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ABSTRACT:

Resonance Ramanicrospectroscopy has been widely used to study the structure and dynamics
of porphyrirs and metal complexesontaining the porphyrin ligand Here, we have
demonstratecthat the same techniquean be adaptedto examine the mechanism ofa
homogeneoug-catalysed reaction mediated by a transitionmetatporphyin complex
Previously 1 has been challenging to studyisthype of reactiorusingin situ spectroscopic
monitoring due to he low stability of the reaction intermediatesd elevateetemperature
conditions We have made a straightforward modification to the sample stage on a microscope
for time-lapsed Ramamicrospectoscopyfrom reaction mixtures in tlse media The allylic
amination of unsaturated hydrocarbons by aryl azibich can becatalysed by authenium
porphyrin complex, has been usests an illustrative example of thmethoalogy. The
mechanismof this particular reactiorhas been studie@reviously using densityfunctional
theory andkinetic approachs. The Raman measuremersispport themechanism proposed in

the earlier publicationby providing the first exgrimental verification of a poairsor reaction
complexbetween the aryl azide atige ruthenium metal ion, arevidence for the formation of

a moneimido intermediatecomplex under conditions of high concentration of the reactant

olefin.
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Introduction

In situ spectroscopicmethods are a useful tool to revealechanisa of chemical
transformations and the identity afeaction intermediate Of these methods, Raman
speetroscopy can be particularly valualdeobtaining structural and electronic informatizia
the determinatin of frequencies for vibrations speces present in the reaction mixtuRaman
approaches havihe advantage over infired spectroscopin thatthe symmetricvibrational
modesof molecules came olserved A significant disadvarigethough is that the intensity of
Ramanscattered light is usually weak. llesonance Ramaspectroscopya monochromatic
laser is used whiclis resonant with excitedlectronic state of the reactants, intermediates
andbr productsThis leads ta@onsiderale enhancement of Raman cross sectiyna factor of
10° to 1C¢,* and has enabledhe reattime monitoring offundamentalchemicalprocessedy
Raman spectroscopyith nanosecond resolutidi.Continuouswave lasers ha been used in
place of pulsedlaser systems to investigate chemical transformations in more complex
environments.For example, e prosthetic group in éme proteinsis an iron complex
containingthe metal ineitherferrous or ferric oxidation stateand the ligangrotoporphyrin
IX. The Ramanfrequencies of theorphyrin ligandare a sensitiverobe of theedoxstateand
the presence afthersmall moleculs bound to the metal centf& andcan be usdto monitor
changesn thestateof hemeproteinsin vivo.®!! We areinterestedn using the same approaah
an in-situ probe to monitorthe evolving states of a homogenemasalyst in reactions under
working conditions €.g, elevated temperature and/or pressufié)ere have beefimited
attempts to developuch in situ technigues suitable to monitor homogeneoustatalysed
reactions howeverrecently @ experimental apparatugs reportedor combined U\Wisible
absorption infra redand (nonresonanceRaman spectroscopy usifigre-optic probes but the

application of resonance Raman spectroscopy was not exptored.

Homogeneous catalysts, based oelldefined transitionmetal complexes are asuming an
everincreasing importance in the production of both commodity and fine cheri¢aidany

of these comlgxes have absorption bands in the visible region of the electromagnetic spectrum
and the frequencies of the Raman transitions will be affected by the redox state of the central
metal ion and the coordinative bondingreactantsintermediatesand/or prodct moleculego

the metal centre. Detailed assignment of resonance Raman spectra in ruthenium metal
complexes has been given in thierature for ligands containingyrrole (porphyrin)®®
pyrazing!®’ pyriding®1® and pyrimidiné’ groups,and thisearlier workwill assist in the
analysis ofin situ experimental spectra obtained during catalytic reactior@\vimg complexes

containing the ruthenium metain.

