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Prefaci

“Es pot demostrar que aquesta historia, del tot arbitraria, és veritat. Podria
explicar innombrables histories diferents, i serien totes veritat: totes literalment
veritat, en la natura dels traspassos, en 'ordre i en la data. El nombre dels atoms es
tan gran que sempre se’n trobaria un la historia del qual coincidis amb una historia
qualsevol inventada a ’atzar. Podria explicar histories, i no acabaria mai, d’atoms
de carboni que es fan color o perfum a les flors; d’altres que, d’algues menudes a
petits crustacis, a peixos cada vegada més grossos, es tornen de nou anhidrid
carbonic a les aigiies del mar, en una ronda perpetua i espantosa de vida i de mort,
en que cada devorador és immediatament devorat; d’altres que arriben en canvi a
una decorosa semieternitat a les pagines esgrogueides d’algun document d’arxiu, o a
la tela d’un pintor faméds; d’aquells a qui toca el privilegi de ser part d'un granet de
pol-len, i deixaren la seva empremta fossil a les roques per a la nostra curiositat;
d’altres encara que baixaren fins a ser part dels misteriosos missatgers de forma del
semen huma, i participaren en el subtil procés d’escissié, duplicacié i fusié d’on
cadascun de nosaltres és nat. N’explicaré en canvi només una altra, la més secreta, i
I'explicaré amb la humilitat i la retencié de qui sap de bon comen¢ament que el seu
tema és desesperat, els mitjans fluixos, i I'ofici de revestir els fets amb paraules fallit
per la seva essencia profunda. Es altre cop entre nosaltres, en un got de llet. Esta
inserit en una llarga cadena, molt complexa, i tanmateix d’'una mena que gairebé
tots els seus anells sén acollits pel cos huma. Es engolit: i com que tota estructura
vivent conté una desconfianca salvatge envers qualsevol aportacié d’altre material
d’origen vivent, la cadena és feta a trossos, i els trossos, un a un, acceptats o
rebutjats. Un, aquell que ens toca, travessa el llindar intestinal i entra al corrent
sanguini: migra, truca a la porta d'una cel-lula nerviosa, hi entra i suplanta un altre
carboni que en formava part. Aquesta cel-lula pertany a un cervell, i aquest és el
meu cervell, el meu, ara mentre escric, i la cel-lula en qiiestio, i en ella I'atom en
questio, esta adscrita al meu escriure, en un joc geganti i minuiscul que encara ningu
no ha descrit. Es la que en aquest instant, fora d’una laberintica trama de sis i de

nos, fa que la meva ma corri seguint un cert cami sobre el paper, el senyali amb



aquestes volutes que son signes; un doble salt, cap amunt i cap avall, entre dos

nivells d’energia condueix aquesta meva ma a imprimir damunt del paper aquest
punt: aquest.”

Primo Levi. FEl sistema periodic.
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Capitol 1

Catalisi

1.1 Que és la catalisi?

El terme catalisi (descompondre quimicament)’ fou introduit per Berzelius el 1836
per tal d’explicar varies reaccions de descomposicié i transformacio. El terme encara
contenia certes ressonancies alquimiques ja que assumia que la catalisi posseia poders
especials que podien influir en I'afinitat de les substancies quimiques. Actualment, la
ITUPAC defineix la catalisi com I'accié d'una substancia (catalitzador) que incremen-
ta la velocitat d'una reacci6 sense modificar-ne la variacié global d’energia de Gibbs
estandard (AG, veure figura 1.1).! Aquesta definicié és molt similar a la que dona
Ostwald! any 1895: “un catalitzador accelera una reaccié quimica sense afectar la
posicio de 'equilibri”. Per tant, la clau de la catalisi és que els catalitzadors afecten
la cinetica i no la termodinamica de les reaccions quimiques; és a dir, que AG no
varia mentre que I'energia de Gibbs d’activacié (AG¥) si que ho fa.

Les diferents etapes de reaccio ens porten de reactius a productes tot recuperant
el catalitzador inicial, fent que la catalisi sigui un procés ciclic. Aquest conjunt d’e-
tapes formen un cicle catalitic.?

Un fet que no és del tot evident és que un catalitzador tan accelera la formacié dels
productes a partir dels reactius com la formacié dels reactius a partir dels productes,?

ja que ambdds processos passen pel mateix cami degut al principi de reversibilitat

el mot prové del grec: “kata”, que significa complet, i “lysis”, que significa ruptura.
fPremi Nobel de Quimica I’any 1909.
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microscopica.

Un catalitzador no sempre sortira exitds de la seva contesa. Si l’enllag entre qual-
sevol dels reactius i el catalizador és massa feble, hi haura poca conversié. Tanmateix,
si 'enllag entre els catalitzadors i un dels reactius és massa fort, els altres reactius no

estaran disponibles alhora de formar els productes.

Coordenada de reaccid £

Figura 1.1: Comparacio entre l’energia de Gibbs d’activacié d’una reaccié no catalitzada
(A G’%) i la d’una reaccid catalitzada (A Gg) La termodinamica de la reaccio ve donada per
AG.

D’altra banda, si reactius o productes formen enllacos forts amb el catalitzador,
la reaccié pot esdevenir improbable provocant el que s’anomena enverinament de-
gut a reactius o a productes. De la mateixa manera, si el producte s’enllaca massa

fortament al catalitzador la reaccié tampoc no pot prosperar perque no s’allibera el
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catalitzador per tal de que pugui prosseguir amb el cicle catalitic produint I’anomenat
enverinament degut al producte o als productes. Per tant, podriem dir que la millor
combinacio entre un catalitzador i els reactius és aquella que fa que els enllagos entre
ambdods no siguin ni massa febles ni massa forts. Aquest concepte qualitatiu es coneix
amb el nom de principi de Sabatier.

Cal esmentar que, a banda d’accelerar reaccions quimiques, els catalitzadors
també ens permeten millorar la selectivitat dels processos; és a dir, obtenir pro-
ductes desitjats enfront d’altres que no ho sén: permetent formar certs productes
quimics enfront d’altres (quimioselectivitat), fent que la mateixa reaccié quimica tin-
gui lloc només en un lloc d’'una molecula (regioselectivitat) o facilitant que es formi
majoritariament un diaestereoisomer (diaestereoselectivitat) o un enantiomer (enan-

tioselectivitat).?4

1.2 Tipus de catalitzadors

Els catalitzadors no sén tots iguals ni actuen de la mateixa manera i, tot i que es
poden classificar de diferents maneres, aqui els classificarem en base a l'estat d’a-
gregacio. A la figura 1.2 es pot veure una classificacié esquematica dels diferents
tipus de catalitzadors.® Aixi, si tan el catalitzador com els reactius i els productes es
troben a la mateixa fase, parlem de catalisi homogenia. Aquests, es poden dividir en
catalisi acid-base, compostos de metalls de transicié i organocatalisi,’ aquest darrer
un camp emergent. D’altra banda, en catalisi heterogenia els catalitzadors es troben
a una fase diferent a la dels reactius. D’aquesta manera, els catalitzadors heterogenis
generalment son solids que catalitzen reaccions de molecules en fase gas o en solucié.
També hi ha formes intermedies com catalitzadors homogenis suportats (catalitzadors
homogenis heterogenitzats). A més, hi ha els enzims, que en la nostra classificacié es
troben a mig cami entre els catalitzadors homogenis i els heterogenis, i un altre camp

emergent com la nanocatalisi. Per saber si per una reacci6 concreta ens cal un procés

de catalisi homogenia o heterogenia ens cal coneixer les caracteristiques d’ambdds

tPaul Sabatier comparti amb Victor Grignard el premi Nobel de Quimica 'any 1912.
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tipus de catalisi. Aixi, els avantatges de la catalisi homogenia son la selectivitat,

I’elevada activitat, i les condicions suaus de reaccio.

| Cataltzadors |

Homogenis Biocatalitzadors
Homodgenis heterageneitzats P—— Heterogens Manocatilsi
[—— Caldlisi acid-basa Catalizadors Nk f—

Composics de
— |
talls ds Catalitzadors

transitié s

Crganccatilisi

Figura 1.2: Una classificacid dels tipus de catalitzadors.

Per contra, el major inconvenient de la catalisi homogenia és la separacié del
catalitzador dels productes ja que es formen a la mateixa fase, fet que en limita 1’a-
plicacié industrial i, com a resultat, la majoria dels productes industrials s’obtenen

° En processos catalitzats per metalls

mitjancant processos de catalisi heterogenia.
de transicié generalment es treballa a temperatures inferiors a 200 °C.” En aquest
rang de temperatures els catalitzadors homogenis es poden estabilitzar o modificar
per I'addicié dels lligands, essent 1’efecte del solvent potencialment considerable.® Pel
que fa a la catalisi heterogenia, els reactius es poden separar amb facilitat, perque com
ja s’ha esmentat, els catalitzadors heterogenis generalment sén solids que catalitzen
reaccions de molecules en fase gas o en solucié. Una altra diferencia que presenten
ambdues classes de catalitzadors és el grau de dispersié. Els catalitzadors homogenis
presenten un grau de dispersié més alt que els catalitzadors heterogenis ja que cada
molecula de catalitzador és potencialment activa. Per contra, en els catalitzadors
heterogenis només els atoms de la superficie sén reactius, i en conseqiiencia, els ca-

talitzadors homogenis exhibeixen una activitat més alta per unitat de massa que els

catalitzadors heterogenis.® Aixo també permet usar una concentracié de catalitzador
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més baixa en catalisi homogenia que en catalisi heterogenia, a més de condicions de
reaccio més suaus. Una altra caracteristica que diferencia la catalisi homogenia de
I’heterogenia i que és d’interes en aquesta tesi doctoral és que en catalisi homogenia
el lloc actiu és més conegut i, per tant, se solen esbrinar amb més precisié els meca-
nismes de reaccio.

Pel que fa als biocatalitzadors, com ja hem dit, es troben a mig cami entre la
catalisi homogenia i la catalisi heterogenia. En la majoria dels casos els biocatalit-
zadors son enzims, els quals sén extremadament selectius i eficients. Un enzim és
capag de completar 1000 cicles catalitics en un segon mentre que, en comparacio, els
catalitzadors homogenis i heterogenis convencionals sén lents i ineficients ja que solen
completar entre 100 i 10000 cicles perd per hora!? A més a més, els enzims permeten
treballar en condicions suaus, és a dir, a temperatura ambient, solucié aquosa i pH
proper a 7. Per tant, no ha d’estranyar que els enzims resultin font d’inspiracié pel
disseny de nous catalitzadors!

En aquesta tesi, les reaccions que s’han estudiat formen part de la familia de la
catalisi homogenia i en concret del subgrup de les reaccions catalitzades per compos-

tos de metalls de transicio.

1.3 Activitat 1 eficiéncia dels catalitzadors

Tot i que inicialment s’assumi que el catalitzador roman inalterat al llarg de la reacci6?
és evident que un catalitzador mai no es comporta idealment, ja que pot patir canvis
que poden fer que la seva activitat esdevingui menor a mesura que transcorre la
reaccid, és a dir, que es desactivi.® Per tant, per tal de comparar els catalitzadors és
cabdal obtenir magnituds que ens permetin mesurar la seva eficencia.

El quimic suec Svante August Arrheniust relaciona empiricament la constant de
velocitat amb la temperatura per una reaccié elemental mitjancant l'equacié que

porta el seu nom (Equacié 1.1).% En principi, I'equacié només és aplicable a reaccions

tes refereix a quan s’ha completat un cicle catalitic.
fpremi Nobel de Quimica I’any 1903.
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en fase gas tot i que sovint s’aplica de manera general:
—Eq
k = Ae®rT (1.1)

on A és el factor prexponencial (també s’anomena factor de freqiiencia), E, és l'e-
nergia d’activacié, R és la constant universal dels gasos (8.314 J-mol™1.K~1) i T la
temperatura absoluta (en graus Kelvin).%3910 Malgrat que A sf que varia amb la
temperatura, la seva dependencia és normalment feble comparada amb la del terme
exponencial i per tant generalment es pot negligir.®> Com a regla general (aproxima-
dament) cada 10 K es dobla la velocitat. Si la barrera és inferior a 5 kcal-mol™!, la
reaccié esta controlada per difusid, mentre que si és superior diem que esta controlada
quimicament.? L’energia d’activacié és un parametre molt important en catalisi ja
que ens diu la barrera energetica que s’ha de superar per tal que una reaccié donada
tingui lloc. Aixi, partir de I'equaci6 1.1 podem arribar a I’equaci6 1.2, que ens diu que
I’energia d’activacié és un valor empiric que es pot determinar a partir de la variacio

de la constant de velocitat amb la temperatura:’

(1.2)

L’energia d’activacié també pot prendre valors negatius, cosa que significa que la
constant de velocitat disminueix a I'augmentar la temperatura.'®

Una teoria important alhora d’estudiar processos quimics, aquesta de base teorica,
és la teoria de l'estat de transici6é (TET), la qual fou desenvolupada I’any 1935 per Ey-
ring d'una banda'! i per Evans i Polanyi de ’altra.'? Hi poden haver diferents formu-
lacions de la TET pero aqui comentarem 1’anomenada formulacié termodinamica.® 3

Imaginem que la reaccié entre els reactius inicials A i B dongui lloc a una con-
figuracié dels atoms tal que I'especie activada AB¥ o estat de transicié pugui donar
lloc espontaniament tan als reactius inicials com al producte final i que, a més a més,

estigui en equilibri amb els reactius inicials.

A+B=AB*—- P (1.3)

Degut a I'equilibri tenim una constant d’equilbri Ki que la podem expressar de la

segilent manera:
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- [ABY]
K= m (1.4)
Se suposa que la concentracié de I'especie AB* és totalment menyspreable respecte
les concentracions de les espeécies A i B, de manera que es pot considerar que les
concentracions de A i de B no varien. D’altra banda, la velocitat de la reaccié la
podem expressar en funcié de la formacié dels productes, on k* és la constant de
velocitat que ens porta de AB* a productes:
dp] _ KAB]* (1.5)
dt
El valor de k¥ ens el déna la termodinamica estadistica i és igual a kT, on kg és
la constant de Boltzmann (1.38-10723 J.-K~!) i T la temperatura (en graus Kelvin).
Gracies a les equacions 1.4 1 1.5 acabem obtenint:
d|P kgT
AP EeT i (16)
Finalment, la relacié de van t’Hoff ens relaciona la constant d’equilibri amb la

variacié d’energia de estandard Gibbs d’activacié:

AGY = —RTIn K? (1.7)

on AG{ és la diferencia entre energia de Gibbs estandard de Destat de transicié
i la dels reactius A i B.
Per tant, acabem obtenint:

_ kpT _agj

k . e RT (1.8)

Com que AG% es pot expressar en termes d’entalpia (AH%) i d’entropia (AS%)

podem dividir I’equaci6 1.8 en dos termes:

AG, = AH; — TAS} (1.9)
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Finalment, a partir de I'equacié 1.2, tot substituint-hi ’equacié 1.10 acabem ob-

tenint la relacié entre I'entalpia d’activacié i 'energia d’activacio:

E, = AH! + RT (1.11)

Ara, si es realitzen calculs teorics per tal d’estudiar reaccions quimiques només
ens faltara saber la relacié entre magnituds obtingudes experimentalment com ara
E., AH* i AG*, i 'energia potencial (E) obtinguda dels calculs teorics. Si a E hi
afegim ’energia de punt zero i les correccions termiques de ’energia interna obtenim
I'energia interna a una temperatura donada (U(T)). A partir d’aquesta magnitud

podem calcular 'entalpia i ’energia lliure de Gibbs a través de les féormules:

H=U+PV (1.12)

G=H-TS (1.13)

Pel que fa a I'energia d’activacié I'obtindrem a través de I'equaci6 1.11. D’aquesta
manera, ja haurem obtingut valors per les magnituds experimentals E,, AH* i AG?
a partir de la E obtinguda dels calculs teorics.

Si finalment inserim ’equacié 1.11 a I'equacié 1.10 acabem relacionant 1’equacio
d’Arrhenius amb la teoria de ’estat de transicié tot obtenint una férmula pel valor

prexponencial de I'equacié d’Arrhenius:

A= EG(H%?)
h

Ara que hem definit parametres que ens permeten avaluar l'activitat dels cata-

(1.14)

litzadors passarem a descriure les propietats que ens permeten comparar 1’eficiencia
dels catalitzadors: el “turnover number” (TON) i el “turnover frequency” (TOF).?
E1 TON sén les voltes al cicle catalitic que déna el catalitzador fins que es desacti-
va, és a dir, el nombre de molecules de reactius que una molecula de catalitzador pot
convertir a productes. Per tant, en un catalitzador ideal el TON féra infinit. Pel que
fa al TOF, és el TON dividit pel temps. Per tant, el TON és una mesura del temps

de vida del catalitzador, mentre que el TOF és una mesura de l'activitat propiament



1.3. Activitat i eficiencia dels catalitzadors 9

dita. De totes maneres, les definicions varien segons els tipus de catalitzadors. En
catalisi heterogenia, per exemple, el TON i el TOF es defineixen per lloc actiu o per
gram de catalitzador ja que no se sap amb certesa quantes molecules de catalitzador
hi ha a la superficie, mentre que en biocatalisi (d’on prové el terme), el TON i el
TOF es defineixen com la velocitat mesurada quan totes les molecules d’enzim estan
complexades amb reactiu dividides per la concentracié total d’enzim. Per tant, sem-
pre que es treballi amb el TON i el TOF és important donar les unitats per tal que

no hi hagi malentesos.
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Capitol 2

Hidrogenacions i oxidacions de
compostos insaturats en catalisi

homogenia

2.1 Hidrogenacions en catalisi homogénia

En catalisi homogenia el terme hidrogenacié es refereix a una reaccié quimica en
la qual un o més hidrogens s’incorporen al producte(s) de reacci6 sota 1'accié d'un
catalizador dissolt a la mateixa fase que els reactius. L’hidrogen molecular no és
I'tinica font d’hidrogen ja que també ho poden ser alcohols (normalment 2-propanol),
glicols, aldehids, éters, amides o fins i tot hidrocarburs aromatics. En aquest cas,

parlem de reaccions de transferéncia d’hidrogen.

2.1.1 Activacié de I’hidrogen molecular

Comencarem parlant de I’hidrogen com a font d’hidrogenacié. En aquest cas, hem de
trencar la molecula d’hidrogen, la qual no és gens reactiva, ja que tot i ser-ho més que
d’altres molecules petites com ara el Ny o el CO presenta una energia de dissociacio
de 104 kcal-mol~!. Malgrat tot, la hidrogenacié pot tenir lloc i pot ser catalitzada
entre altres per compostos dels metalls de transicié, una amplia varietat dels quals

son capacos d’actuar com a catalitzadors d’hidrogenacié en condicions suaus.

11
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Per tal que hi hagi reaccié 1'hidrogen s’ha d’activar i aquesta activacié pot tenir
lloc de dues maneres: mitjangant una activacié homolitica o mitjangant una activacio

heterolitica tal i com es mostra a la figura 2.1:15:16

H
M + Hy — M, (homolitica)
H

MX + H, —> MH + HX (heterolitica

Figura 2.1: Vies d’activacid de I’hidrogen molecular.

Ambdés processos poden ocorrer directament o bé a través de complexos dihi-
drogen mno classics tipus M(n* — H,). La caracteritzacié dels primers complexos de
dihidrogen data de mitjans dels anys 80 i vingué de la ma de Kubas i col-laboradors
amb complexos tipus [M(CO)3(PR3)2(n*Hs)] on M = Mo, W i R = Cy, ‘Pr.}” L’en-
lla¢c en aquests compostos és analeg al que s’usa per descriure ’enllag amb etile.
L’orbital o H-H déna densitat electronica a un orbital d buit de simetria o. La in-
teraccio es reforga amb la retrodonacié dels orbitals d ocupats del metall a 1'orbital
o* buit de I'hidrogen (figura 2.2).18

L’activacié homolitica és una addicié oxidant, ja que formalment dos electrons
es transfereixen del metall als hidrogens i per tant aquest augmenta en dues unitats
el seu estat d’oxidaci6. En conseqiiencia, per tal que 'activacié homolitica tingui
lloc, un metall en estat d’oxidaci6 inicial (n) ha de tenir un estat d’oxidacié (n +
2) estable, a més de ser capag de tolerar un increment del nombre de coordinacié en
dues unitats i de ser capac d’acceptar un parell d’electrons.'?

En canvi, 'activacié heterolitica no implica cap modificacié de l'estat d’oxida-
ci6é ni del nombre de coordinacié de I'atom metal-lic. Implica que el grup acceptor,
generalment un lligand, accepti un hidrogen en forma de proté mentre que I’altre hi-
drogen s’enllaci al metall en forma d’hidrur. L’habilitat de trencar ’hidrogen depen
de les propietats electroniques tan del metall com dels lligands® i esta relacionada
amb I’habilitat de poblar I'orbital * del Hy. La retrodonacié s’afavoreix en orbitals

d difusos alts en energia ja que el forat d’energia entre els orbitals moleculars que
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interaccionen és més petita i per tant el seu solapament és major. El trencament
de I’hidrogen també es veu afectat per la naturalesa dels lligands (si sén o-donadors
s’afavoreix en front de si sén m-acceptors). Si el metall és ric en electrons, 'activacié
de I’hidrogen pot océrrer més facilment per addicié oxidant ja que pot retrodonar
més densitat electronica a ’orbital o* del Hy tot facilitant el trencament de I'enlla¢ o
H-H. En canvi, per metalls poc rics en electrons ’activacié heterolitica de ’hidrogen
sol ser més freqiient i, per tant, és més habitual en metalls de la part esquerra del
bloc d. No obstant, ultimament s’ha vist que també pot océrrer en metalls situats al

centre i a la dreta del bloc d.21732

Figura 2.2: Representacié de la donacid i retrodonacid en els complexos de dihidrogen. El
color lila és pels orbitals plens mentre que el color taronja és pels orbitals buits. D’altra

banda, els orbitals tramats son de signe contrari als que no ho son.

