercritical (sc) fluids such as scXe, scCO2 or
sc-propane.Our researchgroup was one of the first to
exploit this miscibility to synthesize highly labile
organometallicdihydrogen compounds9 of metals in
Groups6,7 and8.Thisenhancedconcentrationof H2 has
since been exploited to acceleratehydrogenationof
organicsubstratesandevenof scCO2 itself.10

DihydrogencomplexescontaintheZ2-H2 groupcoor-
dinatedto a metalcentre.First characterizedby Kubaset
al.,11 thesecompoundshavenow beenfoundto befairly
widespread.Indeed,unstabledihydrogencomplexesare
key intermediatesin the hydrogenationof NBD (see
above).In our supercriticalexperiments,thedihydrogen
compoundswere generatedphotochemically by the
direct reactionof H2 with a transition metal carbonyl
complex.9 Several of thesecompoundshad not been
observedpreviouslyand,surprisingly,someof them[e.g.
CpMn(CO)2(H2), Cp= Z5-C5H5] appearedto be ex-
tremely stable, even though they lacked the bulky
phosphineswhich were thought to be necessaryto
stabilizesuchcomplexes.Initially, the compoundshad
beenmadein a small spectroscopiccell (total volume
>1.5ml) but their stability suggestedthat theymight be
isolable.The problemwashow to isolatethemfrom the
supercriticalsolutionbecauseuncontrolledreleaseof the
pressurewouldresultin thecompoundbeingdepositedas
a highly dispersedpowderovertheentireinsidesurfaces
of the apparatus.The solutionwas to conductthe reac-
tions in a continuousflow reactor.Figure 5 showsthe
miniatureflow systemwhich we devised12 for scalingup
the preparation of CpMn(CO)2(H2). Once isolated,
CpMn(CO)2(H2) was found to be a low melting point
yellow solid (thestartingmaterialis nearlywhite) with a
surprisinglylow airsensitivity.

We have now extendedthis flow reactorconceptto

hydrogenation.Wehavebuilt areactorwhichcanbeused
for continuouscatalytichydrogenationof awiderangeof
organiccompoundswith high efficiency. Threegroups
havepreviouslypublishedwork in this area.Pickel and
Steiner13 useda continuoussupercriticalhydrogenator
for unspecified reactions of pharmaceuticalinterest,
while Tackeet al.14 and Härröd and co-workers15 con-
centratedon the hydrogenationof fats, relevant to the
food industry.Our reactor,shownin Fig. 6, differs from
this earlierwork in that it is designedto operatewith a
verywiderangeof organicsubstratesandfunctionalities.

Thereactorwasinitially testedwith thehydrogenation
of cyclohexene(Scheme 4). This reaction revealed
severaladvantagesof hydrogenationundersupercritical
fluid conditions: the reaction is not limited by mass
transfereffects; the fluid has good thermal properties;
and,onasmallscaleat least,reactionscanbecarriedout
with goodselectivityandvery high spacetime yields.16

Thus,we havefound that cyclohexenecould be hydro-
genatedat a rate of 20ml minÿ1 using only 4 ml of

Figure 5. Schematic view of a continuous ¯ow reactor for
the synthesis and isolation of CpMn(CO)2(H2), labelled
`Product,' from CpMn(CO)3, labelled `Reactant.' The overall
reaction is very simple, as shown at the top, and is typically
carried out a total pressure of 3000 psi (20 MPa). Initially H2

and CO2 are mixed. The solid reactant CpMn(CO)3 is then
dissolved in the supercritical H2±CO2 mixture and is ¯owed
past a UV lamp which converts reactant to product. FTIR
monitoring, not shown, is used to adjust the reaction
conditions (pressure, temperature, ¯ow-rate, etc.) for
optimum conversion. The product, CpMn(CO)2(H2), is then
isolated from solution by rapid expansion through a back-
pressure regulating valve. It is this rapid expansion which is
the key to the success of this synthetic route. Labile ligands,
such as Z2-H2, are easily lost when compounds containing
them are subjected to the vacuum used for the removal of
conventional solvents. In the supercritical ¯ow reactor, the
compound is maintained under a high pressure of H2 right
up to the moment that precipitation of the solid product
begins. Full experimental details are given in Ref. 12. Safety
note: Supercritical ¯uid experiments involve high pressures
and should only be carried out in apparatus with the
appropriate pressure ratings and safety precautions
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catalyst with no apparentloss of performanceover a
periodof hours.Experimentsconfirmedthatcomparable
results can also be achieved with isophorone, a
commerciallysignificant derivative of cyclohexene.In
this case,supercriticalhydrogenationappearsto bemore
selectiveandto uselesscatalystthanexistingprocesses
in gasor liquid phase.