An example 6 particular interest is the allylic amination of cyclohexene by aryl azideng
RU'(TPP)CO (TPPs the dianion 0f5,10,15,2&etraphenylporphyrinas the catalystwhich
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operates efficientlyn refluxing benzené? Such a transformation is representative of a broad
class of homogeneoustatalysed reactionsvig. metatcatalysed nitrendransfer) that are
currently receiving considerable attentioas a strategy for preparing desirable nitrogen
containingorganiccompounds froniydrocarbon$®2¢ Notably the mechanism for thipecific
amination reaction has been the subject of both a kihatid a theoretical investigati®mwith

the former indicating at least two independent catalytic cycles that depend oatithef
substrate t@aryl azide ¢eeFigure ). At high cyclohexene conceation the active speciegas
considered to be thmoneimido specieB which ishighly reactive andvould beimmediately
trapped by a substrate molecule giving the aminated pra&dutiilst re-generatinghe starting
catalystA, Ru(TPP)COAt low cyclohexene concentratipB undergoes a further reaction with
the aryl azide givingvia an unstable intermediat® the bis-imido complexD which is now the
active species in allylic aminatichComplexD is stable and can beolated from the reaction

of A with 3,5-bis(trifluoromethyl)phenyl azidehowever, the isolatioof bis-imido complexes
from aryl azides bearing other electranthdrawing groups was less successful, and the
formation ofbis-imido complexes fronaryl azides bearing ettrondonating groupsds never
beenobserved! In the presence of these other aryl agidee catalytic cycle was assumed to be
restricted to the example involving tmeoncimido intermediateB due the poor stability of
imido derivativesDirect experimentabbservation of thenoncimido complexB hasnot been
made beforeFurther support for the proposed mechanism has been obissitagidensity
functional theory?, while isolable complexes of the type and D have been structurally

characterised?3®

In this article we will explore thepotential of resonance Raman spectroscapya tool to
investigate the proposed of@nistic steps fothe homogeneouskgatalysedreactionshown in
Figure 1 at different cyclohexene concentrations.idtenvisaged that monitorinthe time
dependent shiftén the vibrational modes of the porphyrin sketetpresent in the various
rutheniumporphyrin complexewill shed further light othe identity for théntermediatestates

of the catalystFurthermore, we report for the first time a compact piece of apysatiaathas

been developed for a higekmperature application that can be easily transferred to and from a

glove box.



Experimental M ethods

Amination of an unsaturated hydrocarbon by an aryl azide was catalyfieel toyhenium
complexA, RU'(TPP)CO. The reaction asstudied using low and ¢ih concentrations of the
olefin. The ®lvents, benzene and cyclohexensged in these experimentere distilled over

sodiumand stored under nitrogeBompoundA was synthesiseas described elsewhefe.

Low concentration of olefin.1.85 mg (2.5x18 mmol) of A was dissolve in a mixture of
benzene (10ml and cycl ohexen&5b{s(Trtlubroreethylphdnyl azidgbéno | )
mg, 2.3x16 mmol) was added under a nitrogen atmosphere, at room temperatugé\ve a

box.

High concentration of olefin.1.85 mg (2.5x18 mmol) of A was dissolved in pe cyclohexene
(10 ml). 3,5-big(Trifluoromethylphenyl azidg13 mg, 5.0x18 mmol) was addednder a
nitrogen atmosphere, at room temperature,gloge box

It should be noted that in the first experiment a higher azide concentration was used to favour
the formation ofmido species.

Reaction chamberFor both experiments, 0.5 ml of the reaction mixiues transferretb a
customdesignedaluminium chamberwhich was tbsed under a nitrogen atmosphénea
glovebox. The reaction chamber provided antajht sealffor the reaction mixturesand
enablel homogeneousatalysed reactions in solvents such as benzene to be monitored at
elevated temperature using Ranmaicrospectroscopyl hecompact design has not been
reported previouslyThe chamber could be separated into ain parts(1 and2; seeFigure2
1). Thefirst part comprised well (1) with an internal volume of approximatelynd into which
one of the reaction mixtures was placadhread on the exteriarylindrical surface3) enabled
the well to be lbsed under a nitrogen atmospheénea glovebox, by attaching a colla2f with
an internal thread4j. A viton oring (5) was located in a groove machinedwnd the perimeter
of thewell, and a cover glag#1.5 12 mmdiameterg) was placed above thermmg. When te
well wastightenedonto the collafFigure 2I1), aseal was obtained between the well dhd
cover glass. The chamber was inverted to place the reaction mixtimetact with the cover

glass Figure2111), andremained sealeid this orientatioron heating t&’0 °C.