Darrerament, s’ha proposat que per diferents catalitzadors la hidrogenacié hete-
rolitica podia ésser assistida per solvents polars protics com ara alcohols.>*37 En

aquest cas, l'estat de transicié del procés transcorre a través d’un anell de 6 membres
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tal i com es mostra a la part dreta de la figura 2.3, en contraposicié a la metatesi o
[2 4+ 2] via un anell de 4 membres del procés no assistit, la qual es mostra a la part
esquerra de la figura 2.3. Mitjancant calculs teorics també s’ha proposat que una
base externa sigui capag¢ d’assistir el procés d’activacio heterolitica en un mecanisme
per passos; primer acceptant un proté d’un complex dihidrogen i després cedint-lo a

un lligand acceptor.3®

_ ot
5 3
- |
5 5 5 s
LM HooH
it || s
) ) |
L R _

Figura 2.3: Esquema dels estats de transicid del trencament heterolitic de ’hidrogen no

assistit (a Uesquerra) i assistit per una molécula de solvent polar protic (a la dreta).

2.1.2 Mecanismes d’insercio

L’activacié de ’hidrogen genera hidrurs metal-lics, és a dir, especies amb almenys un
enllagc M-H. Aquestes especies s’anomenen aixi independentment de la polaritzacio
que presenti l'enllac, ja sia H™, H o HT i desenvolupen un paper important en cicles
catalitics d’hidrogenacio. En catalisi homogenia, els catalitzadors classics d’hidroge-
nacié sovint es basen en metalls de transicié com ara Rh, Ir, Rui Os.'* Tot i aixo, tal
i com es mostrara al capitol 5 d’aquest treball, també complexos basats en d’altres
metalls, com ara or amb lligands semi-salen, sén capacos de catalitzar reaccions d’-
hidrogenacié. De fet, tan el mecanisme d’hidrogenacié de complexos d’or semi-salen
com el de complexos analegs de pal-ladi han estat objecte d’estudi al capitol 5 d’a-
questa tesi doctoral mitjancant calculs teorics mitjancant la teoria del funcional de
la densitat (DFT). Un altre complex d’or, el (AuCl),[(R,R)-Me-Duphos|, també és

capa¢ d’hidrogenar enantioselectivament alquens i imines amb una activitat similar
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als catalitzadors classics d’iridi o de plati.??

Pel que fa als mecanisme d’hidrogenacié, molts d’aquests complexos operen a
través de mecanismes d’insercié del substrat insaturat a l’enlla¢ M-H.'*% Per a la hi-
drogenaci6 d’alquens, classicament es contemplen dues rutes possibles d’hidrogenacio
en funcié del nombre d’hidrurs que continguin els catalitzadors: la ruta monohidridica
i la ruta dihidridica. Els monohidrurs (d’aqui ruta monohidridica), especies amb un
sol enllag M-H, donen lloc a un cicle catalitic com el que es mostra a la figura 2.4. Es
a dir, transcorren a través d'un intermedi M-alquil i la posterior entrada d’hidrogen

molecular permet regenerar el monohidrur tot alliberant el producte final: 1'alca.

[M-H]

Alque
/‘

Alca

MH(Alque)

Ho
[M-alquil]

Figura 2.4: Ruta a través del monohidrur.

Com a exemple de complex que segueix la ruta monohidridica hi ha el
RhH(CO)(PPhs)s en la hidrogenacié d’alquens, essent la dissociacié d’una fosfina
una etapa necessaria per tal de coordinar I'alque.*! Tal i com es veura al capitol 5
d’aquesta tesi doctoral tan els complexos d’or amb lligands semi-salen com els com-
postos analegs de pal-ladi segueixen I’esquema general mostrat a la figura 2.4. Un altre
complex que segueix la ruta monohidridica és el catalitzador RuCly(PPhs)s en la hi-
drogenacié d’alquens terminals enfront d’alquens interns.*?> En aquest complex, 1'ac-
tivacié de I’hidrogen es dona heteroliticament donant lloc al complex RuHCI(PPhs);
ia HCIL

Pel que fa a la ruta dihidridica, aquesta déna lloc a un cicle catalitic on entren

a l'esfera de coordinacié primer la molecula d’hidrogen i després 'alque o viceversa,

per finalment eliminar 'alca gracies a la transferencia dels dos hidrurs al substrat
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(figura 2.5). El complex [RhC1(PPhs)s] (també anomenat catalitzador de Wilkinson)
és un exemple de compost que segueix la ruta dihidridica, essent un dels casos més

paradigmatics i estudiats dels catalitzadors d’hidrogenacio.

M]
Hy
Alca
[M(H) ] [M(alque)]
Alque
Ho
[M(H) 2(alque)

Figura 2.5: Ruta a través del dihidrur.

Aquest complex fou preparat per Bath i Vaska I'any 1963%*44 i fou estudiat poste-
riorment per Wilkinson 1’any 1965.745:46 S’usa per hidrogenar una serie de compostos
organics insaturats® i segueix la ruta dihidridica amb prévia activacié de la molecula
d’hidrogen. La reacci6 té lloc en condicions suaus: temperatura ambient i pressio
atmosferica del Hy. El mecanisme proposat que té més acceptacidé és el de Hal-
pern provinent d’estudis cinetics?™ 2 i estudis espectroscopics de RMN i de IR.%! Per
aquest ordre tenen lloc: la dissociacié d’un lligand, ’addicié oxidant de la molecula
de Hsy, la coordinacié d’una molecula d’etile, la insercié de 1'etile a l’enllag M-H,
una isomeritzacio i, finalment, ’eliminacié reductiva, etapes que es mostren a la
figura 2.6. Morokuma i col-laboradors proposaren el pas d’isomeritzacié dins del ci-
cle catalitic mitjancant calculs teorics.?®®® De fet, aquest treball fou el primer que
estudia un cicle catalitic complet mitjancant calculs teorics i es troba una barrera
pel pas determinant de la reaccié (insercié + isomeritzacié) d'unes 20 kcal-mol~! a

nivell Hartree-Fock (HF)® en concordanca amb els resultats experimentals.?*5¢ A

fpremi Nobel de Quimica I’any 1973.

¥Tot i que normalment s™usa per hidrogenar enllacos C=C també s’ha fet servir per hidrogenar
altres enllacos insaturats com ara enllagos C=0.

$Mitjancant calculs puntuals MP2 la barrera calculada era superior, prenent un valor al voltant
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més, aquest catalitzador té la particularitat que el seu mecanisme depeéen de la font
d’hidrogen, ja que en reaccions de transferencia d’hidrogen a cetones fent servir 2-
propanol com a font d’hidrogen s’ha proposat un mecanisme monohidridic enlloc de
dihidridic.?”

L
L—Rh/— Cl
L
+L|| L
Eliminacio reductiva Addicié oxidant
L
HRCCH Rl Ha
L
L
/ L
H,RCCH,—Rh—ClI Ha /
i | __Ri—cl
H™/
H
L
RHC=CH,
Isomeritzacio Coordinacio de I'etil
RHC—CH, RHC=CH,
N L

~ L7 /

/Rh— Cl H—/Rh— Cl

| L

H

\/ H
Inserci6 de I'olefina

Figura 2.6: Cicle catalitic proposat pel catalitzador de Wilkinson.

Pel que fa a d’altres substrats que no siguin alquens, com ara alquins, carbonils i
imines, en alguns casos també s’han proposat mecanismes d’insercié analegs als ob-
servats a les figures 2.4 i 2.5. Per exemple, els complexos tipus [OsHCI(CO)(PRg3),]
(PR3 = PiPr3, PtBusMe) catalitzen la hidrogenacié d’alquins mitjangant intermedis

alquenil, essent la formacié de I'alque per reaccié amb la molecula d’hidrogen el pas

d’unes 30 kcal/mol.
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determinant de la velocitat de la reacci.”®

També s’han desenvolupat catalitzadors d’hidrogenacié en medi aqués. En alguns
casos, el pH del medi s’ha vist que tenia una gran importancia, fent que ’especie
activa fos un monohidrur o un dihidrur i donant lloc a regioselectivitat en la hidro-
genacio. Aixi, en la hidrogenacié de a-f-aldehids insaturats amb Hs, complexos de
Ru(II) de mtppms ((m-sulfonatofenil)difenilfosfina, lligands utilitzats per fer el ca-
talitzador soluble en aigua) s’ha vist que en medi acid catalitzaven la hidrogenacié
dels enllagos C=C mentre que en medi basic catalitzaven la hidrogenacié dels en-
llagos C=0. Gracies a estudis potenciometrics i de RMN (*H i 3'P) es detecta que
el [RuHCl(mtppms);] era I’especie majoritaria en medi acid mentre que el [RuHs-
(mtppms),] era 'especie dominant en medi neutre i basic.’*% Posteriorment, prenent
un model de I'especie activa en cada cas (fent servir PH; com a lligands fosfinics) i mit-
jangant calculs B3LYP i també en alguns casos metodologia ONIOM(B3LYP:UFF)
(en aquest cas usant lligands PPhs), es pogué explicar la regioselectivitat observa-
da.f%%2 En medi acid, on la hidrogenacié de C=C és la que té preferéncia, es proposa
la insercié del substrat a 'enllag M-H i la formaci6 del producte final per protonacio
gracies a I'acidesa del medi.®! L’efecte del solvent s’inclogué mitjancant clisters de
tres aigiies’ per aquesta darrera etapa i també per 1'etapa de regeneracié de 'hidrur,
la qual té lloc mitjancant la coordinacié de I’hidrogen molecular al metall i la trans-
ferencia d’'un proté al clister [(H20)s]. En medi acid, el pas que es proposa com
a determinant de la regioselectivitat fou la insercié del substrat a I'enllag¢ M-H. Per
contra, en I'estudi en medi basic mitjancant una aproximacio analoga, el pas que de-
termina la regioselectivitat és la transferencia protonica. En aquest cas, és I'aigua (ja
que no hi ha hidronis al medi) la que ha de protonar el producte d’insercié del C=0
o del C=C, essent termodinadmicament factible pel primer cas perd no pel segon.5?
Delbecq i col-laboradors proposaren un mecanisme de transferencia concertada de
I’hidrur i del proté d’un lligand aquo coordinat al metall a I'enllag C=0, pero aquest
mecanisme no sembla que tingui en compte la variacio de la reactivitat en funci6 del
pH.65

Per la hidrogenacié de carbonils mitjangant el complex [Rh(die)Ly]* també s’ha

tEn estudis previs s’observa que mitjancant aquest model s’obtenia una bona descripcié del

sistema a un temps de calcul raonable.53 64
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proposat un mecanisme d’insercié a través d’intermedis alcoxid,%¢ aixi com també pel
complex RuHCI(CO)(PPh;)3,%" mentre que per complexos com ara el RuHy(n?-Hs)-
(PPhs); s’ha proposat la ruta dihidridica per la hidrogenaci6 de la ciclohexanona.®®

Els mecanismes d’hidrogenacié pels quals operen les imines sén els menys estudi-
ats de tots ja que se’'n coneixen pocs catalitzadors.*! Aixd probablement és degut al
fet que la hidrogenacié d’imines és només lleugerament exoteérmica (aproximadament
15 kcal-mol™!) en comparacié amb la hidrogenacié d’alquens (aproximadament 30
keal-mol™!), a que la hidrogenaci6 requereix una coordinacié 7% del substrat (si bé el
mode de coordinacié habitual de les imines és n') i a que les amines resultants poden
arribar a enverinar el catalitzador degut a que generalment sén forca bons lligands.*!

En conseqiiencia, tal i com s’ha vist pels exemples mostrats fins ara i indepen-
dentment del substrat i del catalitzador, s’observen per quasi bé tots els casos dos
processos clau. El primer és la coordinacié del substrat insaturat al metall, essent
necessaria una vacant de coordinacio a ’esfera de coordinacié del metall via la marxa
d’un lligand o bé via una reorganitzacié de 'estructura del catalitzador. El segon és
la insercié d’aquesta especie a l’enllag M-H.

Tot i aix0, hi ha alternatives mecanistiques que no requereixen ni la coordinacio
del substrat al metall ni la insercié del substrat a I’enllag M-H. Es tracta del meca-
nisme ionic i del mecanisme d’esfera externa. El mecanisme d’esfera externa, si bé
també es pot donar quan la font d’hidrogen és hidrogen molecular, s’explicara dins

Iapartat 2.1.4 dedicat a les reaccions de transferencia d’hidrogen.

2.1.3 Mecanisme ionic

El terme mecanisme ionic s’aplica a aquells sistemes on es transfereixen un proté i un
hidrur al substrat.*®% La suma d’ambdues especies déna com a resultat hidrogen mo-
lecular i, en conseqiiencia, té lloc una hidrogenacié. La reaccid transcorre mitjancant
I’esquema mostrat a la figura 2.7. Inicialment té lloc I'addicié oxidant de I'hidro-
gen molecular, posteriorment es dona la transferencia del proto i finalment ocorre la
transferencia de ’hidrur donant lloc al producte final. Una serie de complexos de Mo
i W de férmula [W(Cp)(CO)a(PR3)(O=CEtq)|BAr,’ [Ar=3,5-bis(trifluorometil)fenil]

es va veure que eren precursos catalitics de la hidrogenacié ionica de cetones. En



20 HIDROGENACIONS I OXIDACIONS DE COMPOSTOS INSATURATS EN CATALISI . . .

la majoria dels casos el pas limitant de la velocitat de reaccié era el desplacament

70,71

de la cetona (o l'alcohol) per Hy per tal de formar el dihidrur. Posteriorment,

se sintetitzaren els complexos de férmula [MoH(CO)o{n°:n'-C5H4(CH,)oPRo}] (R =
Ph, Cy, tBu) amb PhyCTBAr,’~ que milloraren 'activitat dels complexos anteriors.”™
Un mecanisme d’hidrogenacié ionica analeg al de la figura 2.7 també fou proposat
per la hidrogenaci6 ionica de cations iminis mitjancant un complex de Ru amb fosfi-
nes quirals. En aquest cas, la transferencia de ’hidrur era ’etapa determinant de la

velocitat i de I'enantioselectivitat.™

CI)H
C
/T
RHR ®
M YHZ
H
® H
- ®,
I\/IO\C/R M\
[H :

Figura 2.7: Mecanisme ionic per a la hidrogenacid de cetones.

Encara que la font d’hidrogen sigui hidrogen molecular, els anomenats catalitza-
dors bifuncionals (vide infra) sovint també s’han inclos dins del terme d’hidrogenacié
ionica ja que el catalitzador acaba aportant Hy com a suma d’un proté i d’'un hidrur

tal i com passa en els mecanismes ionics.*% %9

2.1.4 Reaccions de transferencia d’hidrogen i mecanismes as-
sociats
Pel que fa a les reaccions de transferencia d’hidrogen, el seu esquema general es mos-

tra a la figura 2.8. En aquestes reaccions una especie donadora DH5 déna hidrogen

molecular mentre que una especie acceptora A l'accepta. Les reaccions de trans-
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ferencia d’hidrogen sén més freqiients per a dobles enllagos polars com ara cetones i
. . 1 . 1 . . b/ t b/ ) . 1 74778
imines que no pas per a alquens i alquins, si bé també se’'n coneixen alguns casos.

Aquests processos sén una opcié molt atractiva en la hidrogenacié de dobles enllagos
polars ja que comparada amb la hidrogenacié habitual permeten condicions de reaccié
suaus, una elevada selectivitat, una concentraci6 de reductor (generalment alcohols)
elevada i, a més, presenten altres avantatges com ara que els reductors sén facils de

manejar a més d’ambientalment sostenibles.”™

A+DH, —— AH,+D

Figura 2.8: Esquema general de les reaccions de transferéncia d’hidrogen.

Els mecanismes per a aquests processos es poden subdividir en dos grups: un me-
canisme directe del donador a ’acceptor anomenat mecanisme de Meerwein-Ponndorf-
Verley (MPV)382 i un mecanisme indirecte que transcorre a través d'una especie
metall-hidrur tal i com s’ha vist pels mecanismes d’insercié. El mecanisme MPV
és habitual pels elements dels grups principals i transcorre a través d'un estat de

transicio de sis membres tal i com es mostra a la figura 2.9.

OH O (0] OH
)\ " )l\ )l\ " )\
Ry Ry Ry R>
1

#\H”UERZ

Figura 2.9: Mecanisme de Meerwein-Ponndorf-Verley (MPV) per la transferéncia d’hidro-

gen.

Generalment, el mecanisme MPV esta catalitzat per acids de Lewis com ara iso-

propoxids d’alumini o sals de lantanids,? 8384

pero també s’ha proposat per metalls
de transici6.®> " Pel que fa al mecanisme que transcorre a través de la via hidridica,
aquest és el preferit pels metalls de transicio, ja que aquests mostren més afinitat per

formar hidrurs que no pas els elements dels grups principals. La ruta hidridica es pot
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dividir en dues rutes: la que procedeix a través d’un monohidrur i la que procedeix
a través d’un dihidrur, de forma analoga a la subdivisiéo dels mecanismes d’inser-
ci6. Aixi, en reaccions de transferencia d’hidrogen, apart del complex de Wilkin-
son(vide supra), també transcorren a través de la ruta monohidridica catalitzadors
com ara el (bipy)sRhyCly, el (PPhs)3RhCI, el Mog(OH)5Cpy, el [Ir(COD)(bipy)]BF4,
el TroCly(dppp)2, el Ir(COD)(bipy)]BF, i el [Ir(COD)(dppp)]|BF4.5"888  Per com-
plexos tipus [MH(n?-H,)PP3]* M = Fe,Ru,Os; PP3; = P(CHy;CH,PPh,)3 també s’ha

proposat un mecanisme monohidridic.?%9!

D’altra banda, per complexos com ara el
RuCly(PPh;3)3% o el complex Ru(diamino)Cly(PPh;z)2®” s’ha proposat el mecanisme
dihidridic. A tall d’exemple, els mecanismes d’hidrogenacié de carbonils mitjancant
els complexos RhCl(PPhg); i RuCly(PPhs)s es mostren a les figures 2.10 i 2.11, res-

pectivament.

(PPhg)sRhCI
o)

ﬂ Bae o O+)]\
A

R
o (PPhz)sRhH — R
)j\ PPhs
x
R
/‘\ [0 1
C|> |
(PPhy)sh (PPh3),RhH

R
N
| PPhs

Ry Rz OH (PPh3)3Rh

A

Figura 2.10: Cicle catalitic proposat per la hidrogenacié de carbonils mitjancant el complex
RhCI(PPhs)s. Mecanisme monohidridic.

Backvall i col-laboradors han desenvolupat un experiment que permet distingir

la ruta monohidridica de la dihidridica i que consisteix en racemitzar un alcohol
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opticament actiu a la posicié «. Aixi, si la ruta dihidridica té lloc, el deuteri s’hauria
de trobar deslocalitzat entre el carboni i I'oxigen, mentre que si la ruta monohidridica

té lloc, el deuteri hauria d’estar en la posicié a de ’alcohol racemitzat.5?3

RUC'z(PPh3)3
+ 2HCI
)\ \%\
RUHz(PPhg):g
*7/ \{ R{
o RuH(PPhg)s )—o RuH(PPhs)s

Figura 2.11: Cicle catalitic proposat per la hidrogenacio de carbonils mitjancant el complex
de RuCly (PPhg)s3. Mecanisme dihidridic.

Pel que fa a la ruta monohidridica dins d’aquesta s’han proposat dues subrutes
addicionals. La primera és com la que s’ha vist anteriorment i requereix la coor-
dinacié del substrat previa a l'insercié a 'enllag M-H i també s’anomena d’esfera
interna en contraposicié al mecanisme d’esfera externa que exposarem a continuacio.
La segona és diferent als mecanismes vistos fins ara i consisteix en la transferencia
concertada de I'hidrur i del proto fora de 'esfera de coordinacié del metall. Es per
aix0 que també s’anomena mecanisme d’esfera externa i se’'n mostra ’esquema a la
figura 2.12, essent una variant mecanistica molt habitual pels anomenats catalitza-

dors bifuncionals. Aquest terme fou proposat per Noyori! per aquells catalitzadors

tRyoji Noyori fou premi Nobel de Quimica 1’any 2001 pel seu treball en reaccions d’hidrogenacié
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que contenen un hidrogen amb caracter hidridic enllacat al metall i un hidrogen amb

caracter protic enllacat a un lligand que alhora esta coordinat al metall.?*

X"’H""‘O

M-, .--C
H
R/

N
R
Figura 2.12: Mecanisme de transferéncia concertada de lhidrur i del proté fora de l’esfera

de coordinacio del metall.