Figure 7, and Scheme5 illustrate the wide rangeof
other functionalitieswhich can be hydrogenatedunder
supercriticalconditions,either in scCO2 or sc-propane.
We have found that supercriticalfluids provide a very
high degreeof control over the hydrogenation.A wide
variety of reaction parameters(temperature,pressure,

ratio of H2 to substrate,etc.) can be varied almost
independently. Overall, therefore, supercritical fluids
allow H2 to be usedasa reagentfar moreeasilythanin
currentpractice.Althoughthescaleis alreadylargerthan
might be requiredin many academicexperiments,the
entire reactorcan be accommodatedin half a standard
fume-hood.Ontheotherhand,relativelymodestscale-up
would be required for commercialproduction of fine
chemicals.

TIME-RESOLVED IR SPECTROSCOPY

In theprevioussectionwedescribedtheuseof scCO2 for
heterogeneoushydrogenation.Thefluid hasalsoattracted
considerableattentionfor homogeneoushydrogenation.
Severalgroupshavefound increasedratesor increased
selectivityin ScCO2 comparedto homogeneousreactions
in conventionalsolvents.10,17Much of this improvement
hasbeenderivedfrom theincreasedconcentrationof H2.
Time-resolvedIR spectroscopy(TRIR),acombinationof
UV flash photolysis with fast IR detection, is now
allowing us to quantify the effect of this increased
concentrationon the ratesof the primary stepsin such

Figure 6. Block diagram of the key components of our ¯ow
reactor for continuous hydrogenation of organic com-
pounds. scCO2, H2 and the organic substrate are mixed in
a heated mixer. The mixture is then passed through a reactor
containing a ®xed-bed catalyst (usually a supported noble
metal). There is the option of on-line FTIR monitoring before
the product and CO2 are separated by expansion as in Fig. 5.
The equipment is based on modules from NWA (LoÈ rrach,
Germany). Although the volume of the reactor is very small
(only 5 or 10 ml), the equipment can generate up to 1200 ml
of product per hour in favourable reactions

Scheme 4. Reaction carried out in the ¯ow reactor,
illustrated in Fig. 6. Deloxan is an aminopolysiloxane catalyst
support made by Degussa

Figure 7. Summary of the product distribution obtained in
the hydrogenation of nitrobenzene in sc-propane over a
series of different metal catalysts, all supported on Deloxan.
Flow-rates were ca 0.5 ml per minÿ1 of organic, which
corresponds to a residence time of <5 min in the reactor.
Note that the ef®ciency of the reactor is suf®ciently high for
25% of the substrate to be fully hydrogenated to NH3 and
C6H12

Scheme 5. Some of the other functional groups which have
been successfully hydrogenated in our reactor. In each case,
the hydrogenation proceeds with a high degree of conver-
sion (usually >90%) and with a high degree of selectivity.
Where more than one product is possible (e.g. a ketone
being reduced to alcohol or alkane), the conditions can often
be optimized to give a high yield of the desired product. Full
details are given in Ref. 28
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reactions.18 TRIR is especiallysuited to the study of
organometallic reactions,particularly those involving
metal carbonyl compounds.18a Our current apparatus
consistsof anIR diodelaserwhichis tunedto aparticular
IR frequency and is used to monitor changesin IR
absorptionof a reactionsolution following a UV laser
pulse.The IR laseris thenretunedto anotherfrequency
andtheprocessis repeated.ThusIR spectraarebuilt up
point-by-pointby plotting changein absorbanceversus
wavenumber(see Fig. 8). The relatively narrow line-
widthsof v(CO) absorptionsmakeit possibleto monitor
several key species in solution at the same time;
destructionof reactantsandformationof excitedstates,
intermediatesandproductscanall be followed.

WeappliedTRIR to thereactionof Cr(CO)6 with H2 in
order to investigatethe effectsof increasedH2 concen-
trations in scCO2. This reaction5,19 generatesthe di-

hydrogencomplex,Cr(CO)5(H2). Figure9 comparesthe
ratesof formation of Cr(CO)5(H2) in n-heptaneand in
scCO2 by monitoringthe reactionat thewavenumberof
the e �(CO) absorptionbandof Cr(CO)5(H2). Allowing
for the different pressuresof H2, the ratein scCO2 is ca
16 times fasterthan in n-heptane.However,onecannot
equatethis differencein ratedirectly with thedifference
in effectiveconcentrationof H2 within themedium.The
Cr(CO)5 intermediate,which is formedin thereaction,is
not ‘naked’ becausea solventmolecule,s, occupiesthe
otherwisevacantcoordinationsiteasa so-called‘token’
ligand:19

Cr(CO)6 ÿ!UV
Cr(CO)5 ÿ!