Raman microspectroscopyRaman spectra were recorded from mixsungide theair-tight
chamber on a homebuiltverted microscopedescribed previousli The sample stage
consisted of an aluminium plate with a kaptosulated flexible heater bonded onto the lower
surface; the temperature of the aluminium plate was monitored by a PT10Mhoesista
temperature device and regulated@tC. The sample stage was isolated from the body of the
microscope by a 1 cithick delrin plateThe sample chamber was placed onto the stage such

thatthe cover glaswas aligned with gircular opening in both thaluminium and delrin plates.
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An oil-immersion, infinitycorrectedpbjective lens (1.25 NAon the microscopeasbrought

into contact with the exterior surface of the cover glassFigure 2IIl ) through the opening in
the sample stag&he back apeute of the objective lens was overfilled with the 405eam
(Qioptig, iIFLEX; output linewidth reduced by an etalon to I‘tapproximately 1 mwWof a
collimated continuousvave laser. Dichroic mirrors were used to couple the laser light into the
imagingoptical path andeparatéhe Ramarscatteredvavelengthsollected by the objective
lensfrom the laser wavelengtispatial filtering of the Raman scattered light was accomplished
by focusing, using 160 mm achromatic lensnto a 150m pinholein the confocal image

plane. The spatialliltered light was recollimated with a second achromatic lens of 160 mm,
and then focussed by a 50 mm achromatic lens onto ther@@idth entrance slits of a
spectrograph with a 0.500 m imaging triple gratimgnochromator (Acton Research
Corporation, Spectra Pro 2500i; 1800 lines/mm grating; 500 nm blaze wavelength). The
detector was 880 C cooled, backlluminated, chargeoupled device (Princeton Instruments,
Pixis 100B). Spectral data points were measiurédcrements of 0.018m. The optical

resolution of the spectroscopic system was 2,@nd the precision for a wavenumber
measurement was 0.5 2nThe signalto-noise ratio at the peak position of theband of the

Ru-porphyrin complex was typicaliground 40.

Reference solutionsAniline-coordinated ruthenium complex.CompoundA (5.0mg, 6.7x1¢
mmol) was suspended in benze&en() underanitrogen atmosphere, at room temperature, in a
glovebox, andan excessf 3,5-bis(trifluoromethylaniline (F; 4.2 m, 2.7x102 mmol) was

added The mixture was stirredntil it becamea red solutionCompound- was synthesised

using a previously reported procedtire.

Allylic amine-coordinated ruthenium complexThe dlylic amineproductE, CsHyNHAr (Ar is
3,5-bis(trifluoromethyl)pheny), wassynthesisedsing a literature proceddfend asolution of
E (7.7 mg, 2.%10? mmol) wasprepared in benzer{g ml). CompoundA (3.7 mg, 50x10?

mmol) was added tthe solution

Mixture of azide reagent anduthenium-porphyrin catalyst CompoundA (5.0mg, 6.7x1¢
mmol) was suspended in benzenen( underanitrogen atmosphere, at room temperature, in a
glovebox, andan excessf 3,5-bis(trifluoromethyl)phenyl azid¢12.6 mg4.9x10? mmol) was

added A dight colour change from orage/red to redirown was observed.

Further eferencespectra wereecorded fothe stable complexes, Ru'(TPP)CQ andD,
Ru!(TPP)(NAr) (synthesis describeglsewher®), andthe pureallylic amineE. All

measurements wergadein benzene solutions, at anpapximate concentration of 1 mM



Results
Resonance Raman spectroscopy of ruthenium complexes

Raman spectrdetween 46 and 1750 crh of ruthenium complexes with,10,15,20
tetraphenyl porphyriTPP)were obtainedisinga laserexcitationwavelength of 405 nm. This
wavelength is resonant with the Saabsorption band of the ligandofFexample, the
absorption maximum fahe starting catalys, Ru'(TPP)CQis 418 nm The resonance Raman
spectra for presamples ofA andthe intermediat®is-imido complexD, Ru’'(TPP)YNAr),, are
illustrated inFigure 3