A la figura 2.13 es mostren exemples de catalitzadors bifuncionals per una bona
colla de metalls de transici6.?* %4101

Les reaccions de transferencia d’hidrogen també s’han estudiat mitjancant
calculs teorics. Aixi, mitjancant calculs teorics BLYP en complexos com ara el
Ir(COD)(aminoalcohol) i Ir(COD)(aminosulfit) s’ha proposat el mecanisme MPV®®
i pel complex RhH(CoHy)2[N(CHjs)s)e s’ha vist mitjancant calculs tedrics que aquest
mecanisme era factible, tot presentant una barrera energetica de 22 kcal-mol~!. Per
aquest catalitzador, el mecanisme MPV ha permes explicar I’abséncia d’enantioselec-
tivitat quan amines terciaries enlloc d’amines primaries i secundaries estaven coordi-
nades al metall.8

La suma del complex [RuCly(n°-benze)]s, N-tosiletilendiamina o etanolamina, i
KOH formen un catalitzador actiu en reaccions de transferencia d’hidrogen entre al-
cohols i carbonils.? 192103 En un estudi pioner, Noyori i col-laboradors mostraren
mitjancant calculs teorics que pel catalitzador Ru(n®-benze)(NHCH,CH,Y) (Y=0,
NH) el mecanisme concertat fora de l'esfera de coordinacié del metall presenta-
va una barrera de 15.8 kcal-mol~1.19%  Posteriorment s’aconsegui explicar 'origen

05

de D’enantioselectivitat a través d’aquest mecanisme.’ El mecanisme concertat

també s’ha mostrat més favorable en la hidrogenacié de carbonils en reaccions de

transferencia d’hidrogen en d’altres estudis teorics per un complex de Ru analeg

al de Noyori'® i per d’altres compostos com ara el Ru(difosfina)(diamina)!?-108

109-111

(també permetent explicar ’enantioselectivitat), i també experimentalment

en catalisi asimetrica. El premi el comparti amb K. Barry Sharpless i William S. Knowles.
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mitjancant estudis d’efectes cinetics d’isotop (KIEs) pel complex tipus [p-
(Me2CH)CgHy4Me|Ru(NHCHPhCHPhNSO,CgHy-p-CHs) en la hidrogenacié de car-
bonils.''?  Per un complex similar, el Ru(n®-arene)(NHCHPhCHPhNHTS), també
s’ha proposat el mateix mecanisme per a la hidrogenacié d’imines.®* Per altres ca-
talitzadors, com ara el RhH(COD)diamina® i el IrH3[(‘ProPCoH,),NH], '3 calculs
teorics també mostraren que el procés complet de transferencia d’hidrogen també

procedeix a través del mecanisme concertat fora de 'esfera de coordinacié del metall.

Ph__o o_Ph X >=<
Ph@ HO@Ph |
\ PRPR —Ru~

< b 4 - )\/NH
OoC co oc CO PH ; 2
Ph
Shvo )
Noyori
OCHg3;
CHj

PhgP.. «NH2
O O oo Sy ety
Ar;H * H H I CH3
P".RIU\NHZ O H3C
v OCH
RO

Morris
Noyori
<> e
5 ©)
Ph/ N\ Rl *~M/Nlu..
Rh o— \U\H PR
/N | H N
Ph H H N\ _NH Ho
2 CHgs
M=Rh, Ir
Baker Andersson Ikariya-Xiao

Figura 2.13: Ezemples de catalitzadors bifuncionals amb els grups que els han sintetitzat.

Pel que fa al mecanisme d’esfera interna, s’ha estudiat teoricament per forca com-
postos perd en pocs s’ha proposat com el mecanisme operatiu de la reacci6. Com

ja s’ha comentat, la coordinacié del substrat implica canvis a l’esfera de coordina-
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ci6 del metall. Pel compost Ru(nS-benze)(NHCH,CH,Y) (Y=0, NH) de Noyori,
calculs BSLYP han mostrat que la coordinacié del substrat carbonilic requereix el
desplacament de 'anell de 7% a n2.f Aquest pas, en l'estudi de Noyori, es mostra
forca menys favorable que el mecanisme d’esfera externa ja que presentava una bar-
rera energetica aproximadament 10 kcal-mol™! superior.!® Pel que fa a complexos
d’iridi, com ara el Ir(COD)(aminoalcohol) i el Ir(COD)(aminosulfit), la coordina-
ci6é del carbonil tenia lloc gracies a ’hemilabilitat proporcionada per la part alco-
hol i sulfit dels lligands aminoalcohol i aminosulfit, respectivament. Pel complex
Rh(COD)(diamina)hidrur, la coordinacié del carbonil es donava gracies a la desco-
ordinacié d'un lligand amina. En aquest cas, el pas determinant de la velocitat de
reaccié era la (-eliminacié, amb una barrera energética de 23.6 kcal-mol™! deguda
basicament a l’elevada estabilitat de I'intermedi alcoxid. Aquest pas permetia rege-
nerar ’hidrur tot generant ’especie carbonilica final 14

Un complex pel qual si que s’ha proposat el mecanisme d’esfera interna és el
[RuH(i-PrOH)(CH3-CONH)(CO)(PCys)s], el qual és capag d’hidrogenar cetones i
imines. En aquest cas es proposa un mecanisme amb dissociacié inicial d'un lligand
PCys degut a que l'addici6 de PCys inhibeix la velocitat de reacci6. Els seglients
passos, degut a I’observacio d’efectes cinetics d’isotop inversos, foren la rapida trans-
feréncia, primer del proté i després de I’hidrur.!t?

Per tant, fins ara podem concloure que, dins de la via hidridica, la majoria de
complexos metal-lics prefereixen el mecanisme d’esfera externa enfront del mecanisme
d’esfera interna i del mecanisme MPV. Perque el mecanisme MPV i el mecanisme
d’esfera interna siguin competitius en les reaccions de transferencia d’hidrogen és
necessaria la labilitat d’algun dels lligads per tal de permetre la coordinacié del subs-
trat. Un altre fet que limita 'operativitat del mecanisme d’esfera interna (en el cas
dels carbonils) és I'elevada estabilitat de I'intermedi alcoxid?, fet que dificulta el pas
seglient de la reaccié que no és altre que la generacié del producte final.

Un dels catalitzadors bifuncionals més versatils degut a la seva amplia aplica-
ci6 en processos de transferencia d’hidrogen és el catalitzador de Shvo (veure figura

2.13).95:96:116 Permet usar tant hidrogen molecular com alcohols com a font d’hidro-

tEn calculs MP4 el desplacament de I’anell conduia a una coordinacié n*.
fAix0 en cas que la vacant que queda lliure al transferir Ihidrur es cobreixi una altra vegada.
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gen (generalment 2-propanol) i ha estat aplicat en moltes reaccions de transferéncia

117 11 119 I’

d’hidrogen com ara la hidrogenacié de carbonils,''” imines!'® i alquins, oxida-

120 121,122

ci6 d’alcohols*#? 1 d’amines 1 en resolucié cinetica dinamica d’alcohols secun-

123,124 5

daris i amines primaries'?® en combinacié amb lipases. El seu mecanisme en
reaccions de transferencia d’hidrogen ha generat una forta controversia ja que durant
forca temps s’ha polemitzat sobre si aquest catalitzador operava a través d’un meca-
nisme d’esfera interna o bé a través d’un mecanisme d’esfera externa sobretot en la

126,127 § en la hidrogenacié d’imines.!287134

hidrogenaci6 de carbonils El seu mecanisme
ha estat objecte d’estudi al capitol 4 d’aquesta tesi doctoral per a la hidrogenacié de

cetones, imines, alquens i alquins.

2.2 Oxidacions en catalisi homogenia

Una oxidacié implica la perdua d’un o més electrons d’una entitat molecular i un
increment del nombre d’oxidacié de qualsevol atom del substrat. Per tal que pu-
guem parlar d’oxidacié, aquests dos criteris s’han de complir. Un tercer criteri, que
es compleix moltes vegades perd no sempre, és el guany d’oxigen i/o pérdua d’hi-
drogen per part d'un substrat organic.! A continuacié, es comentaran breument les
caracteristiques generals de les reaccions d’oxidacié d’olefines en catalisi homogenia

que s’han estudiat en aquesta tesi doctoral: I’epoxidacié mitjancant compostos tipus
Cp*Mo(VI) i el procés de Wacker.

2.2.1 Epoxidacions en catalisi homogenia

Un procés de gran importancia industrial és I’epoxidacié d’olefines ja que és una via
relativament facil de funcionalitzacié d’olefines. Com a exemple, I'0xid de propile
té una produccié anual de 4 milions de tones i és un intermedi clau en la industria
quimica ja que es fa servir per a la sintesi de propilenglicol, poliuretans i resines.!®
La meitat de la produccié anual d’aquest compost encara se sintetitza mitjancant la
ruta de la clorhidrina malgrat que aquesta ruta usi Cly i generi 2 kg de CaCly per

cada kg d’oxid de propile produit i, per tant, tingui un fort impacte ambiental.3%
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D’aqui neix la importancia del desenvolupament de catalitzadors per a I'epoxidacid
d’olefines. En el nostre cas ens centrarem en els catalitzadors homogenis.

A finals dels anys 60, les empreses Halcon i Arco desenvoluparen una ruta d’e-
poxidacié fent servir catalitzadors homogenis de Mo(VI) per tal de sintetitzar oxid
d’etile emprant tert-butilhidroperoxid (TBHP) com a font oxidant. D’aleshores enga,
nombrosos complexos de metalls de transicié s’han emprat per a epoxidacions, com

W, 3710 complexos bisperoxids de Mo i W amb

ara trioxids de Re i dioxids de Mo i
formula [MO(Og)a(L; (L2)],**! polioxometal-lats'*? 144 i una gran varietat d’oxids ge-
nerats in situ a partir de complexos de Fe i Mn amb lligands porfirina, salen i altres
tipus de lligands.'*514® Com que molts peroxids de Mo i W s’han pogut caracterit-
zar, s’ha proposat que aquestes especies son les que sén capaces de transferir un atom
d’oxigen a l’etile. En conseqiiencia, varen sorgir dues propostes mecanistiques per tal
d’explicar 'epoxidacié: la de Mimoun,'? que proposad un mecanisme pel qual es for-

ma un cicle de cinc membres, i la de Sharpless,'® en la qual té lloc la transferéncia

d’oxigen sense coordinacio de 'olefina al metall.

Figura 2.14: Mecanismes proposats per Mimoun i Sharpless per a [’epoxidacio d’olefines.

La majoria d’estudis teorics han avalat la preferencia del mecanisme de Shar-
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pless. P15 Aix{, calculs DFT a nivell BSLYP han conclos que 1'epoxidacié este-
quiometrica d’olefines mitjangant complexos tipus Mimoun [MoO(n%-O,),(OPR3)]
procedeix a través del mecanisme de Sharpless amb una barrera energetica de 15
kcal-mol~!, mentre que el mecanisme de Mimoun a través de la formacié d’un me-
tal-lacicle de 5 membres condueix a la formaciéo d’aldehids i no pas a la forma-

152 Altres estudis teorics amb complexos tipus Herrmann [ReO(n?-

ci6 d’epoxids.
03)9Me]'® amb peroxids de Cr, Mo i W1 i amb el complex [VO(O,)s(imidazol)] =18
també han proposat el mecanisme de Sharpless. Pel que fa al caracter electronic de
I'estat de transicio resultant s’ha proposat que 'olefina actua com a nucleofil mentre
que el peroxo ho fa com a electrofil, ja que s’ha mostrat que la interaccié dominant
és entre orbital HOMO de Detile i Porbital antienllagant o*(O-O) del peroxid.'*?

Pel que fa a les epoxidacions catalitiques, es poden donar altres mecanismes si hi
ha més d’una especie reactiva. Aixo ha fet que els peroxids es poguessin activar mit-
jancant la protonacié, ja sigui intramolecularment per la transferencia d’un proto des
d’un lligand aquo o des de la protonacié intermolecular mitjancant acids de Brons-
ted. Aixi, mitjangant calculs teorics en complexos de Re(VII) es troba que aquesta
protonacié era endotérmica, mentre que en complexos de Mo(VI) era exotérmica i
I'epoxidacio resultant presentava una barrera lleugerament més elevada que la del
peroxid. Per tant, apart del lligand 1?-O,, el lligand n'-OOH també era capac de
transferir un atom d’oxigen. Per exemple, en el cas de catalitzadors bifasics tipus Mi-
moun [MoO(O4)2(OPR3)], 'energia d’activacié de I'epoxidaci es veigué drasticament
disminuida amb la protonacié del peroxid, amb barreres de 3 a 1 kcal-mol™!, en funcié
de si hi havia o no un lligand aquo addicional, respectivament.!6!

D’altra banda, Thiel proposa un mecanisme alternatiu degut a que des d’un com-
plex tipus [MoO(O3)2(L1)(Lz)] la reaccié no tenia lloc si no s’hi afegia TBHP.162164
En conseqiiencia, 'oxigen que atacava l’etile havia de provenir de I'hidroperoxid i no
pas del peroxid. En aquesta proposta mecanistica, primer es donava ’activacié de
I’hidroperoxid tot transferint-se el proté al grup peroxid i coordinant-se el grup OOR
al metall. Seguidament, es donava I’epoxidacié propiament dita de manera similar al
mecanisme proposat per Sharpless i, finalment, tenia lloc 'eliminacié de 'epoxid, la
regeneraci6 del peroxid i la formacié de 1’alcohol ROH per transferencia del proté (fi-

gura 2.15). Pel que fa a I'oxidant emprat, quan la reaccié no és catalitzada per metalls
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de transicié normalment s’usen peracids i dioxirans.'®®> Malgrat que 1'is de TBHP
presenta avantatges a nivell industrial, darrerament estan cobrant gran importancia
aquells que usen peroxid d’hidrogen com a font oxidant, ja que I'inic subproducte
que s’obté és aigua i, per tant, és una via molt a tenir en compte des d'un punt de

vista ambiental.

SN D

N W = S
e \\o M—Lo
M ~ E— P o \R > \O \R
O\ O/
H \
o H

-ROH - LN
Z 1111

Figura 2.15: Mecanisme proposat per Thiel per a l’epoxidacid d’olefines.

A més a més, el peroxid d’hidrogen presenta un major percentatge d’oxigen dis-
ponible respecte d’altres oxidants.!3® Entre els diversos intents d’usar el peroxid d’hi-

drogen com a oxidant, destaquen els basats en el complex de CH3ReO3 de Herrmann

i col-laboradors!'66-167

68

o els basats en complexos de Mo(VI) modificats de Sunder-
meyer.!

Pel que fa a la quimica dels metalls en estats d’oxidacié alts, tot i que generalment
han estat restringits a solvents no aquosos, 1'is d’aigua com a solvent ha guanyat forca
interes ja que no és toxica, és barata i és de facil accés. Aixi, una part d’aquesta tesi
doctoral s’emmarca en la naturalesa de l’especiacié en solucié aquosa del complex
[Cp*MoOs] ™, aixi com la seva posterior aplicacié en I'epoxidacié d’olefines, on s’han

avaluat els diferents mecanismes exposats en aquesta seccié (capitol 6).

2.2.2 Procés de Wacker

Les reaccions d’oxidacié en fase homogenia han estat molt estudiades des del punt

de vista mecanistic. El cas més paradigmatic és I'anomenat procés de Wacker, ja que
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fou la primera oxidacié catalitica organometal-lica que es coneix. Aquest procés és
d’una gran importancia industrial, ja que avui en dia es produeixen al voltant de 4
milions de tones a ’any d’aldehids a partir d’alquens mitjancant aquest procés.'® La

reaccié global del procés es mostra a la figura 2.16.

PdC|2/ CUC|2
CHs + 120, > CH5CHO

Figura 2.16: Reaccio global del procés de Wacker.

De fet, des de finals del segle XIX se sabia que el PdCly aquéds era capag d’oxidar
estequiometricament l'etile a acetaldehid tot dipositant Pd(0) metallic. Com que
el PdCly era massa car per tal d’usar-se estequiometricament a nivell industrial, la
clau perque el procés fos viable economicament era la catalisi. El procés catalitic
fou desenvolupat a finals de la decada dels 50 per J. Smidt, de I'empresa alemanya
Wacker Chemie.'6% 1 TLa reaccié que en resulta es pot subdividir en tres etapes
(figura 2.17).

CHy + HO + PdCl; ————— CHCHO + Pd + 2HCI

Pd + CuCl, ——— PdClz +2CuCl

2CuCl + 1/2 0, + 2HCl ———  2CuCla + H0

Figura 2.17: FEtapes del procés de Wacker.

La primera implica 'oxidaci6é propiament dita d’etile a acetaldehid, mentre que la
segona capta el Pd(0) mitjancant CuCly abans no precipiti, tot regenerant el PdCl,
i formant CuCl. Com que el CuCl és sensible a l'aire, en la tercera i ultima etapa
aquest complex és reoxidat mitjancant oxigen molecular tot regenerant el CuCl,. El
cicle catalitic sencer del procés de Wacker es mostra a la figura 2.18. Aquest cicle
parteix del PACI3~, que és 'especie catalitica inicial en medi aqués. Inicialment,
s’ha proposat la substitucié d’un clorur per l'etile i a continuacié té lloc 'etapa

que ha generat més controversia: ’atac nucleofil d’'una molecula d’aigua a l’etile. Per
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aquesta etapa s’han proposat dos mecanismes. En el primer, després de la coordinacié
d’un lligand aquo gracies a la marxa d’un clorur, es desprotona el lligand aquo i a
continuaci6 es déna 'atac nucleofil en syn de I'hidroxil a l'etile. Aquest mecanisme
també s’anomena d’esfera interna ja que el nucleofil esta coordinat al metall. Pel
que fa al segon mecanisme, es dona l’atac nucleofil fora de 'esfera de coordinaci6 del
metall (és per aixo que aquest mecanisme també s’ha anomenat d’esfera externa) en

anti d'una molecula d’aigua del medi, amb I’alliberacié simultania d’un proté i d’un

clorur.
@)
12 G
2HCI
+ H
H,0 CuCl Cl aka
u | CoHy
2CuCb
| Cr
Cl
CI—IlDd{ ' anti d'esfera externa |C| 1
OH H-0 CI—Pd—H H,0
HCI‘// | \%/ Cl
: cl cl cl
: C)
cl 1© : | L |

syn d'esfera
interna

|
||4 OH k <|:| —lia/
CI—Pd—‘ B

Addicié nucleofila

Figura 2.18: Cicle catalitic proposat pel procés de Wacker amb les dues addicié nucleofiles

possibles: en syn i en anti.

17178 com teorics'™ 8% han estudiat 1’atac nucleofil, el

Tan estudis experimentals
qual s’acabara d’explicar i d’abordar al capitol 7 d’aquesta tesi doctoral. En aquest

capitol s’ha estudiat aquesta etapa mitjancant dinamiques moleculars de primers
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principis (veure el capitol segiient) situant el complex metal-lic en una caixa de 26
molecules d’aigua.

Un cop ha tingut lloc I'atac nucleofil, la reaccié pot procedir mitjancant la (-
eliminacié d'un hidrogen seguida de l'insercié del doble enllag resultant a I’enlla¢ Pd-
H, mentre que mitjancant el CuCl, i 'alliberament d’un protd es regenera ’especie
activa del catalitzador (PdCI3™). L’eliminacié final del producte també ha estat ob-
jecte de controversia pel procés de Wacker. Per aquesta etapa, classicament s’ha
proposat un mecanisme d’eliminacié de I'hidrur en 3,'° tot i que també s’havia sug-
gerit el desplacament o de 'hidrur.!™ ¥ Els estats de transicié corresponents a les

dues propostes respectives es mostren a la figura 2.19.

— — 1 _ ot
0

e g

H., /H2 HC-----Pd—OH,

R /
H0—Pd HoC |
a
al L -

Figura 2.19: Estats de transicié del desplagament o de Uhidrur i de la [(-eliminacid de
Uhidrur.

En un estudi recent, Goddard i col-laboradors proposaren mitjancant calculs
teorics DFT una eliminaci6 reductiva directa assistida per una molecula d’aigua (fi-
gura 2.20).187

Figura 2.20: Estat de transicid de ’eliminacio reductiva directa assistida per una molécula

d’aigua.
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Mecanismes similars (perd sense assistencia d’una molecula d’aigua) ja havien
estat préviament proposats en altres estudis.'® 189 Tot i que la 3-eliminacié reduc-
tiva també s’ha vist que podia ésser assistida per una molecula d’aigua, la barrera
energetica associada seguia essent més gran que per a l’eliminacié reductiva directa

motiu pel qual es proposa aquest pas per l'etapa de finalitzacié del cicle catalitic.



Capitol 3

Aproximacio teorica a la catalisi

homogenia

3.1 Aplicaci6é dels calculs teorics a la catalisi ho-
mogenia

Tal i com hem vist al primer capitol, un procés catalitic eficient és aquell que pro-
cedeix rapidament sense canvis energetics abruptes. Aixo fa que en el millor dels
casos la deteccid i caracteritzacid experimental d’intermedis sigui dificil. A més, els
cicles catalitics poden arribar a presentar moltes etapes. Per tant, els calculs teorics
son una opcié molt a tenir en compte alhora d’estudiar mecanismes de reaccié en
catalisi homogenia.®® 1% En aquests estudis és clau el concepte de superficie d’ener-
gia potencial (PES) perque permet la determinacié d’intermedis de reaccié i barreres
d’activacié.