�s
Cr(CO)5sÿ!

�H2 Cr(CO)5�H2�

Thus the rate of reactionof Cr(CO)5s with H2 depends
not only on the concentrationof H2 but also on the
strengthof theCr–sinteraction.By usingTRIR to follow
the reactions of theW analogue21 W(CO)5s in the
absenceof H2, we haveshownthat the interactionwith
CO2 hasapproximatelyhalf the strengthof that with n-
heptane.Furthermore,ourTRIR studyproducedthefirst,
albeit tentative,evidencefor Z1-O coordinationof CO2

close to room temperature.21 TRIR allowed us to
characterizeM(CO)5(CO2) (M = Cr, Mo andW) follow-
ing photolysisof M(CO)6 in scCO2, which is a unique
solvent for studying CO2 coordinationas it offers the
highest possible concentrationof CO2. Although the
metal�(CO) IR vibrationsareeasilyobserved,theparts
of theIR regionwherewe expectto seethekey bandsof
coordinatedCO2 aremaskedby the absorptionsof CO2

solvent.We haveusedothersupercriticalfluids, suchas
Xe and Kr, which are non-absorbing,to overcomethis
problem;work is still in progressto improve the sensi-
tivity of our TRIR equipmentin thesenewly unmasked
regions of the spectrum.Using the rate constantsfor
reaction of M(CO)5s with CO as a crude measureof
reactivity, we found that the M(CO)5(OCO) had very
similar reactivity to the correspondingXe complexes
M(CO)5(Xe) generatedby photolysis of M(CO)6 in
supercriticalXe (scXe)(Scheme6).

Figure 8. Layout of the Nottingham TRIR spectrometer.
UV = Nd:YAG laser; IR = IR diode laser; SC = supercritical cell;
D = MCT IR detector; P = preampli®er; O = digital storage
oscilloscope; C = computer and BS = beam stop. Adapted
from Ref. 18b

Figure 9. TRIR traces comparing the rates of formation of
Cr(CO)5(H2) in n-heptane and scCO2 solution. Note the
different scales on the abscissa (time axis) for the two traces
(adapted from Ref. 18b)

Scheme 6
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TRIR AND ORGANIC INTERMEDIATES

The difficulty in applyingTRIR to organicphotochem-
istry hasbeenthat IR bandsusually havemuch lower
extinction coefficients than UV–visible bandsso that
therehavebeenrelatively few applicationsof TRIR to
organic photochemistry. Some years ago, work at
Nottinghamdemonstratedthatdidehydroazepine,formed
following irradiationof phenylazidein solution,canbe
characterizedby TRIR andits subsequentreactionwith
diethylaminecan be monitored.22 In collaborationwith
Tomiokaandco-workers,wehaverecentlyusedTRIR to
elucidate the photochemistryof 2-(methoxycarbonyl)-
phenylazidein heptanesolution.23

Vibrational spectroscopyis a very powerfulprobefor
studyingthe natureandthe structureof organicexcited
states.The spectrumof the pp* triplet excitedstateof
4-phenylbenzophenone showedthat both the frequency
and intensity of the �(CO) bandsare a highly sensitive
diagnosticof the pp* state.24 Lusztyk and co-workers
usedTRIR to probethe kinetics of cumyloxyl radicals
producedfollowing flashphotolysisof diamyl peroxide
in CCl4 solution25 and they haveextendedthis work to
elucidatethe reactivity of a rangeof acyl radicals.26 We
haveusedthis approachin collaborationwith Turro and
co-workersto study the photoinitiator (2,4,6-trimethyl-
benzoyl)diphenylphosphine oxide (Scheme7), and to
showthat its reactionkineticscaneasilybe measured.27

Scheme 7

CONCLUSIONS

This paperhasoutlinedseveralnewdevelopmentsin the
detectionof reactionintermediatesandin relatedareasof
chemistry.All of thesedevelopments,polymermatrices,
supercriticalfluidsandtime-resolvedIR arestill evolving
andwe expectsignificantadvancesin thenearfuture.In
thepolymermatrices,webelievethattheuseof polymers
other than polyethylene will broaden the range of
chemistry which can be studied, particularly to more
polar organometalliccompounds.In supercriticalfluids,
the conceptof continuousfixed-bed catalytic reactors
will undoubtedlybeappliedto furtherorganicreactions,
improving both their selectivity and reducing their
environmentalimpact.In TRIR, newspectroscopictech-
niques,particularly step-scanFourier transformIR, are
likely to widen the spectralregion accessibleto TRIR.

This will enableTRIR to beusedmuchmorewidely asa
probein mechanisticorganicchemistry.
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