The spectra fobothrutheniumcomplexesn Figure 3contain two strong vibrational bands
derived from the symmetric ring modes of the porphyrin ligandndn,. The assignment of

the spectra ifrfigure 3 is consistent with thaeported g Spiro and ceworkers!® Then, band
correspondso the pyrole halfring symmetric stretching vibration and is stronigiffuenced by
the extent op-backbondingrom the metald orbitalsto the porphyrinp* orbital, where an
increase in badlonding decreasg¢he frequency of tha, band.Consequently, both the electron
density on ruthenium and the nature of any bond formed by the metal to additional ligands in
axial positions has an effect on thesitionof then, band.The centre wavelength af; for the
5-coordinate compleA is 1353 cn1?. A significant shift in the position aofs to 1357 crt is
observed focomdex D due to the higher oxidation state of the metal ceftiecentre

position of then, band forA is 1540 crt and this band shifts to 1545 @rfor D. Weak
vibrational bands are observiedthe spectréor the symmetria; and the asymmetria;; and

n13 ring modesof the porphyrin ligandA strong band for the stretching mode between the
meseC and phenyl grougs observed at227 cm' for A and 123%nt? for D. Additional

weaker bands are observed for the stretching vibration betwebrttaand H atoms and the
phenyl ring modes in the TPP ligahdtadisplacemenin the positiorof thesebands following

a change in thexidation orcoordination stat of the rutheniuncentrewas not obserd.

There are two bands observed in the spectra shoftigune 3, which are not derived from the
TPP ligand. The RCO stretching band is observed at 525'émcompoundA, Ru'(TPP)CQ
Thenyz in-plane ring deformation mode for the 1;&Bubstituted phenyl ligand, Ais
observed at 1016nT* in compoundD, RuW'(TPP)(NAr). Then;» mode isRamaninactive for

theunsubstituteghhenyl grougn TPPandbenzenesolvent

Then; ring-stretching modéor benzenés observedt 991 crrt, along with weaker bands at
605 cm! (nss, ring deformation), 847 & 1176 ch{n.1 & ni7 C-H bending), and 1584 & 1604

cn! (nye ring stretching)



The resonance Raman spectra&pRu'(TPP)CO, irthe presence of exce3&-
bis(trifluoromethyl)phenyl azideArNs, is shown inFigure4. There is evidence in thipectrum
for the formation of @omplexwhich would be a praursor for the allylic amination reaction
illustrated inFigure 1.Tentatively, it could be suggested that the identity of the confiptened
is RU'(TPP)(ArNs)CO; however, this species has been predicted to be weakly BoLimel.
most significant evidence for the formationaoprecursorcomplexis the shift in then(Ru-CO)
stretching band from 525 chin the 5coordinate compleR to 497 cm' following the
occupation othe 8" coordination positiontransto the CO ligand, on the rutheniumetal ion.
The frequency of the(Ru-CO) bandis affected by backonding from the Ru d orbitals to the
CO p* orbital. In this casethe reduction ilbackondingon ligandbindingdecrease the bond
order of the R¢CO (metaito-ligand) bondwhilst increasng the bond order of the-O bond,
leadingto a decrease the frequency of théRu-CO) band.The CO ligand has a high affinity for
themetal d electrons and the degree of back bondittget@€Op* orbital is very significant in
the complexRu'(TPPCO. The prediction of weak binding betweArNs and the ruthenium
metal ion does nantirely preclude the possibility th#&trNs could act asnelectron
withdrawing ligandn the 6" coordinate positionwhich is favoured by the presence of;CF
groups on the aryl moietyhis wouldcausea significantdecrease in the back bondifngm Ru

to the COp* orbital, howeverthis might be expectettd increasehe order of thé&ku-N bond

It is reported in the literature thidte porphyrin ligandn thecomplexesRu'(TPP)X)CO, could

be in competition with the CO ligand for the metal d electrons, however, the CO ligand has a
much hidner affinity for the d electrons than the porphyrin ligdh@onsequently, there is a
relatively small variation in the frequency of thebandin Ru'(TPP)(X)COcomplexes as
backbonding tothe porphyrin ligand is always weak in theesence of an &l CO ligand ns
hasbeenmeasured from 1350 to 188n* for thevarious Rl complexes irthis work In

addition, he frequency of the, band in the high oxidation stagu"') complex D, is not that
much differento the valus foundin the low oxidation statéRu') complexesThis means that
the oxidation statef the metatan have onla small effect othe degree dbackbonding to

the porphyrin ligand in the presence of an axial CO ligaadhe higher electron density on the
Ru' metal is redirected to the CO ligand in preference to the porphyrin ligianthe complex
formed on addition oArNs; to RU"(TPP)CO (seeFigure 4) there is alecrease in baekonding

to theCO p* orbital (described abovednd asimilar decrease in baddonding to the porphyrin

p* orbital might also be expected, which would lead to an increase m frequency The
opposite is observed in the experimental data, and a small decrease in the frequenay of the
bandfrom 1353 to 139 cnT! was measud. Wespeculatehat the reason for thimuld bethe

geometry of theesultingcomplex.The location of ligand trans to the Cf@sults in strong



overlap between theorbitals acrosa planarconfiguration ofaxial bonds which bs a very
substantial effect on the back bonding to theg@@rbital. The ligandn the 6" coordinate

axial positioncamot have such a direct interaction with the porphyrin ligand which is located in
a perpendicular plane. TI6& coordinatdigandremoveselectron density from the RQ bond