El concepte de PES sorgeix d’aplicar I'aproximacié de Born-Oppenheimer,'?! que
considera que el moviment dels nuclis és negligible respecte el moviment dels electrons
ja que els primers sén molt més pesats i per tant I'estructura electronica s’adapta ins-
tantaniament a qualsevol reorganitzacié nuclear. Al resoldre I'equacié d’Schrodinger
electronica trobem l'energia per una determinada configuracié nuclear, pero per tal
d’obtenir la superficie d’energia potencial completa aquesta s’hauria de resoldre per

totes les possibles configuracions nuclears. Per sort, amb alguns punts de la superficie

35
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d’energia potencial ja en tenim prou per 'estudi de la reactivitat quimica i aquests
punts son aquells en els quals 'energia és estacionaria respecte les coordenades nu-
clears: els minims i els estats de transicié (punts de sella d’ordre 1). La localitzacié
dels estats de transicié és la part més dificil del procés i, tot i que hi ha algunes
metodologies que ens permeten localitzar els estats de transicié de forma sistematica,
generalment la cerca d’aquestes estructures es fonamenta en la intuicié quimica. Hi
ha qui diu que cercar estats de transicio és un art i possiblement tingui bona part de
rad.

Un cop hem localitzat els minims i els estats de transicié obtenim un perfil d’e-
nergia potencial per la reaccié d’estudi i, en conseqiiencia, podem coneixer ’energia
de reaccié (AE) i també la seva barrera energetica (AE*). No s’ha de confondre
'alcada de la barrera energetica AE* que obtenim dels calculs teorics amb ’energia
d’activacié E,, ja que la darrera és una quantitat empirica.®> Com s’ha comentat al
capitol 1, a partir de ’energia potencial dels calculs podem obtenir ’energia lliure de
Gibbs de la reaccié estudiada. Tanmateix, calcular el perfil d’energia lliure de Gibbs
d’aquesta manera té forca limitacions, sobretot en processos associatius i dissociatius.
Aixi, si en una dissociacié en fase gas passem d’un fragment a dos el terme entropic
creix basicament gracies a les components translacionals i rotacionals de 1’entropia.
En solucié aquest increment entropic no pot ser tal, ja que les molecules de solvent
restringiran el moviment dels dos fragments. Per tant, els processos dissociatius s’ob-
tenen més favorables del que haurien de ser mentre que pels processos associatius
passa justament el contrari.’®? Alguns autors han proposat tenir en compte només la

1937195 pherd si la primera aproximacié peca per

component vibracional de I’entropia,
excés aquesta generalment peca per defecte. Es per aixo que en gran part dels calculs
d’aquesta tesi s’ha preferit usar AE i AE* pels mecanismes avaluats de les reaccions
estudiades enlloc de AG i AG*. Posteriorment, s’ha inclos I'efecte del solvent.
Malgrat tot, existeixen metodes que ens permetran obtenir una estimacié rao-
nable de l’energia lliure. Per tal d’aconseguir-ho, en aquesta tesi doctoral s’han
usat metadinamiques acoblades a dinamiques moleculars de Car-Parrinello. Aques-
ta metodologia, la qual es descriura a la seccié 3.2.4, s’ha aplicat satisfactoriament

85,196-198

en processos de catalisi homogenia i ens resultara 1util al capitol 7, on hem

estudiat el procés de Wacker.
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3.2 Metodologia

En aquesta seccio es descriu breument la metodologia que s’ha usat durant aquesta
tesi doctoral. En primer lloc es descriu la teoria del funcional de la densitat (DFT), la
qual s’ha usat per tal d’obtenir I’energia electronica.! Posteriorment es comenten els
metodes que ens permeten incloure 'efecte del solvent, i finalment s’exposa breument

la dinamica molecular Car-Parrinello i la metadinamica acoblada a aquesta dinamica.

3.2.1 Teoria del Funcional de la Densitat (DFT)

La DFT és la metodologia que hem usat per tal d’obtenir I’energia electronica. Aquest
metode permet calcular 'energia d’un sistema introduint la correlacié electronica de
manera alternativa als metodes post Hartree-Fock a un cost computacional raonable.
La teoria es basa en el teorema de Hohenberg i Kohn,?® que enuncia que l'energia
electronica de I'estat fonamental d’un sistema queda completament determinada per
la densitat electronica p, o el que és el mateix, que l'energia és un funcional de la

densitat i la podem expressar de la seglient manera:
Elp] = Tlp| + Eenlp] + Ece[p] (3.1)

on T és 'energia cinetica, E, I'energia d’interaccié electré-nucli i E.. 'energia d’in-
teraccio electro-electré. Malauradament, el problema d’aquest formulisme és que
I’expressié del funcional que relaciona la densitat i I’energia es desconeix. Per tant,
I'objectiu dels metodes DFT consisteix en dissenyar funcionals que relacionin la den-
sitat electronica amb ’energia.

El gran impuls pel que fa a I'aplicabilitat i desenvolupament dels metodes DF'T

201 1a qual suposa que la densitat del

vingué amb la consideracié de Kohn i Sham,
sistema real és la d’un sistema de N electrons que no interaccionen entre si que es

mouen sota l'accié d'un potencial extern. D’aquesta manera, la densitat la podem

TQuasi bé tots els calculs realitzats en aquesta tesi doctoral han emprat la DFT. Es per aixo
que, malgrat que en un estudi s’han realitzat calculs puntuals a nivell MP2 i CCSD(T), la descripcié
d’aquests metodes no s’ha trobat pertinent incloure-la. Aquesta descripcié es pot trobar a qualsevol

llibre general de quimica quantica.'®?
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escriure com a combinacié d'un conjunt funcions monoelectroniques, els anomenats
orbitals de Kohn-Sham (¥; de l'equacié 3.2):

ps(r) = [Wi(r)[? (3.2)
D’aquesta manera, 1’equacié (3.1) passa a ser:

Elp] = Ti[p] + Eenlp] + J[p] + Exclp] (3.3)

on T, és una aproximacié a l’energia cinetica real T i correspon a l’energia cinetica

d’un sistema d’electrons independents que té la mateixa densitat que el sistema real:

T,(p) = S0V ) (3.4)

i=1
D’altra banda, E., és l'energia d’interaccié electré-nucli, J és ’energia d’interaccid
coulombica electré-electro i E,. és 'energia de correlacio-intercanvi.

L’unic que ens queda per coneixer és el terme E,.. Aquest terme, es pot subdividir
en dos. El primer (T.) inclou la diferéncia entre l'energia cinetica del sistema real
(T) i energia cinetica del sistema de N electrons independents (T), mentre que el
segon (W,.) inclou la diferencia entre la interaccié electré-electré (Ee.) i Ienergia
d’interaccié coulombica electré-electré (J). Aquest darrer terme s’anomena energia

d’interaccié no classica electré-electrd (W,).

Eyelp) = Tlp] — Tulp) + Eeelp] — J]p] = T.[p] — Waelp) (3.5)

Es en aquest terme E,. on hi ha la clau dels meétodes DFT, ja que hi ha compre-
ses totes les contribucions a l’energia per les quals no tenim una expressio senzilla
en funcié de la densitat electronica. Per tant, la dificultat fonamental dels metodes
DFT rau en el fet de trobar una expressio adient per E,..

Si assumim que l'expressio per E,. és coneguda, el que s’ha de fer és determinar el con-
junt d’orbitals ¥; que minimitzin 1’energia, amb el requeriment que siguin ortogonals.

Les equacions que en resulten sén les equacions de Kohn-Sham:

~ 1 R
hgs(1)¥; = [_EV%U + D (1)), = &, (3.6)
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Oep(1) = Ven(1) +2 Y Ji(1) + Vael1) (3.7)

Ve és un potencial efectiu que inclou el potencial d’atraccié electré-nucli Ve,

Z Ji(1) (3.8)

el terme de repulsi6 electré-electro classic i
- oFE
‘/;DC — 5 xc
p(r)

que és el potencial de correlacié-intercanvi. Com que v.s(1) depen de la densitat

(3.9)

electronica total, la determinacié dels orbitals v); s’ha de realitzar iterativament. Si
es conegués exactament E,.[p], de la resoluci6 de les equacions n’obtindriem ’energia
exacta de 'estat fonamental del sistema amb tota la correlacié electronica inclosa.
Pero com que per tal de trobar E,. hem de realitzar aproximacions, depenent de
quina és I'aproximacié que fem servir parlem de diferents classes de funcionals.?%?

En primer lloc, hi ha els funcionals LDA (aproximacié de la densitat local) que
usen la densitat d’un gas uniforme d’electrons. Aquests metodes, tot i que s’usaren
en els primers compassos de I'aplicacié dels calculs DFT a la catalisi homogenia?®®
es descartaren aviat en la quimica dels metalls de transicié degut a que subestimen
I’energia d’intercanvi i sobreestimen en excés ’energia de correlacié, donant lloc a
energies d’enllag massa grans.

A continuaci6 vénen els funcionals GGA (aproximaci6 de gradient generalitzat)
que incorporen correccions usant el modul del gradient de la densitat i ja suposa-
ren una notable millora. En un dels estudis d’aquesta tesi doctoral (capitol 7) s’ha
usat un funcional GGA: HCTH/120.2** Aquest funcional, desenvolupat per Handy
i col-laboradors, es basa en I'ajustament de minims quadrats de propietats de 120
sistemes i descriu de manera raonable les propietats estructurals de 'aigua liquida
en dinamiques de Car-Parrinello. Per tant, és un bon metode per tractar sistemes
aquosos.20

Una altra classe de funcionals son els anomenats metodes hibrids, que incorporen
una part de 'energia d’intercanvi exacte de Hartree-Fock (EZX). Per a la gran majo-

ria d’estudis d’aquest treball, s’ha usat un funcional hibrid molt extes tan en sistemes



40 APROXIMACIO TEORICA A LA CATALISI HOMOGENIA

organics com en sistemes que contenen metalls de transicié: el BSLYP. Aquest fun-

206 amb el

08

cional ve donat per la combinacié del funcional d’intercanvi B3 (de Becke)

funcional de correlacié LYP (de Lee, Yang i Parr)?7 i presenta la segiient expressio:?

EPSIYP — (1= ag) EXSPA 4 g0 EHF 1 a, AEP® 1+ a, AEYP 4 (1 — a)EYVN (3.10)

on els valors dels quoficents ag, a, i a. vénen donats per 'ajustament a un seguit
de dades termodinamiques experimentals. El B3LYP és molt popular en el camp
de la quimica, ja que apareix un 80 per cent de vegades en els estudis que han usat
funcionals de la densitat entre els anys 1990 i 2006 segons 1'Isi Web of Science de
Iany 2007. Malgrat aquest fet, sembla que les coses estan comencant a canviar. Aixi,
per propietats tan importants per la reactivitat quimica com les barreres de reaccio
sembla que el B3LYP les subestima tot sovint mentre que el funcional meta-GGA
hibrid (vide infra) BB1K presenta major exactitud.?*

Els funcionals meta-GGA depenen de gradients de la densitat d’ordre superior o
de la densitat d’energia cinetica, la qual involucra derivades dels orbitals de Kohn-
Sham ocupats. Finalment, hi ha els metodes meta-GGA hibrids que depenen de
I'intercanvi de Hartree-Fock, de la densitat electronica i del seu gradient i de la den-
sitat d’energia cinetica.

El nombre i sofisticacié dels funcionals de la densitat s’ha incrementat tan
rapidament dltimament que l'any 2000 Perdew mostra la seva visié de 1’evolucio

en el camp fent una analogia amb 'escala de Jacob (veure figura 3.1):

“Jacob va sortir de Beerxeba cap a la ciutat d’Haran. Quan el sol ja
s’havia post, va arribar en un indret i s’hi queda per fer-hi nit. Va prendre
una pedra, se la posa per capcal i va dormir en aquell lloc. Tot somiant,
va veure una escala que des de terra, anava fins al cel. Els angels de Déu

hi pujaven i baixaven.”!

Aquesta escala conté 5 generacions de funcionals de la densitat on els usuaris serien
els angels que pugen i baixen l'escala d’acord amb les seves necessitats de precisio
i d’eficiencia computacional. Per tant, per a la majoria de propietats que vulguem

calcular, pujar un esglaé significa augmentar la qualitat dels resultats pero també el

tBiblia, Genesi 28, 10-12.
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cost computacional. Tot i aix0, encara hi ha propietats quimiques on fins i tot els
funcionals més sofisticats tenen limitacions: sobretot en les interaccions no-enllagants

en les quals la dispersio és la major font d’atraccié.

T
Cel
Totalment :
no local E"a'“'.t”d
Meta GGA quimica
hibrid
GGA hhrid B1pEs, BETE, FEETKCES
BALYP, B3FPS6, BIPwWD 1, BHALYPF
Meta GGA
BESS, MPWIK, TRSS, VX
GGA
BLY®, BFE6, BPWII
LDA HCTH, CLYF, PEE, CGPEE
SPWL
Terra '
Teoria de
Hariree-Fock

Figura 3.1: Escala de Jacob de les 5 generacions de funcionals DFT segons Perdew, amb

els funcionals més habituals de cada rang.

3.2.2 Tractament del solvent

Fins ara hem parlat de calculs en fase gas pero la catalisi homogenia generalment té
lloc en solucié. Per tant, la naturalesa del solvent pot afectar molt la reaccié d’estudi
i, en conseqiiencia, I'hem de tenir en compte en les reaccions que vulguem estudiar.
En quimica computacional basicament hi ha dues estrategies per tal d’incorporar 1’e-
fecte del solvent: els models continus o implicits i els models explicits. A la figura
3.2 es mostren ambdos models.

En el primers es considera el solut dins d’una cavitat envoltat d’un continu po-
laritzable caracteritzat per una constant dielectrica e, que és la del dissolvent on es

troba el nostre solut. La distribucié de carrega del solut és la font de la polaritzacié
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del dielectric i aixi es produeix la interaccio de tipus electrostatic entre la distribucié
de carrega del solut i el dielectric polaritzat. Aquests metodes tenen I'avantatge que
son senzills, tenen un cost computacional baix i permeten tenir en compte a nivell
qualitatiu els efectes basics de la solvatacié. Per contra, el desavantatge més gran que
presenten és que no tenen en compte ni les interaccions intermoleculars ni la possible

participacié del solvent en la reaccié d’estudi.

i -
2
=~
#
s, R
A j e o
bl
b \
<
Model continu o implicit Model explicit

Figura 3.2: Representacié dels models de solvatacié: model continu o implicit i model

explicit.

En aquesta tesi doctoral s’han usat dos metodes continus ampliament usats en
quimica computacional: el PCM?1? i el CPCM.2!:212 A Tafegir I'energia lliure de sol-
vatacio a l’energia potencial en fase gas obtindrem per les reaccions d’estudi una AE
i una AE? en solucié. Cal esmentar que no podem parlar d’energia lliure en solucié,
ja que no estem tenint en compte la contribucié entropica del solut.

Pel que fa als metodes explicits, aquests son aparentment més simples, ja que
consisteixen en afegir molecules de solvent a les del solut. Es necessari usar aquests
metodes quan el solvent participa en la reaccié d’estudi. El problema és que anar
introduint a nivell de mecanica quantica molecules de solvent augmenta forga el cost
computacional a més d’incorporar una variable conformacional important. Per tant,

tot sovint s’ha d’usar metodologia QM /MM (mecanica quantica/mecanica molecu-
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lar) i calculs de dinamica molecular. En funcié del problema d’estudi en aquesta
tesi doctoral s’han usat metods continus (capitols 4 i 5), la combinacié de metodes
continus i metodes explicits amb molecules de solvent descrits a nivell QM (capitols 5
i 6) i metadinamiques acoblades a dinamiques moleculars Car-Parrinello (vide infra)

on el solut s’ha situat en una caixa amb molecules de solvent (capitol 7).

3.2.3 Dinamica molecular Car-Parrinello

La dinamica molecular Car-Parrinello (CPMD) és una dinamica molecular de pri-
mers principis basada en la teoria del funcional de la densitat (DFT).?'® En dinamica
molecular el procediment habitual consta de tres passos: en primer lloc es resol el
problema electronic per una configuracié nuclear donada, a continuacié se’n calcula
el gradient i finalment es resolen les equacions de moviment tot obtenint unes noves
configuracions nuclears. Si se segueix aquest procediment parlem de dinamica mole-
cular de Born-Oppenheimer. El problema d’aquest metode és que és molt car ja que
implica haver de resoldre el problema electronic a cada pas.

En canvi, en dinamiques moleculars Car-Parrinello aix0 s’evita mitjancant la in-
clusio dels orbitals de Kohn-Sham en les equacions de moviment com a nous graus de
llibertat. Aixi, al resoldre les equacions de moviment obtenim una noves coordenades
nuclears (R;) i uns nous orbitals electronics (¥;). L’esquema resultant que segueix
una dinamica molecular Car-Parrinello es mostra a la figura 3.3. Per tant, no només
es mouen els nuclis siné que també ho fan els electrons i aixo és precisament el que
evita haver de resoldre el problema electronic a cada pas de simulacio.

Pel que fa a la descripcié del metode ve descrit pel lagrangia segiient, on els graus

de llibertat electronics es tracten com a particules classiques:

) 1 )
Lepyup = ’UZ/ ‘\II|2d7’ + 5 Z M[R? - EKS[\I%, R]] + ZA”(/ \I’j\I/ZdT — (5”)
i I 4]
(3.11)
on el primer terme correspon a l’energia cinetica ficticia electronica, essent i la massa
electronica ficticia; el segon terme correspon a l’energia cinetica nuclear, essent M; i

R; les masses i les posicions dels nuclis respectivament, Exg és I'energia obtinguda

a nivell DFT i A;; sén els multiplicadors de Lagrange que imposen l'ortonormalitat
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Minimitzacio de I'energia (DFT)

ME'R': =—£
aR,
l
s ok
#I-wl' - aw'

Nous R‘
V.
Figura 3.3: Esquema de la dinamica molecular Car-Parrinello.

dels orbitals electronics.

3.2.4 Metadinamica acoblada a la dinamica molecular Car-

Parrinello

Tot i que gracies al metode CPMD podem realitzar calculs de dinamica molecular de
primers principis, la potencialitat d’aquesta per tal de descriure reaccions quimiques
esta fortament limitada pel temps de simulacié que és necessari per tal que les reac-
cions quimiques que volem descriure tinguin lloc. Aixo és degut a que la probabilitat
de passar d'un minim a una altre tot superant la barrera energetica que els sepa-
ra depen exponencialment de la barrera i excedeix facilment el temps de simulacio
que la tecnologia computacional ens proporciona avui en dia. En altres paraules, en
aquesta escala de temps és molt dificil que la reaccié que vulguem descriure tingui
lloc espontaniament. Per tant, cal cercar alternatives i una d’aquestes alternatives és

la metadinamica.
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La metadinamica ens permet explorar la superficie d’energia lliure, essent una
dindmica artificial en Pespai definit per unes variables col-lectives (CVs) s,.214215
Aquestes variables estan associades a alguns moviments col-lectius que seleccionem
del sistema i ens permeten descriure el cami de reaccié que ens interessi, com ara
el trencament o la formacié d’'un enllag. Sén exemples de variables col-lectives la
distancia entre dos atoms, els angles diedres, els nombres de coordinacié o qualsevol
altra funcié de les coordenades atomiques. En aquesta tesi doctoral nosaltres hem
fet s dels nombres de coordinacié. Cal remarcar que en aquest cas, nombre de coor-
dinacio es refereix al nombre d’enllacos entre dues espécies i no al terme d’acceptacio
comu en quimica organometal-lica que es refereix al nombre de lligands coordinats al

centre metal-lic. El nombre de coordinaci6é (CN) es defineix com una funcié continua

de valors R;; (la distancia entre els atoms ¢ i j):

Rij
n L= (Y
7j=1 — dD q

on ¢ és I'atom de referencia, j corre sobre tots els atoms coordinats a ’atom de
referencia, dg és la distancia de referéncia i p i ¢ marquen el decreixement de la corba
CN. El més important d’una variable col-lectiva és que ens permeti diferenciar els
reactius dels productes de la reaccié quimica que volem estudiar. El sistema complet

de variables nuclears, electroniques i col-lectives ve donat per la lagrangiana extesa:

1 -2 1 2
L=Lepup + 3 za: Moy = 5 20; ka(sa(R) — sa)2 = V(t, s) (3.13)

on Lepyp és la lagrangiana de Car-Parrinello descrita a la seccié anterior. El
primer terme afegit respecte la lagrangiana de Car-Parrinello és 'energia cinetica
ficticia del conjunt de variables col-lectives s,. M, és la massa ficticia corresponent a
les variables col-lectives. El segon terme és un potencial que forga que els graus ionics
de llibertat’ es moguin conjuntament amb les variables col-lectives. En darrer lloc hi
ha un terme potencial que depen del temps i que augmenta el mostratge de 'espai

configuracional, tot permetent que el sistema visiti zones de la superficie d’energia

tEn dindmiques moleculars Car-Parrinello el terme ionic equival a atomic.
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lliure que encara no s’han visitat mitjancant 1’addicié de termes de potencial repulsiu
en forma de gaussianes localitzades. Cada gaussiana esta caracteritzada per la seva
amplada i alcada. Si aquestes gaussianes es posen suficientment a poc a poc, el
potencial omple el pou d’energia lliure del reactiu de manera que el sistema es pot
escapar via l'estat de transicié més baix al segiient minim local. Aixo és el que es
mostra a la figura 3.4 per un perfil de potencial en funcié de la variable col-lectiva s,

on la pilota vermella mostra la zona de 'estat de transicio.

-G

Figura 3.4: Reconstruccié del perfil d’energia lliure (G) a partir del potencial afegit (V).