Most of this electron density is redistributedptbonding to the azide group, busiéens likely

that, in this configuration, there is also some additional Hamkdinginteraction to the

porphyrinp* orbital. This causes a small decrease in the frequency o thend.

The absence of the anmy; band in the spectrushown inFigure 4 could be due to the weak
interaction between AriNand ruthenium Vibrational bands will not be observed in the
measuregpectrum unless the Raman cresstion is enhancedia an electronic resmance
with the excitation lasenediated by the porphyrin ligant@ihe centre position of the and
n(Cm-Ph) bands ar&540 cmt and 1226 cm, respectivelysimilar to the bangositiors
observed for comple&. The Raman spectrum reportedHigure 4 indicates an interaction
between ArNand Ru(TPP)CO and, even ifignot possible tdefinitively identify the nature
of the obtained complex, the immediate formation biseémido stable compounD can be

excluded(see below).

A nonresonance Raman spectrum is showFignire 5 (black line)for a solution containing the
alylic amineE, CsHgNHAr (the product in the scheme showrFigure 1).All the bands
observed in the spectrum correspond to vibrational modes bétirene solvent. Addition &
to A, Ru(TPP)CQ(in equimolar equivalentsiesults in the appearance of a resondexman
spectrum, in which the bands are observed again faftlhementioned porphyrin ligand modes
(ns 1358 cmt, n2 1545 cmt andn(C-Ph) 1231 cm) together with the RICO stretching mode
and thearyl n;; mode. Tle appearance of the anih bandsuggest thatE is boundto the 6"
coordinationposition on theuthenium metal centr® give RU'(TPP)E)CQin the solution

The resulting complex has a strong fluorescence, witnaasion peak maximupd40 nm.

The spectra shown FFigure 5 demonstratelearlythat the aryh:, band is enanced by an
electronicresonance, mediated by the porphyrin ligdotipwing the binding of the allyt
amineE to rutheniumwith the Raman scattering cross section correspondingly lowehéor
freeallylic aminein solution.As described abovéhe CO has a higaffinity for the d electrons
andbackbonding tahe porphyrin ligand is weak inomplexes containingn axial CO ligand.
The effect of binding oE to the &' coordination position appears to have restiliefdctin a
slight decrease in backbonding betporphyrin ligandThe new position of thes band at a
relatively high wavenumber position of 1358§ns very similar to that found in the Ru
complex,D, illustrating the point that the largdrelectron densitin the RU complexis mostly

redirected to the RCO bond. he secondary amine has exerted little effect on-backling to



the CO ligand (or any shift in thisand at the much lower frequency of ~520'cepompared to
then, band at-1350 cnt, cannot be discerned).

The resonance Raman spectruint@ined following the addition &%, ArNH», to compdex A is
shown at the top dfigure5. Compound- is a byproduct of the decomposition of
bis(trifluoromethyl)phenyl azide, and the presence of @®P)YF)CO at the conclusion of the
catalysed amination reactiondsnsideredikely.® The fluorescence of R(TPPYF)CQis
considerably lower than R(rPPYE)CO. Then, band for RU(TPP)F)CO is centred at 1355
cnrt which is the expected position forin a low oxidatiorstate complex (equivalent to
complexA in Figure 3) and contrasts with the unusually high value measured for
RU'(TPP)E)CO. Thewavenumber positions tifie otherporphyrin modesor Ru'(TPP)F)CO
are similarto those for RWTPP)(E)CO: n; 1545 cm' andn(Cr-Ph) 1280 cnt. The arylni,
mode is clearly present in the spectrunRaf(TPP)YF)CO. The RuCO stretching modbas not
been resolved cleartyhough however, the formation dfis-substituted complex in which the
CO ligand is replaced by a secamdline molecule is not likelylR measurements of the
purified compoungdisolated from benzene solutionmslicatethe presence of the-O stretching
band a@around 900 cmt.*" In this example, it is proposed that the-RD stretching mode
becomes unresolved following the binding of the primary aritethe ' coordination
position on the ruthenium metal idavidence that tha(Ru-CO) band is nbas well resolved
following the binding of certain ligands to th& éoordination position is supported the data
describedabovefor the preursor complex formed between the starting cat®{yasndArNs.
The resolution of tha(Ru-CO) band would be more challenging for'RTGPP)F)CO,
compared with the complex formed betweeandArNs;, as a result of the increase in
fluorescence backgrournid the measured spectruithe GO stretching bandtaround. 900 cm
lis weak in Raman spectra, relative to IR measurements, wad iotresolved above the

fluorescence backgrounghen the spectral range was extended to higher wavenumbers

A low power ofthe405nm laser wasisedin these experiments and there was noexvie of
laser photolysis leading to a reduction in the intensity of th€Buand in the resonance

Ramanspectra

Ru' (TPP)COcatalysed amination reaction afnsaturatedhydrocarbons by aryl azides

The amination of an unsaturatdgydrocarbon by an arglizide,catalysed byhe ruthenium
porphyrin compleXA, RU'(TPP)CO, was studiedinder the condition ad low concentration of
olefin (1 part cyclohexene to 100 parts benzeReponance Raman spectra of the reaction

mixture recorded after O, 8, 20 31, 34r%36 minutes are shown Figure6.



TheRamanband corresponding to the 0O stretching modis observedhroughout the

course of the reactioifhe aryln;» band increasan intensitysteadily between 0 and 36

minutes, which implies thatitherthe main producE or a byproduct such ag=, containing the

Ar groupdonated byhe aryl azideremains bonded to the ruthenium catalyst at the conclusion
of the reaction. The shift in the position of thdand during the course of the reaction, at low
olefin concentration, ishown in more detail ifigure7. Although the shift inlie centre

position of the bandrom 1354 crmt to 1356 cr, is relatively small, the peak maximum can be
identified precisely in the sequence of spectra as a result loitheoise level leading to signal
fluctuations across single pixels orfn error bar of 1 pixel is shown irFigure 7). No

observable shifits observedh then, band (centre wavenumber, Boe?). Although there is
some evidence of broadening of ti{€-Ph) band, this feature also remains at the same centre
position of 128 cn1®. The fluorescencbackgroundncreass significantlyduring the course of
the reactionThe final spectrum in Figure 6 should be compared with that reported in Figure 5
for a mixture of the starting catalyRt'(TPP)CO, A, and compoundE. It was noted above,

unexpectedly, that the position of thewas similar forE and the RY complexD.

The catalytic minationreaction was subsequently studied under the condition of a high
concentrabn of olefin (pure cyclohexenabsence dbenzene solvent). Resonance Raman
spectra of the reaction mixtyrecorded at frequent intergddetween 0 and Z2minutesare
shown inFigure 8. The F'and last spectra are also highlighted in the inset across the
wavenumber region of thg§Ru-CO) band; for these highlighted spectra only, the raw data has
been background subtracted to removehttoadfluorescencemission underneath the Raman

features.

The Raman band corresponding to theCQ stretchmg modeis observed at a low
wavenumber position of 495 chfrom the onset of the reactiosimilar to that Bown in Figure
4 following mixing of RU'(TPP)CO with the aryl aziddgsee inset ifFigure §. Then(Ru-CO)
band is more difficult to resolve during the course of the regdtimmever, by subtracting the
fluorescence backgrounad,combination of theow and highwavenumben(Ru-CO) bands is
observed (semset in Figure 8)¢orresponding ta mixture of imido complexy(Ru-CO) at 495
cntt, and RU complexesn(Ru-CO) ~520 cm'. Once again,ie aryln;, bandincreassin
intensity during the course of the catalytic reactiadicating that ligand containing thg,5
bis(trifluoromethylphenyl substituenemains boundb the ruthenium metal centas the
reaction proceedd heshiftin the position othens andn(Cy-Ph) bands ishown in more detalil
in Figure9. Once again, the overall shift in peak positions is relatively small but the low noise
level leads to signal fluctuations across single pixels only (an error barpixel is shown in