El potencial que anem afegint és una estimacié de I’energia lliure en funcié de la
variable col-lectiva s (figura 3.4). La trajectoria d'una metadinamica no té sentit fisic,
pero si que en tenen en canvi els punts pels quals passem, ja siguin minims o estats
de transicié. En una metadinamica, hi ha diferents parametres que sén importants
de controlar: les constants d’acoblament k, i les masses ficticies M, de les variables
col-lectives que hem definit, el time step i la temperatura i ’alcada i 'amplada de les
gaussianes que anem afegint. Com a guia practica per tal de modificar k, i M, cal
tenir en compte que com més gran és M, més es desacoblen adiabaticament els graus
de llibertat ionics i col-lectius pero per contra més lenta és I'evolucié de la variable
col-lectiva corresponent, és a dir, que s’explora més lentament la superficie d’energia

lliure. Pel que fa a k,, com més gran és més juntes van S,(r) i s, i més petit és
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el “time step” que s’ha d’utilitzar. Ensing proposa recentment una recepta per tal
d’escollir tots aquests parametres.?!® Finalment, per tal d’obtenir major resolucié, i
per tant valors més acurats d’energia lliure hem d’anar afegint gaussianes cada vegada
més i més petites. En aquesta mateixa linia, Parrinello i col-laboradors estimaren en

un treball Iexactitud de la metadinamica.?!”
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Capitol 4

Hidrogenacié mitjancant el

catalitzador de Shvo

4.1 El catalitzador de Shvo

L’any 1985 el grup de Shvo sintetitza el considerat primer catalitzador metall-lligand
bifuncionalitzat: el qual s’ha anomenat catalitzador de Shvo (complex 1 de la figura
4.1).%5 Aquest complex organometal-lic deu la seva versatilitat a P'equilibri que es
mostra a la figura 4.1. Quan s’escalfa el complex bimetal-lic 1 es forma ’especie A,
activa en hidrogenacions, i I’especie B activa en oxidacions. Gracies a I’hidrur enllagat
al Ru i el proto del grup OH de 'especie A es pot donar la transferencia d’hidrogen.
Depenent de com aquesta transferencia tingui lloc obtindrem els diferents mecanismes
d’hidrogenacié. Un cop ha tingut lloc la hidrogenacié, I’especie A es pot regenerar per
reaccié de 'especie B i I'especie donadora d’hidrogen i aixi es pot completar el cicle
catalitic. Casey i Cui mostraren mitjancant calculs teorics que aquesta regeneracio
es déna heteroliticament quan I’hidrogen molecular és la font d’hidrogen i que pot
ésser assistida per HyO, etanol o la propia especie saturada A.2'8 Tal i com s’ha dit
a la introduccio, aquest catalitzador és capag¢ d’hidrogenar tan dobles enllagos polars
(carbonils i imines) com també dobles i triples enllagos apolars (alquens i alquins).
Tanmateix, la hidrogenacié és més eficient pels enllacos polars, ja que la hidrogenacio

d’aquests es pot donar per sota de temperatura ambient mentre que la hidrogenacio

51
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d’alquins i d’alquens requereix temperatures més elevades.
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Figura 4.1: Equilibri del catalitzador de Shvo amb la posterior transferéncia d’hidrogen.

Un carbonil actua com a grup acceptor mentre que l’isopropanol actua com a grup donador.

4.2 Controversia experimental

El mecanisme d’hidrogenacié dels carbonils mitjancant el catalitzador de Shvo era
font de controversia entre els grups de Casey i Backvall.'26: 127 E] primer proposava un
mecanisme concertat de ’hidrur i del proté fora de 'esfera de coordinacié del metall
(veure part superior de la figura 4.2). La seva proposta es basava en efectes cinetics
d’isotop (KIEs) per a la hidrogenacié de PhCHO fent servir una variant del catalitza-
dor de Shvo: [2,5-Phy-3,4-Toly(n°-C4OH)]Ru(CO),H. Casey també s’ajuda de calculs
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teorics DFT, tot mostrant la viabilitat energetica de la seva proposta mecanistica, tot
calculant-ne una barrera de 13.8 kcal-mol=1.12® En canvi, Bickvall, basant-se en una
aproximacié similar en la deshidrogenacié d’alcohols mitjancant 'especie B també
proposa un mecanisme concertat, pero en aquest cas d’esfera interna. Es a dir, amb
coordinacié prévia del substrat, la qual era possible gracies al desplacament 7° — 73

de I'anell de CpOH (veure part inferior de la figura 4.2).

Mecanisme proposat per Casey
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Figura 4.2: Mecanismes d’hidrogenacio dels carbonils mitjancant el catalitzador de Shvo

proposats per Casey i Bdckvall, respectivament.

La controversia entre ambdds autors també es donava en el cas de les imines. 287134

Tot i aixo, el cas de les imines presentava una complexitat superior ja que Casey pro-
posa un canvi en el pas limitant de la velocitat de reaccid de la hidrogenacié depenent
del substituent al nitrogen iminic en base a KIEs.'3® Proves d’atrapament d’imines
que contenien una amina enllagada al nitrogen iminic també estaven d’acord amb un
mecanisme d’esfera externa.'?®2'® D’altra banda, Bickvall proposa un mecanisme
d’esfera interna per les imines que és analeg al mostrat a la figura 4.2 pels carbo-

nils. Mitjancant KIEs,'31132 Bickvall també detectd canvis en l'etapa limitant de
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la velocitat en funcié de 'imina i mitjancant experiments d’atrapament troba dades
concordants amb el mecanisme d’esfera interna.!3?

En el cas de les imines, Casey i Backvall també realitzaren calculs teorics per
tal de verificar els mecanismes que proposaven. Aixi, Casey troba una barrera
energetica de 4.8 kcal-mol™! pel mecanisme d’esfera externa en la hidrogenacié de
HyC=N-CHj;, prenent un model del catalizador complet i incloent ’efecte del sol-
vent (THF) mitjancant un metode continu (IEF-PCM).'?® Analogament, Béckvall,
Privalov i Samec analitzaren llur proposta mecanistica prenent una imina electrodo-
nadora ((CHj3)2C=N-CHj) i el catalitzador complet, tot incloent 'efecte del solvent
mitjangant calculs PCM i molecules de solvent explicites (CH3Cly en aquest cas).
Trobaren una barrera energetica pel mecanisme d’esfera interna de 15 kcal-mol™!,
essent la coordinacié de I'imina per desplagcament de ’anell de CpOH el pas limitant
de la velocitat de la reaccio, si be les etapes posteriors presentaven una energia molt
similar.'®* La hidrogenacié d’alquins Shvo proposa un cicle catalitic on el trencament
de la molecula d’hidrogen es déna homoliticament i que s’inicia amb el desplacament
de T'anell de CpOH (veure figura 4.3).11° La hidrogenacié d’alquins té la particu-
laritat que té un TON significativament baix en comparacié amb les altres especies
insaturades. Shvo atribui aquest fet a la formacié d’una especie molt estable (D de
la figura 4.3) que enverinava el catalitzador. En el mateix treball, Shvo suggeri que
per la hidrogenacié d’alquens es pot considerar un mecanisme analeg al mecanisme
dels alquins. Per la mateixa reaccié, Casey suggeri un mecanisme amb dissociacio
d’una molecula de CO seguida de la coordinacié de ’alque, la insercié a ’enllag M-
H i el trencament final de 'intermedi Ru-alquil mitjancant la molecula de Hy amb

I’alliberament de ’alcd com a producte final.??°

4.3 El nostre estudi: resultats i discussio

Donada tota la controversia experimental existent pel mecanisme d’hidrogenacié mit-
jancant el catalitzador de Shvo, ens proposarem comparar mitjangant calculs teorics
DF'T els mecanismes d’esfera interna i els mecanismes d’esfera externa per la hidroge-
nacio de carbonils, imines, alquens i alquins. Realitzarem optimitzacions mitjancant
el funcional hibrid B3LYP i calculs puntuals CPCM en solucié (THF).
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Figura 4.3: Cicle catalitic proposat per Shvo per a la hidrogenacid d’alquins i ruta d’enve-

rinament del catalitzador.

Els valors d’energies presentats seran els dels calculs puntuals en solucié a no ser
que es digui el contrari. En el cas dels carbonils també avaluarem els KIEs. Inici-
alment, substituirem els fenils del lligand [Phs(n°-C4H4COH)] del catalitzador per
hidrogens i, posteriorment, en alguns casos que ja es comentaran, es van incloure els
substituents fenilics. Com a substrats, usarem les especies més simples amb enllacos
C=0, C=N, C=C i C=C: formaldehid, metanimina, etile i acetile, respectivament.
En el cas de les imines també realitzarem algunes optimitzacions en solucié i calculs
amb 'imina substituida H3C-N=C(CHj),.
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4.3.1 Hidrogenacié de carbonils

El procés global d’hidrogenacié del formaldehid presentava un balang energetic de
-3.5 keal-mol™! en solucié. Tot i que la controversia a nivell experimental era la que
s’ha descrit anteriorment, també es van avaluar altres mecanismes d’esfera interna: el
mecanisme que involucrava la marxa d’un CO i permetia la coordinacié del substrat
i un altre mecanisme que incloia el desplacament n° — 7% de 'anell de CpOH, tal i
com es mostra a la figura 4.4. Aixi doncs, es van avaluar tres mecanismes d’esfera
interna a més del mecanisme d’esfera externa. Per tant, a continuacié es descriuen
els mecanismes avaluats d’esfera interna i d’esfera externa per la hidrogenacio de car-

bonils .

Mecanismes d’esfera interna

oh Ph
.0 Ph Rix.. H-O ="
: P%Dh Rz"io PR™T "Ph
(@) ~Ru, i
oc™ Mo I ¢ | co
CcoO R,R2
Ph

Figura 4.4: Etapes inicials dels mecanismes d’esfera interna amb marza del CO (a) i amb

desplacament n° — n? de Uanell (b).

La marxa del CO era endotérmica en 45.7 kcal-mol™! mentre que la substitucié
del grup de CO per un carbonil ho era en 26.8 kcal-mol~!. D’aquesta manera, la
marxa del CO era 'etapa limitant de la velocitat d’aquest mecanisme ja que els pas-
sos posteriors presenten barreres inferiors. Per tant, el cost energetic d’aquest procés

era significativament elevat i aix0 ens porta a descartar aquest mecanisme com a
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mecanisme operatiu de reaccié. La dificultat d’aquest procés també la detecta Casey,
mostrant que I'intercanvi de CO per ¥*CO es donava molt lentament a no ser que la
reacci6 tingués lloc sota llum fluorescent.!2¢

El segiient mecanisme avaluat d’esfera interna fou el que implicava el desplagament
n®> — n* de I'anell de CpOH (figura 4.4 (b)). Aquest mode de coordinacié de I’anell
de Cp també s’havia mostrat com el més estable en altres compostos de metalls

221,222 § també s’havia observat en estats de transicié durant l'etapa de

de transici6
coordinacié d’un lligand.?*® En aquest cas, el mecanisme proposat implicava la coor-
dinacié del substrat via el ja esmentat desplacament de 1’anell, la posterior insercié
del carbonil a I’enlla¢ Ru-H i la transferencia del proté a l'oxigen del carbonil. Totes

les etapes d’aquest mecanisme de reaccié es mostren a la figura 4.5.

El desplagcament 7° — n? de I’anell presentava una barrera de 19.7 kcal-mol™! i
donava com a resultat 'intermedi co-2b. En aquesta etapa es donava simultaniament
la coordinacié n' de I'atom d’oxigen del carbonil al ruteni. Seguidament, es donava
el canvi de coordinacié de n' a n* del carbonil, endotérmica en 5.8 kcal-mol™! (co-
3b). Les posteriors transferencies de I'hidrur i del protd, estaven localitzades al perfil
energetic 25.7 1 24.8 kecal-mol™! per sobre dels reactius inicials, respectivament. La
barrera global d’aquest mecanisme era de 33.0 kcal-mol~! en soluci6 respecte el minim

inicial entre el catalitzador i el substrat (des de co-1a fins a co-ts2a de la figura 4.6).

Per tant, aquest mecanisme d’esfera interna, si bé era més favorable que el que
es déna mitjancant la marxa del CO (45.7 kcal-mol™!) encara era massa elevat (33.0
kcal-mol™!) per ésser el mecanisme operatiu de la reaccié d’hidrogenacio.

Un mecanisme inesperat que es troba durant la realitzacié d’aquest estudi fou el
mecanisme d’esfera interna, en el qual la transferencia de 'hidrur i del proté es dona
concertadament pero amb previa coordinacio del substrat al metall. En aquest cas, el
desplacament de 'anell de CpOH era de n° a n®. Aquest mode de coordinacié només
s’observa per a l'estat de transicié d’aquest procés, si bé també s’havia observat per
altres metalls de transicié durant processos de substitucié de lligands.??® El perfil
energetic d’aquest mecanisme presentava una barrera energetica de 34.6 kcal-mol~*
(des de co-1b fins a co-tslc de la figura 4.7).

'El mode de coordinacié n? es donava tan a 'estat de transicié com al producte resultant.
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Figura 4.5: Etapes del mecanisme d’hidrogenacid dels carbonils amb desplacament n° —
n? de l’anell de CpOH.

Pel mecanisme més favorable dels mecanismes d’esfera interna avaluats (el que in-
clou el desplacament 7° — 7% de I'anell de CpOH), avaluarem 1'efecte d’incloure els
substituents fenilics al catalitzador. El resultat fou que el minim més estable pre-
sentava una energia de 20.7 kcal-mol~! en fase gas respecte els reactius inicials. Per
aquest mecanisme també s’avalua 'efecte cinetic d’isotop combinat RuD-OD i obtin-
guérem un valor de 0.8, el qual difereix significativament del valor trobat per Casey

i col-laboradors en tolue: 3.6 + 0.25.2%4
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Figura 4.6: Perfil energétic en fase gas (blau) i en solucié (taronja) pel mecanisme d’hi-

drogenacio dels carbonils amb desplacament n° — n? de Uanell de CpOH.

Mecanisme d’esfera externa

Pel que fa al mecanisme concertat d’esfera externa, presentava una barrera energetica

de 7.7 kcal-mol~!. Casey i col-laboradors havien calculat pel mateix procés una bar-

rera de 13.8 kcal-mol™! mitjancant calculs teorics.!?® La inclusié dels fenils en el ca-

talitzador no varia significativament el valor de la barrera energetica: 8.0 kcal-mol~.

La geometria d’ambdds estats de transicié amb les distancies més significatives es

mostra a la figura 4.8. Aquest valor estava d’acord amb dades experimentals del

grup de Casey ja que per a la hidrogenacié de PhCHO en THF-dg amb 0.1 mol-L*
de Hy0 o D50 trobaren una AH* = 12.0 + 1.5 kcal-mol~!,'26 mentre que en THF-dg
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sec trobaren una AH* = 11.2 + 0.9 kcal-mol~'.1?24 Una altra dada que podiem com-
parar amb dades experimentals era el KIE combinat Ru-OD, pel qual Casey troba

un valor experimental de 3.6 + 0.25.2%

an -
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Figura 4.7: Perfils energétics en fase gas i en solucid pels mecanismes concertats d’esfera
interna i d’esfera externa d’hidrogenacid dels carbonils. El mecanisme concertat d’esfera
interna es mostra en verd en fase gas i en vermell en solucié mentre que el mecanisme

concertat d’esfera externa es mostra en blau en fase gas i en taronja en solucid.

Per tant, vam calcular el KIE d’una forma aproximada mitjancant les equacions

4.114.2 a 298.15 K de temperatura i a 1 atm de pressio.

(act —act)
KIE = l;—;f —e AT - (4.1)
AGY = G — Gidducte X — H D (4.2)

tAmbdds valors sén per l'analeg del catalitzador de Shvo: [2,5-Phy-3,4-Toly (n°-
C4OH)]Ru(CO),H.
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co-ts1d2

Figura 4.8: Geometries dels estats de transicid del mecanisme concertat d’esfera externa

pel sistema model i pel sistema complet. Distancies en A.

D’aquesta manera, vam obtenir un valor pel KIE combinat RuD-OD pel mecanis-
me d’esfera externa concertat de 3.8 pel sistema model i de 3.5 pel sistema complet
(incloent els substituents fenilics). Per contra, el mecanisme concertat d’esfera in-
terna presentava un valor de 0.8. Per tant, el KIE calculat pel mecanisme d’esfera
externa era molt similar a I'obtingut experimentalment i en conseqiiencia els KIEs
també suggerien que el mecanisme d’esfera externa concertat era un candidat adient

com a mecanisme operatiu de la reaccié.

4.3.2 Hidrogenacié d’imines

El mecanisme d’hidrogenacié de la metanimina presentava un balan¢ energetic de
-9.0 kcal-mol~!. En aquest cas només es va avaluar el mecanisme d’esfera interna
amb desplacament 7° — 1% de I'anell, ja que el mecanisme que involucrava la marxa
del CO es descarta inicialment degut a 1’elevat cost energetic que suposava. D’altra

banda, també s’avalua el mecanisme d’esfera externa proposat per Casey.
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Mecanisme d’esfera interna

El mecanisme amb desplacament 1° — n? de I'anell és analeg al trobat en el cas dels
carbonils. Pel desplagament inicial de ’anell calcularem una barrera relativa de 26.3
kcal-mol™!. El minim resultant estava situat a 4.6 kcal-mol™! respecte els reactius
inicials i presentava una geometria amb I'imina coordinada al metall mitjancant una
coordinacié n'. Els segiients passos sén la rotacié de la imina i el canvi de coordi-
nacié de la imina de n' a 7%, endotérmica en 19.0 kcal-mol~!. Posteriorment, tenia
lloc la transferencia de I’hidrur i del proté al carboni i al nitrogen iminics, respecti-
vament. Ambdods passos son els punts més alts en energia del perfil energetic: 27.8
i 29.6 kcal-mol™!, respectivament. La barrera global d’aquest mecanisme és de 39.7
kcal-mol™ en solucié (des de cn-1d fins a cn-ts3d de la figura 4.9). Com que per
aquest mecanisme Backvall i col-laboradors proposaren que la inclusié dels substitu-
ents fenilics ajudava al desplacament del lligand aromatic,'®* incloguérem els fenils i
reoptimitzarem en solucié quasi bé tots els minims mostrats a la figura 4.9. El perfil
energetic obtingut no varia significativament i, per tant, el sistema model i els calculs
puntuals en solucié sén adients per a la descripcié d’aquest mecanisme. Cal remarcar
que la barrera global d’aquest mecanisme (40.4 kcal-mol™') difereix significativament
del valor obtingut per Privalov i Béckvall (15 kcal-mol!).134

Pel que fa al mecanisme d’esfera interna amb desplacament 7° — 7% de I’anell de
CpOH, el qual fou localitzat en el cas dels carbonils, no férem capagos de localitzar-
lo en el cas de les imines. Probablement aixo significa que, en cas d’existir, aquest

mecanisme és massa costos energeticament per ésser un cami de reaccié raonable.

Mecanisme d’esfera externa

Pel que fa al mecanisme concertat d’esfera externa, calcularem una barrera energetica
de 9.6 kcal-mol™! en solucié. La inclusié dels fenils al catalitzador i la reoptimitzacié
en solucié provoca una lleugera disminucié de la barrera energetica: 6.8 kcal-mol=!.
Pel que fa a la geometria de 'estat de transicio, la inclusié dels fenils i del solvent
provoca que el proto estigués més transferit al nitrogen iminic i que I’hidrur estigués
menys transferit al carboni iminic. Aix0 portat a l’extrem obriria la porta a un

mecanisme per passos amb transferencia inicial del prot6 i amb posterior transferencia



4.3. El nostre estudi: resultats i discussid 63

de I’hidrur. Pel que fa a ’optimitzacié en solvent del procés d’hidrogenacié de ’especie

(CH3),C=N-CHj, presentava una barrera inferior: 4.0 kcal-mol™!.

A ~o¥ “"ﬁi.
cn-ts2d ” | en-ls3d
S 28

{kealfmol)

AE

Figura 4.9: Perfil energétic en fase gas (blau) i en solucid (taronja) pel mecanisme d’hi-

drogenacic de les imines amb desplacament n° — 1? de lanell de CpOH.

Les estructures dels estats de transicio de la hidrogenacié de HoC=NH pel sistema
model optimitzat en fase gas i de la hidrogenacié de (CHj3);C=N-CHj pel sistema
complet optimitzat en solucié es mostren a la figura 4.10. A 'augmentar la basicitat
de la imina, torna a augmentar una altra vegada l’asincronia entre la transferencia
del proto6 i de ’hidrur. Pel que fa als valors obtinguts per les barreres calculades, els
nostres resultats estan d’acord amb el valor de 4.8 kcal-mol~! obtingut per Casey i Cui

mitjancant calculs puntuals MP2 en solucié (PCM) sobre geometries optimitzades a
nivell B3LYP.!?8
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cn-tsle

cn-tsle?

Figura 4.10: Estats de transicid de la hidrogenacio de HoC=NH (cn-tsle) pel sistema
model optimitzat en fase gas i de la hidrogenacio de (CHs)o C=N-CHj pel sistema complet

(cn-ts1e2) optimitzat en solucid. Distancies en A.

Cal remarcar que la barrera energetica del mecanisme d’esfera externa és més
de 10 kcal-mol™! més favorable en energia que la barrera obtinguda per Privalov i
Bickvall pel seu mecanisme d’esfera interna (15 kcal-mol™').13% D’altra banda, la
barrera obtinguda pel nostre estudi pel mecanisme d’esfera interna presenta un valor

molt superior (40.4 kcal-mol™).

4.3.3 Hidrogenacié d’alquens i alquins

El balang energetic de la hidrogenacié d’alquins i alquens presenta valors de -28.9

i -17.7 kcal-mol™!, respectivament. Per aquests processos, s’avalud el mecanisme
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d’esfera interna amb desplacament 7° — n? de I’anell i el mecanisme d’esfera externa
proposat per Casey, ja que el mecanisme d’esfera interna amb marxa del CO proposat

per Casey es descarta inicialment degut a ’elevat cost energetic que suposava.

Mecanismes d’esfera interna

Les etapes avaluades per la hidrogenacié dels alquins es mostren a la figura 4.11.
Pels alquins, 'etapa de desplacament 1> — 7% de I'anell de CpOH amb coordinacié
de lacetile presentava una barrera relativa de 26.3 kcal-mol~! en solucié i donava lloc a
I'especie cc-2f. La posterior transferencia de 'hidrur presentava una barrera relativa
de 8.2 kcal-mol~! produint l'intermedi cc-3f. Aquest, era el punt més alt del perfil
energetic, essent la barrera global del mecanisme de 32.3 kcal-mol~!. La transferéncia
del proté presentava una barrera relativa molt gran després de la recoordinacié n° de
I'anell (des de cc-4f a cc-5f), de 33.0 kcal-mol™! en solucié. Aixi, en aquest cas, fou
necessaria la inclusiéo d’una molecula d’hidrogen que per metatesis de 'enllag o de
I'hidrogen produia l'alque i la regeneracié del catalitzador (des de 'especie cc-3f a
la cc-Tf passant per cc-6f). Aquesta etapa prenia una barrera relativa raonable de
7.4 kcal-mol™!, donant lloc a un cicle catalitic menys abrupte. La proposta de Shvo
que el trencament de I'hidrogen f6s homolitic (a través d’una especie de Ru(IV))*?
la descartarem, ja que no localitzarem l'estructura resultant a la superficie d’energia
de potencial.

Pels alquens s’analitza un mecanisme analeg al mostrat a la figura 4.11 per la
hidrogenacié dels alquins. Aix{i, s’obtingué una barrera relativa pel desplacament 7°
— n? de P'anell amb coordinacié de 'alque de 24.3 kcal-mol~! en solucié. La posterior
transferéncia de I’hidrur presentava una barrera relativa de 9.0 kcal-mol=!. Aquest
era el punt més alt del perfil energetic (28.0 kcal-mol™!), el qual presentava una
barrera global de 29.6 kcal-mol~! en solucié. Altra volta, la transferéncia del proté
era massa elevada des de la coordinacié n°, ja que presentava una barrera relativa de

43.0 kcal-mol~'.t La barrera per a aquesta etapa, tan pels alquens com pels alquins,

. N . . ’ . N N . . ., 5 D)
TA diferéncia dels alquins, on només es localitza la transferéncia amb coordinacié 7° de I'anell,
pels alquens aquesta transferencia es localitza tan des de la coordinacié 7% de 'anell (amb una

barrera relativa de 33.6 kcal-mol~!) com des de la coordinacié 7°.
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era significativament major que la trobada pels dobles enllagos polars (carbonils i

imines).
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Figura 4.11: Etapes pel mecanisme d’esfera interna amb desplacament n° — n? per la
hidrogenacio d’alquins. Pels alquens es troba un mecanisme analeg que s’inicia amb [’in-

termedi cc-T7f.

Aquesta diferencia energetica es podia explicar per la menor basicitat que presen-
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ten els alquens i els alquins respecte carbonils i les imines. Quedant descartada la
transferencia protica com a alternativa, només quedava per avaluar la metatesi o de
la molecula d’hidrogen, la qual presentava una barrera relativa de 8.0 kcal-mol~! en

solucié.

Mecanisme d’esfera externa

Pel que fa al mecanisme concertat d’esfera externa pels alquins, trobarem una barre-
ra de 18.5 kcal-mol™!, mentre que el mecanisme analeg pels alquens presentava una
barrera de 17.9 kcal-mol~".! Aquestes barreres eren al voltant d’unes 10 kcal-mol~"
superiors a les barreres analogues de carbonils i imines. En conseqiiéncia, aixo per-
metia explicar la quimioselectivitat observada pels dobles enllagos polars enfront els
enllacos multiples carboni-carboni.

En darrer lloc, férem capacos d’avaluar la ruta de desactivacié proposada per Shvo
per la hidrogenacié d’alquins (especie D de la figura 4.3), essent un procés amb una
barrera energetica de 23.4 kcal-mol™! i termodinamicament molt afavorit: exotérmic
en 34.8 kcal-mol~!. Per aquest mateix procés també localitzarem un intermedi metall-
alquenil molt estable al llarg del cicle catalitic (-35.2 kcal-mol™'). Aixd concordava

amb ’elevada estabilitat que troba Shvo per aquest intermedi.

4.4 Conclusions

S’han avaluat mitjancant calculs teorics DFT mecanismes d’hidrogenacié d’esfera
interna i d’esfera externa per la hidrogenacié de carbonils, imines, alquens i alquins

mitjancant el catalitzador de Shvo. Els resultats obtinguts han permes concloure que:

e El sistema model del catalitzador (substituint fenils per hidrogens al lligand
aromatic) és adequat per descriure computacionalment la reacci6 d’hidroge-
nacié del catalitzador de Shvo. L’efecte dels substituents fenilics s’ha mos-

trat energeticament poc significatiu en els casos on s’ha tingut en compte.

tAquestes barreres d’energia sén clarament inferiors a les trobades pels mecanismes d’esfera

interna.



68

HIDROGENACIO MITJANGANT EL CATALITZADOR DE SHVO

D’altra banda, 'efecte del solvent (THF) també s’ha mostrat poc rellevant

energeticament, ja que afecta poc les barreres de reaccié obtingudes.

El mecanisme d’esfera externa és el mecanisme de transferencia d’hidrogen més
favorable per tots i cadascun dels substrats en base a les barreres energetiques
de reaccié obtingudes. A més, en el cas dels carbonils, el KIE calculat pel

mecanisme d’esfera externa és el que més concorda amb el KIE experimental.

L’elevada asincronicitat de 'estat de transicié del procés d’hidrogenacié de Ii-
mina [H3C-N=C(CH3),| obre la porta a la possibilitat que un mecanisme per
passos amb transferencia del protd i transferencia posterior de I'hidrur sigui

factible a I'augmentar la basicitat de I'imina.

Pels enllagos multiples apolars (alquens i alquins), la barrera energetica del
mecanisme d’esfera externa és aproximadament 10 kcal-mol™! més elevada que
per dobles enllagos polars (carbonils i imines). Aquest fet permet explicar la

quimioselectivitat observada experimentalment.

En el cas dels alquins, la ruta de desactivacié del catalitzador proposada per
Shvo s’ha vist que podia ser energeticament competitiva amb la reaccié d’hi-

drogenacio.



Capitol 5

Hidrogenacié d’alquens mitjancant
complexos de Au(III) i Pd(II)

5.1 Catalisi mitjancant complexos d’or i compos-

tos analegs de pal-ladi

Durant decades 1'is de 'or com a catalitzador en catalisi homogenia havia estat ob-
viat per la comunitat cientifica degut a 'extes prejudici entre els quimics que el fet
de ser un metall intert el convertia en un metall poc atractiu com a catalitzador.
Tanmateix, darrerament les coses han canviat i s’han trobat nombroses reaccions on
I'or actua eficagment, tan en processos de catalisi heterogenia com en processos de

2257235 Podem destacar les reaccions d’oxidacié, les addicions nu-

catalisi homogenia.
cleofiles a sistemes 7, les reaccions de cross-coupling i les hidrogenacions d’alquens
i d’imines entre d’altres. A més a més, recentment s’han estudiat teoricament nom-
broses reaccions catalitzades per complexos d’or.?36 246

D’altra banda, resultats experimentals de Corma i col-laboradors mostraren que com-
plexos de Au(III) eren capagos d’hidrogenar olefines a elevats TOFs. La sintesi i I'es-
tructura d’aquests catalitzadors homogenis d’or es mostra la figura 5.1 (complexos
2Au, 3Au, 4Au, 5Au). També se sintetitzaren complexos analegs de Pd(II), dels
quals s’esperava que es comportéssin de manera similar als complexos de Au(III) ja

que les dues families de complexos sén isoelectroniques (d®). En ambdds casos, su-

69
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portar els catalitzadors sobre un substrat polar (MCM-41) incrementava el TOF dels
catalitzadors. Si posteriorment s’augmentava l’acidesa de la superficie per substitucio
de Si per Al (MCM-41, Si/Al = 50) el TOF dels catalitzadors encara augmentava
més. La taula 5.1 mostra els valors de TOF corresponent a la hidrogenacié mitjangant
el complex 2 d’or (2Au) i del seu analeg de palladi (2Pd) de la figura 5.1, per les

diferents situacions ja esmentades.

CHO
HoN—-,
1 N::] 1.
g H,N  NH,
2. HAuCl4 2. HAuCl4

2Au, R =fenil
3Au, R = 1-naftil 5AuU
4Au, R = 2-naftil

Figura 5.1: Sintesi dels catalitzadors homogenis d’or.

Aquests resultats suggerien 'activacié heterolitica de ’hidrogen ja que en aquest
cas es forma un hidrur neutre i un protd, i aquest fet permetria explicar 'increment

de l'activitat catalitica quan augmenta la polaritat i I’acidesa del substrat.

5.2 El nostre estudi: resultats 1 discussio

El nostre objectiu era trobar un mecanisme d’hidrogenacié viable per la hidrogenacio

d’alquens mitjangant els complexos de Au(IIl), ja que fins llavors no hi havia cap
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proposta mecanistica per la hidrogenacié homogenia mitjancant complexos d’or.

Taula 5.1: TOFs (mmolsubstmt-mmol(;ltalitzador-
etilitaconat ((EtOsC-CHy)(EtOoC)C=CHPh) en EtOH mitjancant el complex 2Awu i el
complex 2Pd sense suportar i suportats sobre els substrats MCM-41 i MCM-41,5i/Al=50,

en condicions de 4 bar de Ha, 40 °C i amb una ratio substrat/catalitzador igual a 1000).

h=1) per la hidrogenacid catalitica de di-

Estructura Au'll pdlt
2 3430 3360
2-(MCM-41) 4920 4980
2-(MCM-41,5i/A1=50) | 6730 6000

A més, també ens proposarem avaluar el mecanisme d’hidrogenacié mitjancant
complexos de Pd(IT) per tal de veure si operava mitjancant el mateix mecanisme de
reacci6. Per tal de fer-ho, combinarem els estudis cinetics realitzats per Corma i
col-laboradors i els calculs teorics. Aixi, pel que fa als calculs teorics, realitzarem
optimitzacions mitjancant el funcional hibrid B3LYP i calculs puntuals PCM en so-
lucié (EtOH). Tots els valors presentats en aquest capitol sén en solucié a no ser
que es digui el contrari. Per tal de minimitzar el cost computacional, escollirem un
dels catalitzadors (complex 2Au i el seu analeg de pal-ladi), prenguérem un model
d’aquest (1Au i 1Pd de la figura 5.2) tan per I'or com pel pal-ladi i usarem etile com

a substrat de la reaccid.

N N—— N N—
NGNS TN
N\, N\,
1AuU 1Pd

Figura 5.2: Sistema model pel complex 2Aw (1Aw). Pel cas del pal-ladi usarem el complex
andaleg que es mostra (1Pd).
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5.2.1 Hidrogenacié mitjancant complexos d’or

En aquesta seccio es descriuen breument les etapes de reaccié avaluades mitjancant
els calculs teorics per la hidrogenacio utilitzant el model 1Au, tot comparant-les amb
les dades cinetiques obtingudes per Corma i col-laboradors. Cadascuna de les etapes

del mecanisme de reaccié es comenta en un subapartat diferent.

Activacié de I’hidrogen

En primer lloc, s’havia de trobar una via per tal d’activar I'hidrogen molecular.
Com ja s’ha comentat a la introduccié, ’activacié de 1’hidrogen podia tenir lloc ho-
moliticament o heterolitica i, per tant, s’avaluaren ambdds processos d’activacio.

El primer es descarta, ja que el producte de 'activacié homolitica era aproxima-
dament 50 kcal-mol ™' més inestable que els reactius corresponents (en fase gas). Aixo
es podia explicar per la dificultat de I'or d’assolir I'estat d’oxidacié Au(V).

Pel que fa a 'activacié heterolitica, aquesta déna com a resultat la formacié d’un
enllag M-H i la formacié d’un proté. La destinacié del proté és el que distingeix els
diferents trencaments heterolitics. Aixi doncs, s’avalua que el protd anés a parar als
seglients lligands del complex: al grup oxo, al nitrogen de ’amina i al clorur, trobant
barreres pels trencaments heterolitics de I’hidrogen de 47.4, 53.4 i 37.8 kcal-mol™1,
respectivament. Aquestes etapes es mostren a la figura 5.3 juntament amb les estruc-
tures dels estats de transicié corresponents i els valors de les barreres associades a
cada procés. Aquestes barreres encara eren massa elevades perque formessin part del
mecanisme operatiu de reaccié. Aixi doncs, avaluarem la possible influencia del sol-
vent (EtOH) a través d’un estat de transicié de sis membres, on el solvent assistiria al
trencament heterolitic de 'hidrogen, tal i com ja s’ha esmentat a la introduccié. Aixi,
calcularem els mecanismes assistits pel trencament heterolitic sobre el grup oxo i el
clorur i trobarem barreres de reaccié molt més baixes: 31.5 i 26.8 kcal-mol~! respecte
els reactius inicials, la qual cosa significava una disminucié en 16 i 11 kcal-mol~! de
cada barrera de reaccié. Els estats de transicié d’aquests dos processos es mostren
a la figura 5.4. Com que el trencament heterolitic de I’hidrogen sobre el clorur és el
més favorable dels camins de reaccié avaluats prenguérem aquesta etapa com el pas

que genera l'especie activa del cicle catalitic. Aquesta etapa déna com a productes
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I'especie metall-hidrur, EtOHJ i Cl~ tal i com es mostra a la figura 5.5.

L
5 2. TH4%
&

LU PO T ]
(1 Wi

47.4 kcal/mol

An-tual

-

‘I 433 L‘-'- Iu:llwfr [
53.4 kcal/mol

Au-tsh]

LAuw

37.B kcal/ mol
Aw-iax]

Figura 5.3: FEtapes dels trencaments heterolitics sobre els lligands oxo, amino i clorur,
respectivament. També es mostren les estructures dels estats de transicié corresponents i

els valors de les barreres associades a cada procés. Distancies en A.

Els resultats teorics implicaven que el solvent jugava un paper clau en el mecanis-
me de reaccié. Per tal de confirmar aquest fet, vam proposar als nostres col-laboradors
que provessin la reaccié en un solvent aprotic pero de polaritat similar (acetona) i...
eureka! La comparacié entre la hidrogenacié en un solvent polar protic com ’etanol
i un solvent polar aprotic com 'acetona revela que la velocitat inicial d’hidrogenacio

disminuia drasticament al passar d’etanol a acetona, tal i com es mostra a la figura
5.6.
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Figura 5.4: Estats de transicid pel trencament heterolitic de [’hidrogen assistit per la
molécula de dissolvent (EtOH) sobre els lligands oxo (Au-ts1a2) i clorur (Au-tsic2).

Distancies en A.

Figura 5.5: FEtapa inicial que genera l'espécie activa del cicle catalitic, l’espécie metall-
hidrur (Au-Ic1).

Coordinacié de l’etile al catalitzador i insercié a ’enllag Au-H

Un cop activat ’hidrogen, el segiient pas implicava ’entrada de 'etile al cicle catalitic.
Per aquesta etapa tinguérem en compte dues possibilitats. La primera consistia en el
desplagament del lligand amina permetent d’aquesta manera la coordinacié de l'etile
(Au-Ic2a de la figura 5.7). Aquesta etapa presentava una barrera de 21.8 kcal-mol ™!,
Pel que fa a la segona possibilitat, implicava la coordinacié de 'etile donant lloc a un
complex amb estructura de bipiramide trigonal (Au-Ic2bis de la figura 5.7). Aquesta

etapa presentava una barrera significativament més elevada: 34.7 kcal-mol~!.
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Conversio™ [%]

Figura 5.6: Comparacid de la velocitat inicial d’hidrogenacid per ’etanol i l’acetona en

la hidrogenacié de benzilidesuccinat en les condicions de reaccio exposades a la taula 5.1

mitjancant el complex 2Au.

Per tant, la primera etapa era clarament més favorable que la segona i es postulava
com el segiient pas de la reaccio.

~ NS
r\N\ //\ <
——N
O TN

CH/~=CH, \ o/ \H \ / \\

Au-lc2a Au-lc3

\@/\
\ /\

Audct
CHz=CH,

Ty
/ ‘ \“
Au-Ic2bis

Figura 5.7: Modes de coordinacié de letilé al complex 1Aw que s’han avaluat i etapa

d’insercio de letilé a ’enlla¢ Au-H.
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L’etapa postulada era similar a la que proposaren Vrieze, van Leeuwen i
col-laboradors per la reaccié d’inserci6 de CO a l’enllag Pd-C en complexos amb
lligands terdentats de nitrogen, on també es proposa que un dels lligands nitrogen
terminals se substituia per una molecula entrant de CO.?*” Altres estudis també ob-
servaren substitucions similars.?4®

Un cop l'olefina era dins I'esfera de coordinacié del catalitzador podia tenir lloc la
insercié de ’alque a ’enllag Au-H, la qual es donava al mateix temps que la rotacié de
I'olefina. Aquesta etapa presentava una barrera relativa al voltant d’aproximadament
4 kcal-mol™! i donava com a resultat 'intermedi metall-alquil (Au-Ic3 de la figura

5.7).

Finalitzacio del cicle catalitic

Per tal de finalitzar el cicle catalitic, formalment s’havia de transferir un proté a
I'intermedi metall-alquil i aixi generar el producte final: eta. Per tant, varem con-
siderar que aquest proté podia venir d’especies presents al medi com acid acetic o

249-251 , hé d’una molecula

'especie EtOHS T tal i com s’havia proposat a la literatura
addicional d’hidrogen (veure figura 5.8).

Pel que fa al primer cas, previament podia tenir lloc la recoordinacié del lligand
amina que s’havia descoordinat per tal de permetre ’entrada de ’etile formant Au-
Ic4bis. Aquesta etapa és molt favorable termodinamicament, essent exotérmica en
37.2 kcal-mol™!. La posterior transferéncia protonica per part de I'acid acetic (ru-
ta a Au-Ic51bis) o l'especie EtOH; (ruta a Au-Ic52bis) presentaven barreres de
reaccié massa elevades per ésser etapes de reaccié favorables, 57.5 i 37.5 kcal-mol ™1,
respectivament. [’alternativa era que ’hidrogen molecular acabés transferint el proto
a l'intermedi metall-alquil. Per a la coordinacié de I'hidrogen a l'intermedi metall-
alquil vam considerar dues alternatives: un procés on la molecula de dihidrogen es
coordinava a la vacant de coordinacié (Au-Ic4) o un procés on el lligand amina es
recoordinava i després la molecula d’hidrogen es coordinava a l'or tot formant un
complex pentacoordinat (Au-Ic42). Aquesta especie pentacoordinada no fou pos-

sible de localitzar a la superficie d’energia potencial, fet que suggeria que en cas

t Aquesta especie és Iespecie més acida que pot existir en una solucié d’etanol.
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Figura 5.8: Modes de finalitzacio del cicle catalitic.

d’existir aquest intermedi seria molt elevat en energia.

Per tant, prosseguirem l'estudi analitzant la coordinacié de la molecula d’hidro-
gen a la vacant de coordinacié, la qual era lleugerament exotérmica: -2.9 kcal-mol~!.
El posterior trencament de la molecula d’hidrogen regenerava 1'hidrur i formava el
producte final (eta) a través de la metatesi o de la molecula d’hidrogen mitjancant
un estat de transicié de quatre membres. La barrera per aquesta etapa de reaccid
era raonable (15 kcal-mol™!) i era una manera elegant i senzilla de finalitzar el cicle
catalitic. Un pas analeg pel trencament de I'hidrogen fou proposat per Moroku-
ma, Musaev i col-laboradors en la polimeritzacié d’etile mitjancant catalitzadors de

niquel i de pal-ladi.?? Aquesta etapa també s’ha suggerit per processos d’intercanvi

d’hidrur.?3
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Mecanisme global de la reaccio: cicle catalitic complet

En base als resultats previs es va obtenir el cicle catalitic complet que es mostra a la
figura 5.9.

O 1au T
H,, EtOH
CI", EtOH,"
CH4CHs N N— CHF=CH
\ﬁ/ AN
\_ N\
Au-lcl
e e
—N —N
Au-lca \ \AG&\/\ \A@&/H Au-lc2
" N\,
e
//\N\
_N\®
Hy \: /AU/\
o
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Figura 5.9: Cicle catalitic complet per la hidrogenacid d’etilée mitjangant el complex 1Aw.