Figure 9. The centre position of th& band shifts from 13%6to 1358cn! after approx. 27.5
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minutes, and back to 1355 Zrafter 95- 108 minutef the reactionthe centre position of the
n(Cn-Ph) band shiftfrom 1226 to 1231 cm* after 12.5 minutes of the reactioks in the

previous examplat low olefin concentratigrihere is no observable shift seen inthband
(centre wavenumber is 1545 €prandthe fluorescence increasauring the course of the
reactionat high olefin concentration. The latter ressiltonsistent with the eventual
coordination of the allyli@mine produck to the ruthenium metal centr&t low olefin
concentration, there were no further changes in the Raman spectrum after 36 minutes; in
contrast, at high concentration of olefin,rén@ere significant changes in the Raman spectrum

for up to122 minutes.

Discussion
Low concentration of olefin.

The mechanism of the rutheniuratalysed amination reaction propogédnd illustrated in

Figure 1, suggests thabés-imido complexD, Ru"(TPP)(NAr), is formed as an intermediate

at low olefinconcentration. The persistence of the@®0 stretching banoh the Raman spectra
indicateghat partof the catalyst is not converted to this-imido complex at any stage of the
reaction the most likely explanation is thiite reactions taking place \a both cycles shown in
Figure 1 The increase in the fluorescence background is consistent with the coordination of the
allylic amine produck, GsHsNHAr, to the &' position on the ruthenium metal centre, in either
unreacted or recovered complxto give RU (TPP)COE.

The exact identification of intermediates or products from the positiovexriofus bandgn,, ns

andn (Cy-Ph)) in the Raman spect@nnot be made. These bands are relatively broad in the
measured spectra and, in the course of the reaction, must contain unresolved contributions from
different speciesis noted above, it is suspected that the reactatd be taking place via both
cydes shown irFFigure 1 The shift in the position dhe pyrrole halfring symmetriestretching
vibraton n4, observed during the catalysed reaction is similar to that observed either following
an oxidation state change of the metal ce# ¢ Ru"') or the binding of the allylic amine

E to the &' coordination position in the ruthenium compl&uf(TPP)CO + E -

RU'(TPP)COE). The strong fluorescence is further evidence for the binding of the target
productE to the ruthenium metal centre. Since ftyeproductF proposed in referen¥ has

been shown to give a complex with low fluorescence intensity on binding to the vacant
coordination site i\, it seemdikely that the target produé is dominant in the final mixture.
The final spectrum iffigure 7 showsa n(Ru-CO) bandfollowing fluorescence background

subtraction)which could suggest mixture of R(TPP)CCE and the starting catalyst
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High concentration of olefin.

Thepreviously proposethechanisnfor the rutheniuncatalysed amination reactidfand
illustrated inFigure 1, suggested that@neimido complexB, RuY(TPP)(NAr)CO, is formed
as an intermediate at high olefin concentration. This is supported by the appearanc¢ruf-the
CO) band at a low wavenumber position as a result of the binding of the imido groupo the 6
coordination posibn on rutheniunin atransgeometry with the CO ligan@ similar low
wavenumber for the(Ru-CO) bandwas observed for the supposed azide complex
combination of théow and highwavenumben(Ru-CO) bands is observeduring the course of
the reactiopandit is likely thata mixture of imido complexat lown(Ru-CO), and RU
complexesat highn(Ru-CO), exist at the conclusion of the reaction. This resugtportshe
proposabf comgex B as a reaction intermediate followitie theoretical study published
earlier®® This is furthersubstantited byshiftsin thens andn(Cr-Ph) bandso higher
wavenumbersluring the initial 27.5 minutes of the reactioonsigent withan intermediate,

such as thenoneimido complexB (RuUV), with a high oxidation stateeingdominant in the
reaction mixtureThesubsequendecrease in the wavenumber position forrthieand after 95
108 minutes of the reaction supports the proposed mechanism that reduction of &mplex

(RUV) takes place to give a final resting state for the catalyst a4 eoRplex.