Com ja s’ha comentat, el primer pas correspon a la formacié de I’hidrur mitjangant
el trencament heterolitic de I'hidrogen sobre el clorur amb ['assistencia de 1’etanol.
Aixo esta d’acord amb el fet que el periode d’induccié trobat experimentalment sigui

més gran a temperatures baixes i també que aquest disminueixi a l'augmentar la
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pressié parcial de I’hidrogen de 2 a 4 bar. Un cop s’ha format 1'hidrur s’inicia el
cicle catalitic propiament dit ja que aquesta és ’especie activa del catalitzador. Dins
del cicle catalitic I'etapa amb la barrera relativa més alta correspon a l'entrada de
I'etile dins l'esfera de coordinacié. Aixo esta d’acord amb el fet experimental que
després del periode d’induccié la velocitat de la reaccié s’incrementi a ’augmentar
la concentracié d’olefina fins a un valor en el qual la saturacié dels llocs actius i
el pseudo-ordre de la reaccié esdevingui zero respecte 1'olefina. Pel que fa al perfil
energetic global, aquest presenta una barrera d’unes 20 kcal-mol™! (des de I'intermedi
Au-Icl fins a Pestat de transicié Au-ts3 de la figura 5.10).
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Figura 5.10: Perfil energétic pel mecanisme d’hidrogenacié proposat per la hidrogenacio

d’etile mitjancant el complexr 1Aw.
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5.2.2 Hidrogenacié mitjancant complexos de pal-ladi

En aquesta seccio es descriuen breument les etapes de reaccié avaluades mitjancant
els calculs teorics per a la hidrogenacié del model 1Pd, tot comparant-les amb les
dades obtingudes per la hidrogenacié de 1'or i amb les dades cinetiques obtingudes
per Corma i col-laboradors. Com en el cas anterior, les diferents etapes es comenten

als subapartats segiients.

Activacio de I’hidrogen

L’activacié de la molecula d’hidrogen es podia donar de forma homolitica o hete-
rolitica. Pel que fa a I’activacié homolitica el producte resultant presentava un valor
de 37.9 kcal-mol~! els respecte reactius inicials. Aixd mostrava ’elevat cost d’assolir
I'estat d’oxidacié PA(IV) i, per tant, el descartarem com a cami de reacci6 favorable.
Pel que fa a ’activacié heterolitica descartarem inicialment la possibilitat del trenca-
ment heterolitic sobre el nitrogen aminic ja que era la que mostrava la barrera més
elevada pel cas de I'or. En conseqiiencia, avaluarem el trencament heterolitic sobre el
lligands oxo i clorur del catalitzador. Aquests presentaven barreres de reaccio respec-
tives de 32.7 kcal-mol™! i de 19.2 kcal-mol~! en solucié. En el darrer cas, la inclusi6
de l'efecte del solvent mitjancant els calculs puntuals PCM disminui fortament la
barrera de reaccié ja que en fase gas la barrera de reaccié era de 28.1 kcal-mol~!.
L’elevat increment de la carrega de Mulliken a I'atom de clorur d’aquest estat de
transici6 respecte els reactius inicials (-0.314) indicava que possiblement era la pola-
ritat del solvent (EtOH) el que feia disminuir la barrera d’activacié en 9 kcal-mol™!.
L’augment de carrega sobre el lligand oxo fou considerablement inferior. Ambdoés es-
tats de transicié corresponents al trencament heterolitic de I’hidrogen sobre els grups
oxo i clorur es mostren a la figura 5.11. Analogament al cas de l'or, avaluarem la
participacié activa de molecules de dissolvent assistint al trencament heterolitic de
I’hidrogen mitjancant un estat de transicié de sis membres. En aquest cas, i a di-
ferencia del cas de l'or, la barrera practicament no es veigué afectada: 32.8 i 18.6
kcal-mol~! pels trencaments heterolitics sobre els grups oxo i clorur, respectivament.
Aixi doncs, pels complexos de Pd(II) I'assistencia del solvent no era necessaria pel

trencament heterolitic de I’hidrogen. Aix0 queda confirmat experimentalment per
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Corma i col-laboradors, ja que en el cas del pal-ladi en etanol la reaccié era tan sols

lleugerament més rapida que en acetona tal i com es mostra a la figura 5.12.

Figura 5.11: FEstats de transicid dels trencaments heterolitics de I’hidrogen sobre el grup

ozo (Pd-tsla) i el grup clorur (Pdts1c). Distincies en A.
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Figura 5.12: Comparacid de la velocitat inicial d’hidrogenacid per ’etanol i l’acetona en
la hidrogenacio de benzilidésuccinat en les condicions de reaccid exposades a la taula 5.1

mitjancant el complex 2Pd.

Aquests resultats es poden comparar amb els obtinguts pel complex d’or (figura
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5.6). Aixi, pels complexos de palladi el trencament heterolitic sobre el clorur era el
que presentava la barrera energetica més favorable. Els productes d’aquesta etapa
eren I'intermedi metall-hidrur i HCI tal i com es mostra a la figura 5.13. A diferéncia
del cas de 'or, 'assistencia del solvent no era necessaria per tal que la reacci6 seguis

el seu curs.

C \ SN NN
\_ \

Hal Pd-Icl

Figura 5.13: FEtapa inicial que genera l’espécie activa del cicle catalitic, [’espécie metall-

hidrur (Pd-Ic1).

Coordinaci6 de l’etile al catalitzador i insercié a ’enllag Pd-H

El segiient pas del cicle catalitic involucrava la coordinacié de l'etile al pal-ladi. En
aquest cas, i a diferencia del cas de I'or localitzarem dues estructures on l'etile estava
coordinat al pal-ladi i on el complex presentava una geometria de bipiramide trigo-
nal. La més estable de les estructures estava localitzada 14.6 kcal-mol~! per sobre
dels reactius inicials (Pd-Ic2 de la figura 5.14). Des d’aquesta estructura, el segiient
pas consistia en la marxa del lligand amino per formar una estructura planoquadrada
(Pd-Ic3a,b). Aquesta etapa era molt favorable, ja que presentava una barrera rela-
tiva de tan sols 0.4 kcal-mol™!. Posteriorment podia tenir lloc la insercié de l'etile a
I’enllag M-H, la qual es donava al mateix temps que la rotacié de I'olefina. Aquesta
etapa presentava una barrera relativa de 5.0 kcal-mol~! i produia un agostic entre el
metall i 'enllag C-H acabat de formar (Pd-Ic4a,b). Des de la segona estructura amb
geometria de bipiramide trigonal (Pd-Ic2bis) localitzarem un estat de transicié on la
inserci6 de l'etile a I’enllag Pd-H es donava al mateix temps que la marxa del lligand
amino. Aquest cami de reaccié presentava una barrera de 9.6 kcal-mol~' i per tant
era menys favorable que la ruta per passos préviament explicada (5.0 kcal-mol™!).

Aquest resultat estava d’acord amb estudis de Hoffmann i Thorn, que trobaren que
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I'inserci6 de l'etile a I’enllag M-H era més dificil en una estructura de bipiramide tri-
gonal que en una estructura planoquadrada.?* D’altra banda, tot i que s’avalua, no
fou possible localitzar un estat de transicié on la transferencia de I'hidrur i la marxa
del lligand amino tinguessin lloc al mateix temps des de la primera de les estructures

amb geometria de bipiramide trigonal (fletxa discontinua de la figura 5.14).
-
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Figura 5.14: Diversos camins de reaccid per obtenir l'intermedi metall-alquil (Pd-Ic4a,b)
a partir dels isomers Pd-Ic2 i Pd-Ic2bis. Les lletres a,b per Pd-Ic3 i Pd-Ic4 es refe-

reizen als diferents conformers que presenta cada espécie.

Finalitzacid del cicle catalitic

Per tal de finalitzar el cicle catalitic s’havia de transferir un hidrogen a l'intermedi
metall-alquil acabat de formar. Pel que fa a la possibilitat que una especie acida del
medi transferis un proté al grup etil per donar I'eta la descartarem inicialment ja que
en el cas de 'or localitzarem barreres de reaccié molt elevades per aquesta etapa. En
canvi, varem considerar que I’hidrogen molecular fos capag de transferir aquest proto

al grup etil. Per tal que el protd es pogués transferir, primer s’havia de coordinar la
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molecula d’hidrogen, etapa per la qual vam considerar les dues alternatives conside-
rades pel complex 1Au. Com en el cas d’aquest complex, ’especie pentacoordinada
on I'hidrogen estava coordinat al pal-ladi no es va localitzar a la superficie d’energia
potencial. En canvi, si que es va localitzar el cami de reaccié on la molecula de dihi-
drogen es coordinava al metall amb previ trencament de I'agostic entre I'enllag C-H

i el metall, tot donant lloc a un complex amb geometria planoquadrada (Pd-Ic5 de
la figura 5.15).
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_N\ /CHZ
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Figura 5.15: Cicle catalitic complet per a la hidrogenacid d’etile mitjangant el complex
1Pd.

El trencament de 1’agostic entre 'enllag C-H i el metall permetia la coordina-
cié de la molecula d’hidrogen a la vacant de coordinacid, essent exotermica en 4.0

kcal-mol™! (Ic5), mentre que el posterior trencament de la molecula d’hidrogen re-
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generava I’hidrur i formava el producte final (eta) a través de la metatesi o de la
molecula d’hidrogen mitjancant un estat de transicié de quatre membres. Aques-
ta etapa presentava una barrera de 12.1 kcal-mol™!. En aquesta estructura, ’etd
formava un agostic a través d'un enllag C-H amb I'atom metal-lic (Ic6a,b). Final-
ment, 1"iltima etapa rellevant consistia en la marxa de I’eta al mateix temps que es
coordinava I’amina, amb una barrera relativa de tan sols 0.2 kcal-mol~!. Aquesta eta-
pa regenerava I’hidrur format durant el trencament heterolitic inicial de 1’hidrogen,

tancant d’aquesta manera el cicle catalitic.

Mecanisme global de la reaccio: cicle catalitic complet

Un cop es trenca I’hidrogen mitjancant 1’activacio heterolitica sobre el clorur s’inicia
el cicle catalitic propiament dit (figura 5.15) ja que es forma l’especie activa del
catalitzador: 'intermedi metall-hidrur (Pd-Ic1). El perfil energetic del cicle catalitic
es mostra a la figura 5.16.

L’activacié de I'hidrogen és la barrera més elevada que s’ha trobat (19.2
kcal-mol™!), fet que s’ha comprovat experimentalment gracies a l'observacié de
periode d’induccié a la corba cinetica, si bé en aquest cas i a diferencia del cas
de Tor, el periode d’induccié sols disminueix lleugerament quan la pressio parcial d’-
hidrogen s’incrementa de 2 a 4 bar, suggerint que aquest pas no és tan rellevant per
a la velocitat de reaccié com en el cas de 'or. Pel que fa al cost global del procés
(figura 5.16), aquest és de 15.0 kcal-mol™! i correspon a l’etapa on es déna l'entrada

de l'etile a I’esfera de coordinacié del pal-ladi.

5.3 Conclusions

Mitjancant calculs DFT s’ha fet una proposta mecanistica per la hidrogenacié d’al-
quens mitjangant complexos de Au(III) i PA(II). Els resultats obtinguts han permes

concloure que:

e Tan per l'or com pel pal-ladi el mecanisme avaluat inclou com a etapa inicial
més favorable el trencament heterolitic de ’hidrogen sobre el clorur, la qual

genera |’especie activa del catalitzador: I'intermedi metall-hidrur.
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Figura 5.16: Perfil energétic pel cicle catalitic d’hidrogenacid proposat pel complex 1Pd.

Energies en kcal-mol™".

e En la hidrogenacié mitjangant complexos de Au(III), el solvent juga un paper
important assistint al trencament heterolitic de I’hidrogen, essent el trencament
heterolitic sobre el clorur I'etapa més favorable. Aixo queda avalat experimen-
talment per la reduccio de la velocitat observada per 'acetona en comparacié
amb l'etanol i per la disminucié del periode d’induccié a 'augmentar la pressio

parcial de I’hidrogen.

e En el trencament heterolitic de I’hidrogen mitjancant complexos de pal-ladi,
I’efecte del solvent és important pel que fa a la polaritat pero no pel que fa al
seu caracter protic i per tant no es déna ’assistencia del solvent en el procés
de trencament heterolitic. Aixo queda confirmat experimentalment, ja que el
periode d’induccié es veu poc afectat si se substitueix etanol per acetona com

a solvent.
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e Un cop generada I’especie activa comenca el cicle catalitic propiament dit. Els
passos segiients consisteixen en la substitucié del lligand amino per etile, la
insercié de 'etile a I’enlla¢ M-H i la regeneracié de ’hidrur gracies al trencament

heterolitic de la molecula d’hidrogen.

e El pas limitant de la velocitat de reaccié és el mateix tan pel complex d’or com
pel complex de pal-ladi un cop s’ha format 1’especie cataliticament activa (1'in-
termedi metall-hidrur). Aquesta etapa correspon a la coordinacié de 'olefina

al catalitzador.
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Capitol 6

Naturalesa del compost Cp*l\/IoOgr
en aigua i epoxidacio d’olefines
mitjancant complexos tipus

Cp*Mo(VI) en cloroform i aigua

6.1 Complexos tipus Cp*Mo(VI) en aigua i apli-

cacions en epoxidacié d’olefines

Els complexos de Mo amb lligands oxo amb estats d’oxidacié elevats s’han emprat en
diverses reaccions catalitiques com ara ’epoxidacié d’olefines, les oxidacions selecti-
ves d’alcohols a aldehids, la deshidrogenacié i isomeritzacié d’alquens i fins i tot en
processos de reduccié com ara la hidrosililacié de carbonils.?”> Pel que fa a la versié
organometal-lica d’aquests sistemes, aquesta s’ha mostrat forca activa sobretot en
reaccions d’epoxidacié d’olefines.?°¢2%9

El grup de R. Poli (Tolouse) ha estudiat complexos d’aquest tipus centrant-se en
derivats tipus Cp*Mo per diversos estats d’oxidacié (VI, V, IV i clusters de valencies

260 Fra forca interessant adaptar aquests sistemes perque poguessin ope-

mixtes).
rar en medi aquods i aqui rau la importancia de coneixer la naturalesa del complex

[Cp*MoO,] T en aigua. La formaci6 del compost [Cp*MoOo(H20)]™ (2a) per proto-

91
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nacié a partir del complex [Cp*MoO,(OH)] era d’ordre 1 en concentracié de protons
([HT])?%! i aixo suggeria dos mecanismes possibles. El primer (opcié (a) de la figura
6.1) involucra un equilibri rapid per donar I’aquo-oxo isomer (2a), seguit de la perdua
d’una molecula d’aigua que seria el pas determinant de la velocitat. Pel que fa al se-
gon (opci6 b) de la figura 6.1), involucra la isomeritzacié intramolecular del complex
dihidroxo (1a) al complex aquo-oxo (2a) com a pas determinant de la velocitat de

reaccio.
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Figura 6.1: Protonacio del complex [Cp*MoO2 OHJ i possibles mecanismes de formacio del
/Cp*MOOQ(HQO)/+ (20,)

Experimentalment, els grups de Poli i van Eldik van realitzar cinetiques de
stopped-flow a pH’s baixos i van mostrar que 1’energia lliure de la tautomeritzacié en-
tre els compostos 2a i 1a afavoria la formacié del primer en 6.5 kcal-mol=!. A més, els
parametres d’activaci6 per la protonacié i isomeritzacié del complex [Cp*MoOy(OH)]
fins a [Cp*MoO,(H,0)]* (2a) eren igual a AH* = 5.1 & 0.1 kcal-mol ™!, AS* = -37 +
1 cal-lmol 'K~ i AV¥ =-9.1 + 0.2 ecm?-mol~!. Aquests valors negatius per I’entropia
i el volum d’activacié suggerien un procés en el qual o bé hi havia una important
formacié d’enllac o bé tenia lloc un procés de creacié de carrega, i per tant suggerien
que la reaccié seguia l'opcié (b) de la figura 6.1. D’altra banda, la preséncia d'un

equilibri per la dissociacio de 'aigua permetia explicar la baixa acidesa observada pel
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complex 2a (pK), = 4.19).

Pel que fa al mecanisme d’epoxidacié mitjancant complexos de molibde, estu-
dis experimentals amb complexos de férmula MoOsX5L, i --BuOOH (TBHP) com
a oxidant mostraren que la font d’oxigen per 'epoxidacié era el TBHP i no pas els
lligands perdxid.?®? D’altra banda Romao i col-laboradors trobaren que complexos
tipus [Cp#*Moy05] i [Cp#*MoO,Cl] (Cp# = ciclopentadienil substituit) eren actius en
solucié aquosa amb TBHP perd no amb H,Oy com a oxidant.?*® Per la seva banda
Trost i Bergman, en el primer estudi catalitic fent servir un oxo derivat de molibde
van mostrar que el binomi [Cp*Mo(O2)Cl]/TBHP era efectiu en I’epoxidacié d’ole-
fines mentre que el compost analeg de peroxid [Cp*MoO(O2)Cl] era cataliticament
inactiu.?63 Per tant, l'existéncia i estabilitat dels grups peroxid havia d’estar relaci-
onada amb processos secundaris com ara la desprotonacié dels lligand hidroperoxid
M-OOH. De fet, en un estudi teoric on es modelava el --BuOOH com a MeOOH s’ha
proposat un mecanisme que s’assembla al proposat per Thiel (figura 2.15 del capitol
2) excepte en que el que rep el dipositari del proté és un lligand ox0.26%264 Aquest
mecanisme es mostra a la figura 6.2 i s’assembla el mecanisme proposat per Mimoun
(figura 2.14 del capitol 2) ja que té lloc la inserci6 de 1'alque a I’enllag metall-peroxo.
Tot i aix0, per l'estat de transicié corresponent a la insercié de l'alque es calcula
una barrera de 52 kcal-mol~!. Es raonable pensar que en base al valor d’aquesta
barrera obtinguda aquesta és massa elevada per un procés catalitic i que, per tant,

és necessaria una nova investigacié del mecanisme d’epoxidacio.

Figura 6.2: Proposta mecanistica de Calhorda i col-laboradors.
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6.2 El nostre estudi: resultats i1 discussio

Mitjancant calculs teorics es volia establir si el nombre d’aigiies coordinades al com-
plex [Cp*MoOy(H20),]T era n=0 o n=1, es volia saber el mecanisme que duia a la
formacié d’aquest i es volien entendre els factors que regulaven I’energia relativa dels
tautomers dihidroxo i aquo-oxo. A més, es volia calcular un mecanisme d’epoxidacid
viable mitjancant el complex [Cp*MoOj3], es volia entendre la diferéncia d’activitat
entre els derivats oxo i peroxo dels complexos de Trost i Bergman [Cp*MoO,Cl| i
[Cp*MoO(02)Cl] i es volia saber perque el TBHP era millor oxidant que el HyOs.
Com que el complex Cp*MoO,Cl era isoelectronic dels compostos tipus [MoOoXsLo|
els resultats obtinguts es podrien extrapolar a aquesta classe de complexos.
D’aquesta manera, vam realitzar calculs a nivell DFT (B3LYP) incloent 'efecte
del solvent mitjancant calculs puntuals CPCM usant etile com a substrat i HO5 com
a oxidant en el cas de la reaccié d’epoxidaci6. En el cas del [Cp*MoO,| ™, el solvent
usat fou aigua mentre que en el cas dels complexos de Trost i Bergman era cloroform.
Els valors que es presenten en aquest capitol séon en solucié a no ser que es digui el

contrari.

6.2.1 Naturalesa en medi aqués del complex [Cp*MoO,]"
Addicié d’aigua al complex [Cp*MoO,]*

Inicialment vam calcular el resultat d’afegir una molecula d’aigua al complex
[Cp*MoO,] ™, procés exotermic en 10.1 keal-mol™! en solucié. Aixd contrastava amb
el resultat en fase gas (exotermic en 39.7 kcal-mol ™) ja que en solucié s’estabilitzava

notablement el complex cationic [Cp*MoO,]*.

Transferéencia intramolecular del proto

El procés d’anar del complex dihidroxo (1a) a ’aquo-oxo (2a) era endotérmic en 7.2
kcal-mol~! i la barrera energética per passar de 'un a l’altre prenia un valor forca
elevat, 43.9 kcal-mol~!. Aquesta barrera probablement estava relacionada amb 1’ele-

vada tensié de la geometria de I'estat de transicio, on I'enllag O-Mo-O presentava un
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angle de 71.3 °. El perfil energetic d’aquest procés i l'estat de transicié corresponent

(tsla) es mostren a les figures 6.3 i 6.4, respectivament.

ts1a

== -

fase gas
----solucio
431| |439

0.0

1a 2a

Figura 6.3: Perfil energétic per a la transferéncia protonica intramolecular entre el dihi-

drozo (1a) i 'aquo-ozo (2a). Energies en kcal-mol™.

Figura 6.4: FEstats de transicid per la transferencia protonica intramolecular sense assistir
(tsla), assistida per una molécula d’aigua (ts1b) i assistida per dues molécules d’aigua
(tslc). Distincies en A.
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Per tal d’estudiar si aquesta transferéncia protonica podia ésser assistida per al-
tres molecules d’aigua es van realitzar calculs afegint 1 1 2 molecules d’aigua, respec-
tivament. Altres estudis teorics ja havien suggerit la participacié activa de cadenes

d’aigua en processos de tautomeritzacié?> 2% i d’intercanvi de prot4.27%:2™ A I’

afegir
una molecula d’aigua la diferéncia energetica entre el complex dihidroxo (1b) i el
complex aquo-oxo (2b) passava a ser sols de 4.0 kcal-mol™! a favor del primer mentre
que la barrera que els separava prenia un valor de tan sols 10.3 kcal-mol~!. El perfil

energetic corresponent es mostra a la figura 6.5

fase gas
Cp MoD,(H,0F

==== golucio + HO
ts1b 10.6

Cp*MoO(OH),*
+H.0

Figura 6.5: Perfil de la transferéncia protonica intramolecular assistida per una molécula

d’aigua entre el dihidrozo (1b) i I'aquo-ozo (2b). Energies en kcal-mol!.