The increase in the fluorescence backgradunmihg the course dghe reaction at high olefin
concentratioris consistent with the binding of allylic amine prod&db the ruthenium
complex to give RUTPP)CCE. There are two notable differences though in comparing the
results obtained at high and low concentratiorth@flefin. In the previous example at low
olefin concentration, (i) the(Ru-CO) band was resolved clearly at the high wavenumber
position, and (ii) the position of the band did not shift back to a lower wavenumber at the
conclusion of the reaction. In the present exangileigh olefin concentration, the initial
increasdollowed by adecrease in the wavenumber position ofrthband is as might have
been expected fahe proposed redon mechanism shown igure 1;i.e.thens band shifts to
a higher wavenumber position as a consequence of the formation of c@(eX) but then
returns to a lower wavenumber position as a consequence of the recovery df thel&ion

level in the resting state of the catalyst.
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Conclusion

The resonance Raman spectra recorded during the course of the chemical sepptiorthe
mechanistic propos#br the formation of (i) a precursor compleg&tweerthe starting catalyst
Ru(TPP)COand the aryl azide and (&monecimido intermediateRu (TPP)(NAr)CO, at fgh
concentrations of olefin. Both of these complexesvwoposed earlier on the basis of
theoretical studiesThenew experimental data also suggests @mbngimido intermediate

could existransiently onlyfor low concentratiosof olefin, where the formation oflais-imido
Ru!(TPP)(NAr) catalytic active species was already propo$ée esonance Raman spectra
haveprovided a clear indication of the resting state of the metal complex catalyst in solution,
with the allylic anine product binding to the"&oordination position on the metal centre to
produce a fluorescent comep.

The same methodology that was usethis work to study the amination of unsaturated
hydrocarbons by aryl azides could be used to investigate other hosnogeactionscatalysed

by transitionmetal complexe<Conditions for resonance Raman spectroscopy would need to be
achieved by appromie selection of the excitation wavelendththe present exampleoth

redox changes and ligand binding/substitution siegslving the rutheniunporphyrin catalyst
couldbe determineduringthe course of reactiotyy the use of a 405 nm laser, whigh i
resonant with the Soret absorption band of the porphyrin liggardanother example, a

different wavelength will be required which is resonant with any of the absorption features of
the caalyst, which could includd-d transitiors of the metal, howevea stronger enhancement
of Raman bands is likely from resonance with the absorption features for one of the ligand
groups A relatively straightforward sample chamibes beenconstructed thatambe sealed,
containing the reaction mixtures, inside a glove box, and transferred to a heated microscope
stage in order to monitor the ensuing reactiositu by resonance Raman spectroscdpyhe
present example, a temperature of COwas used to aakwing refluxing conditions in benzene;
any other temperature up to this value could be used but this was the highest accessible

temperature for which stable focussing of the confocal Raman microscope could be maintained.
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Figure captions

Figure 1: Propogd mechanisrfor theRuU'(TPP)CQcatalysed amination reaction of

cyclohexendoy aryl azidesadapted fromeferenced?.

Figure 2: Customdesigned sealed reaction chamleThe chamber comprises a wel) (vith

an internal volume of approx. 1 ml and a cap A malethread on the well3) and afemale

thread on the colladf enables the contents to be sealed, under a nitrogen atmosphere in a glove
box, by tightening to bring a vitonrrang (5) in contact with a #1:8ized cover glas$). Il. The
chamber is inverted placing the reaction mixtareontact with the cover gladfl. Raman
microspectroscopy can be performed by positioning the objective lens of an inverted
microscope in contact with the covglass window.

Figure 3: Resonance Raman spectra of ruthenium compl®esti. Ru'(TPP)CO(A). Greerni
RU!(TPP)(NAr) (D).

Figure 4: Resonance Raman speatfeRU'(TPP)CO(A) in the presence of excess ArN
Figure 5: Black - Non-resonance Raman speotr of the allyl amineArNH(CsHo) (E). Red-
Resonance Raman speim recorded from mixture of RU(TPP)CO(A) andE. Blue -

Resonance Raman gpeim recorded from mixture of A andArNH: (F).

Figure 6: Time-lapseresonance Raman spectra of the catalytic reaction mixture under the

conditiors of low olefin concentration

Figure 7: The observed shift in th& bandobserved byesonance Raman spedadtrdhe

catalyseeaminationreaction mixture under the condit®of low olefin concentration

Figure 8: Time-lapseresonance Raman spectra of the catalytic reactigiura under the
conditions of higholefin concentrationinseti Then(Ru-CO) baml in the first and last spectra

(corrected for the fluorescence background

Figure 9: The observed shift in th&C-Ph) andhs bands observed by resonance Raman
spectra in the catalysenination reaction mixture under the conditions of high olefin

concentration.
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