Aixo quedava reflectit a 'angle de I'enllag O-Mo-O ja que ara prenia un valor
més gran (92.5 °) i per tant la geometria de l'estat de transicié estava més relaxada
(tslb de la figura 6.4). Aquest estat de transicié mostra certa analogia amb el
que s’ha mostrat al capitol 5 per 'activacié heterolitica de I'hidrogen assistida per
I’etanol. Finalment, vam avaluar el procés en el qual dues molecules d’aigua assistien
la transferencia protonica a través d'un estat de transicio de vuit membres. En aquest
cas, l'estat de transicié que va del dihidroxo (1c) a I’aquo-oxo (2c) prenia un valor
en solucié inferior al minim previ. Aix0 probablement era degut a l’error inherent
del metode CPCM, ja que en fase gas la barrera prenia un valor de tan sols 1.3
kcal-mol~!. El perfil energetic corresponent es mostra a la figura 6.6. En aquest cas,
I'angle O-Mo-O a l'estat de transici6 era encara més obert: 102.0 °(tslc de la figura

6.4). A més, ara la diferéncia d’energia entre ambdds isomers ja era lleugerament
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favorable a I'isdbmer aquo-oxo en 0.4 kcal-mol~!.

fase gas Cp*Mo,{H,0)
T . ¥ +2H}O
solucio

10.68

Cp*MoOQ(OH)Y, e
+ 2H.0

0.0

Figura 6.6: Perfil de la transferéncia protonica intramolecular assistida per dues molécules

d’aigua entre el dihidrozo (1c) i l’aquo-ozo (2¢). Energies en kcal-mol™!.

Per tant, el fet d’anar afegint molecules d’aigua explicites al sistema millorava la
descripcié de la solvatacié en aigua, tot mostrant una tendencia que estava d’acord
amb l'estabilitat relativa obtinguda experimentalment, on 1’aquo-oxo isomer era més
estable que el dihidroxo en 6.5 kcal-mol 1. Finalment, vam afegir una tercera molecula
d’aigua al nostre sistema i la diferencia a favor del complex aquo-oxo s’ampliava
fins a 1.8 kcal-mol™!, si bé ambdos minims, 1d i 2d, formalment eren més aviat el
complex [Cp*MoO,(OH)] interaccionant amb el clister H;O3 . Aix{, degut a I'acidesa
d’ambdos isomers ja observada experimentalment es transferia un dels protons al
medi.

Com que ambdues espéecies predominen en medi acid, per tal de tenir una idea de
'efecte que tenia baixar el pH vam usar el clister [H3O(H20)3]™ com a model. La
naturalesa de I’hidroni en solucio i la seva esfera de solvatacié han inspirat nombrosos
treballs teorics.2"2 2™ Aquest model de clister ja s’ha fet servir per modelar I’hidroni
en solucié en altres reaccions de complexos de metalls de transicio, tal i com s’ha
explicat al capitol 2.6%:636%  Aix{ s’obtingueren cinc minims que es mostren a la
figura 6.7, on en dos dels quals (1e i 2e) I'hidroni esta situat a la segona esfera de

coordinacié mentre en els altres tres (1e2, 1e3 i 2e2) esta siutat a la primera esfera
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de coordinacié. Tal i com era d’esperar, en aquest cas no es transfereix el proto al
medi ja que hi hauria un excés de carrega positiva. Pel que fa a I'estabilitat relativa,
la configuracié més estable dels minims de 1'isomer dihidroxo (1e) és més estable que
la configuracié més estable de Iisomer aquo-oxo (2e) en 5.3 kcal-mol™!. Aquesta
estabilitat relativa, que és contraria a ’experimental, probablement mostra com la
descripcio de la solvatacié de les especies cationiques encara no és optima i que forca
més molecules d’aigua serien necessaries per tal de descriure correctament els cations

aquo-oxo i dihidroxo interaccionant amb el catié hidroni.

6.2.2 Epoxidaci6

Les dues primeres seccions avaluen 'epoxidacié d’olefines mitjancant els complexos
[Cp*MoO,Cl] i [Cp*Mo(O2)OC]] per tal d’esbrinar perque el segon és inactiu per
aquest procés. Pel que fa a I'iltima seccié és on s’estudia ’epoxidacié d’olefines

mitjancant el complex [Cp*MoOs]*.

Epoxidacié d’olefines mitjangant el complex [Cp*MoO,Cl|

En base a altres treballs teorics en epoxidacié d’olefines catalitzada per compostos de
molibde, 151, 153,154,156, 158, 159,262,264, 2767280 15 primera, etapa estudiada fou la d’activacié
de l'oxidant. Per tant, el primer pas corresponia a la coordinacié i activacié de
la molecula de HyOq per transferencia protonica a un dels grups oxo i coordinacid
del lligand hidroperoxid, la qual presentava una barrera de 24.3 kcal-mol™!. En
aquest cas, ni 'assistencia d’una molecula de H,O, addicional ni d’una molecula
d’aigua no canviava significativament la barrera de reaccié: 25.0 i 21.9 kcal-mol™?,
respectivament.

Aquesta poca variacié de la barrera energetica probablement és deguda a que
I'angle O-Mo-OOH no canvia substancialment en els processos assistits (80.2 °i 74.9
°) respecte el procés no assistit (65.8 °). El perfil energetic corresponent a tot el procés
d’epoxidacio es mostra a la figura 6.8 mentre que els estats de transicié corresponents
es mostren a la figura 6.9.

El pas segiient correspon a la transferencia de 1'oxigen a I’etile per part de I'oxigen

en « respecte el metall del grup hidroperoxid, la qual presenta una barrera de 12.7



6.2. El nostre estudi: resultats i discussié 99

1e3 (1.6) 2e2 (7.4)

Figura 6.7: Geometries  optimitzades —dels  complezos  [Cp*MoO(OH)yJt i
[Cp*MoOs (HyO)]T  interaccionant amb el clister [(H30)(HyO)yft.  Distancies en
A.

kcal-mol™! en CHCI3, essent una barrera molt inferior a la calculada per Calhorda
i col-laboradors (52 kcal-mol™1).20%264  Finalment, el cicle catalitic es tanca amb
I'eliminacié d’una molecula d’aigua, etapa amb una barrera relativa de 16.0 kcal-mol !
en CHCIl3. Pel que fa al pas limitant de la velocitat de reaccid, tot i que la barrera
més alta correspon a l'activacié del HyOq, I'estat de transicié corresponent a l’etapa

d’epoxidacio presenta una barrera molt similar.
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Figura 6.8: Perfil energétic per a l'activacié de HyOs i lepoxidacid de l’etilée mitjangant el
complex [Cp*MoO, Cl] en fase gas (linia discontinua) i en CHCls (linia continua). Energies

en keal-mol™ 1.

1523 1s67

Figura 6.9: Estats de transicié involucrats en el procés d’epoxidacio mitjangant el complex

[Cp*MoOy Cl]. Distancies en A.

Epoxidacié d’olefines mitjangant el complex [Cp*Mo(0O,)OCI]

Pel que fa a l'epoxidacié d’olefines mitjancant el complex [Cp*Mo(O3)OCl|, vam
calcular la barrera de la transferéncia d’un oxigen del lligand 7-O, a Detile, la qual

presentava una barrera de 22.2 kcal-mol~! en CHCl; i per tant era aproximadament
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unes 10 kcal-mol~! més alta que en el cas del lligand hidroperoxo.

0o e 52 ¥
l\.‘...—-

[Cp'MolO0C (8) T2
(MO CH) 9

Figura 6.10: Perfil energétic per a l'activacié de HyOs i l'epoxidacid de 'etilé mitjangant
el complex [Cp*Mo(O2)OCI] en fase gas (linia discontinua) i en CHCls (linia continua).

Energies en kcal-mol™".

En un estudi teoric previ, Rosch i col-laboradors ja van concloure que els meca-
nismes mitjancant hidroperoxid eren competitius i fins i tot superiors als mecanismes
mitjancant peroxid.?8?

Per tal de comprovar teoricament si aquesta especie era cataliticament inactiva
vam avaluar un mecanisme on el lligand peroxo rebia un proté provinent de I'acti-
vacié de HyOy com en el cami de reaccié proposat per Thiel'527164 (figura 2.15 del
capitol 2). El perfil energetic corresponent es mostra a la figura 6.10 i com es pot
observar els estats de transicié corresponents a l’activacio del HyO i a 'epoxidacio
de l'etile presenten barreres significativament més elevades que en el cas del complex

[Cp*MoO,Cl]. La situaci6 de 'estat de transicié corresponent a 'etapa d’epoxidacié

(ts1112) és significativament més elevada que en 'altre perfil energetic (ts45). Les
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1 257

ts210 ts1112

Figura 6.11: Estats de transicid corresponents al procés d’epoxidacio mitjangant el complex
[Cp*Mo(05)OCI]. Distancies en A.

estructures dels estats de transicié es mostren a la figura 6.11. Els resultats anteriors
permeten racionalitzar perque els complexos tipus [Cp#*MoO,X] (Cp# = ciclopen-
tadienil substituit) i els complexos isoelectronics MoO9XsLy son eficients quan s’usa
TBHP com a oxidant i no quan s’usa HyO,. Aix0 és degut a que en aquest cas 1’acti-
vacié de HyO, formaria el complex [Cp#*MoO(OH)(OOH)X], el qual podria eliminar
aigua i formar el complex [Cp#*MoQO,(0)X] que és menys actiu que els complexos

hidroperoxid d’acord amb els resultats previament exposats.

Epoxidacié d’olefines mitjangant el complex [Cp*MoO,]*

En medi aquéds el complex [Cp*;Mo,05] genera els complexos [Cp*MoOo(H20)] T i
[Cp*MoO3]~. El complex cationic [Cp*MoOy(H20)|" estudiat a la primera secci6
d’aquest capitol també és capag d’epoxidar i ’analisi del mecanisme es presenta a
continuaci6. Si es pren aquest complex com l'origen d’energies el pas inicial corres-
pon a la substitucié del lligand aquo per HyOs. Considerant un procés dissociatiu
inicialment té lloc la marxa de 'aigua, etapa endotérmica en 10.1 kcal-mol~! i poste-
riorment ocorre I'entrada del HyO,, situada a 6.7 kcal-mol™! al perfil energetic cor-
responent (figura 6.12). A continuacid, pot tenir lloc 'activacié de 'oxidant, la qual

presenta una barrera de 28.1 kcal-mol™ (ts1617). En aquest procés, un proté de
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H505 migra a un lligand oxo mentre el lligand OOH s’enllaga al metall donant lloc
a l'especie 17a. L’estat de transicié corresponent a aquesta etapa presenta un angle
O-Mo-O significativament estret (68.8 °), fet que suggereix que una molecula d’aigua
pugui assistir 'activacié de HoO5 tal i com hem vist entre els complexos dihidroxo i

aquo-oxo a lestudiar la naturalesa del complex [Cp*MoOs]" en aigua.

/ 397
i Y
i
}
f 10.1 by / )
{ R | 6.7 i
/ e \
! 15 5.1 t
0.0 16
il
2a :I'LI'|
[Cp*MoO,} | E—
i 149
HO +H,0, ¥
221
[Co*MoO,(H,0)F [Cp*MoO,(H,0,)1* i

T [Cp"MoO(OH)(COH)F

Figura 6.12: Perfil energétic de la substiticié de HyO per HyOs i de la posterior activacid
de Hy Oy mitjancant el complex [Cp*MoOq]*. Energies en keal-mol~".

A Tincloure la molecula d’aigua addicional, la barrera queda reduida a tan sols
1.0 kcal-mol™!, tal i com es mostra al perfil de la figura 6.13.

En aquest cas, 'angle O-Mo-O ja era forga més ample (94.8 °). Ambdds estats de
transicio es mostren a la figura 6.14.

D’aquesta manera l’etapa limitant del procés d’activacié de HyOy passava a ser
la dissociacié de I'aigua (10.1 kcal-mol™!).

Pel que fa a l'activaciéo del TBHP és d’esperar un procés analeg. Pel que fa al
procés d’epoxidacié vam localitzar dos processos de transferencia de 'oxigen. En el
primer, es transferia ’oxigen en « respecte el metall del lligand hidroperoxid (ts2122)
mentre que en l'altre es transferia 'oxigen en § (ts1819). El perfil energetic d’ambdds

processos es mostra a la figura 6.15 partint del complex [Cp*MoO(OH)(OOH)]*
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Figura 6.13: Perfil energétic de l’activacié de HsOs assistida per una molécula d’aigua

mitjancant el complex [Cp*MoOqJ*. Energies en kcal-mol=t.
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Figura 6.14: FEstats de transicié del procés d’activacié de HyOs mitjancant el com-
plex [Cp*MoOs]" no assistit (ts1617) i assistit (ts16°17°) per una molécula d’aigua.

Distancies en A.

(17a). En el primer cas, abans de 'atac en « té lloc la reorientacié del grup OOH

d’una posiciéo perpendicular a una posicié paral-lela, etapa que és endotermica en
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7.2 kcal-mol~!. Posteriorment, tindria lloc la transferéncia de l'oxigen en a a letile,
situada 14.0 kcal-mol™! per sobre del minim 17a. Durant I'atac de I'oxigen en 3 també
té lloc la transferencia del proté de I'oxigen en (3 a l'oxigen en «. La barrera relativa
d’aquest procés pren un valor de 15.2 kcal-mol~! respecte 18. Cal esmentar que només
el procés de l'atac de 'oxigen en « (ts2122) pot ésser adaptat a I’'oxidacié mitjancant
TBHP, ja que en aquest cas el de 'atac de l'oxigen en [ ts1819 involucraria la
transferencia del grup ¢-Bu enlloc de la transferencia del proté. Ambdds estats de

transicié es mostren a la figura 6.16.
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Figura 6.15: Perfil energétic pels dos processos d’epoxidacié a partir del producte de [’ac-
tivacié del HyOy: [Cp*MoO(OH)(OOH)]™ (17a). Energies en kcal-mol~1.

Seguidament, ens disposarem a estudiar la possibilitat de formacié dels complexos
[Cp*Mo(O2)(OH)3]™ o [Cp*MoO(0O3)(Hy0)]™ per transferencia del proté del grup
OOH a partir del complex [Cp*MoO(OH)(OOH)]* als lligands oxido i hidroxido,
respectivament. Aquests processos els varem estudiar perque isomeritzacions que
portessin a grups peroxid inactius permetrien explicar la manca d’activitat d’aquest
sistema quan s'usa HoO, com a oxidant?® ja que el TBHP no pot isomeritzar per
transferencia del grup ¢-Bu. Com que en el cas de l'estudi de la naturalesa del

[Cp*MoO,]* en aigua va quedar palesa la importancia d’afegir molecules d’aigua
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Figura 6.16: Estats de transicid del procés d’epoxidacio d’olefines a partir del complex 17a.

Distancies en A.

explicites al sistema en aquest cas també vam utilitzar una aproximacié similar.

D’aquesta manera, vam localitzar cinc minims amb tres molecules addicionals d’aigua
(figura 6.17).

Aixi, vam localitzar dues estructures pel complex [Cp*MoO(OH)(OOH)|"
(17a(H,0)3-1 i 17a(H,0)3-2), una pel complex [Cp*Mo(O2)(OH)]* (23(H,0)3)
i dues pel complex [Cp*MoO(O2)(H20)]* (24(H20)3-1 i 24(H,0)3-2). En tots els
casos un proto de cada sistema es transfereix al clister d’aigiies donant lloc a ’especie
(H703)*. Pel que fa a I'estabilitat dels complexos (24, 23, 17a), aquesta segueix 1’or-
dre relatiu d’acidesa decreixent (Mo-OHy, Mo-OH, Mo-OOH). Cal esmentar que els
complexos peroxid formats (23 i 24) sén més estables que el complex hidroperoxid
(17a). Per tant, la ruta de formacié del peroxid és favorable termodinamicament.
Per tal de verificar que els complexos peroxid formats sén menys actius vam calcular
la barrera d’activacié de la transferencia d’oxigen a l’etile del grup peroxid per part
dels isomers 23 i1 24 (ts2320 i ts2414, figura 6.18).

Les dues barreres d’activacié calculades des dels reactius separats presenten valors
de 10.7 kcal-mol™" (ts2320) i 19.1 kcal-mol™! (ts2414). Aix{ doncs, la primera
barrera és similar a I'observada pel complex hidroperoxid (12.3 kcal-mol™! també

respecte reactius separats) mentre que la segona és significativament superior. Per
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Figura 6.17: Geometries optimitzades pels complexos 17a(H20)3, 23(H20)3 i 24(H20);3

amb la seva energia relativa (en kcal-mol™') corresponent en solucid. Distancies en A.

tant, la formacié de grups peroxid si que suposa una disminucié de 'activitat si bé
no en tots els casos. Finalment, vam avaluar la marxa del lligand aquo del complex
24 per tal de donar lloc a l'especie [Cp*MoO(Os)]™ i la posterior transferencia d’un
oxigen del grup peroxid a l'etile. En aquest cas, la dissociacié del lligand aquo tenia
un cost de 24.4 kcal-mol~! mentre que la posterior transferéncia de 'oxigen presentava,
una barrera de 20.5 kcal-mol ™ (£ts2515 de la figura 6.18) i per tant mostrava una altra
vegada que la menor activitat dels grups peroxid conduia a sistemes cataliticament

menys actius.
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Figura 6.18: Geometries optimitzades pels processos d’eporidacié mitjangant els comple-
zos [Cp*Mo(O2)(OH)yJt (ts2320), [Cp*MoO(0:2)(HyO)J" (ts2414) i [Cp*MoO(02)]"
(ts2515). Distancies en A.

6.3 Conclusions

Mitjangant calculs DFT s’ha estudiat la naturalesa del [Cp*MoO,|" en aigua i la
posterior aplicacié de complexos de Mo(VI) en I'epoxidacié d’olefines. Els resultats

obtinguts han permes concloure que:

e La descoordinacié del lligand aquo del complex [Cp*MoOy(H5O)]* pren un
valor de tan sols 10.1 kcal-mol~! en solucié, fet que mostra la facilitat de I'in-

tercanvi del lligand aquo en solucio.

e L’addici6 successiva de molecules d’aigua explicites (fins a tres) al sistema

[Cp*MoO,]* suposa una millora de la descripcié energetica d’aquest (I'isdmer
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[Cp*MoOy(Hy0)]™ resulta més estable que I'isomer [Cp*MoO(OH)s]™ en 1.8

kcal-mol™1).

e La transferencia intramolecular protonica per passar de [Cp*MoO(OH)|*
a [Cp*MoO3(H20)]" presenta una barrera d’activacié molt elevada: 43.9
kcal-mol™!. Tanmateix, la barrera d’activacié disminueix drasticament a 1’afe-
gir una molecula d’aigua explicita al sistema (10.3 kcal-mol™!) i és practicament
negligible a ’afegir-ne dues, fet que suggereix la participacié activa del solvent

en el procés de tautomeritzacio.

e L’estabilitat obtinguda pels complexos [Cp*MoO2(H20)]T i [Cp*MoO(OH),] "
en medi acid mitjancant el cluster [H3O(H20)q] " és diferent a I'obtinguda expe-
rimentalment, ja que el complex dihidroxo és més estable que l'aquo-oxo en 5.3
kcal-mol™!. Aixd probablement és degut al fet que calguin un nombre superior

de molecules d’aigua per tal de descriure adequadament el medi acid.

e Pel procés d’epoxidacié mitjancant el complex [Cp*MoO,Cl] proposem un me-
canisme que inclou 'activacié de HyOy per formar el lligand hidroperoxid, la
transferencia de l'oxigen en « del grup OOH a l'etile i la transferencia protonica
que allibera H,O i que permet la regeneracié del catalitzador inicial. En concor-
danca amb els resultats experimentals, la transferencia de I'oxigen per part del
complex [Cp*Mo(Oy)OC]] (cataliticament inactiu) presenta una barrera d’epo-

xidacié que és unes 10 kcal-mol~! superior.

e Pel procés d’epoxidacié mitjancant el complex [Cp*MoO4(H,0)]* proposem un
mecanisme favorable que s’inicia amb 'activacié del HyO,. S’han estudiat les
transferencies de 1'oxigen a ’etile tan des de I'oxigen en « del grup hidroperoxid
com des de 'oxigen en [3, si bé la segona transferencia només pot tenir lloc quan
I'oxidant és HyO5 i no quan és TBHP, ja que es transfereix un proté durant la

transferencia de 1’oxigen.

e La formacié de grups peroxid per desprotonacié del lligand hidroperoxid del
complex [Cp*MoO(OH)(OOH)]™ permet racionalitzar la diferencia d’activitat
entre el HyOq i el TBHP, si bé el complex [Cp*MoOy(OH),]* també pot ésser
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cataliticament competitiu amb el complex [Cp*MoO(OH)(OOH)]*. Per tant,
un sistema catalitic d’epoxidacié d’olefines que volguies utilitzar HoOy només
hauria de proveir un lloc basic per a la transferencia de tan sols un dels dos
protons del HyOs ja que si en tingués dos es formaria un lligand peroxid que

donaria lloc a un complex menys actiu d’epoxidacié.



Capitol 7

Procés de Wacker

7.1 Etapa d’addicié nucleofila del procés de
Wacker

La reaccié de Wacker consisteix en 'oxidacié d’etile a acetaldahid mitjancant oxi-
gen catalitzada per PdCly; i CuCly,. Com ja s’ha comentat al capitol 2, el pas de la
reaccio de Wacker que havia generat més controversia era 1’addicié nucleofila o hidro-
xipal-ladacio de l'etile. La controversia principal es basava en si ’addicié nucleofila
de l'aigua a 'etile es donava a través d’'un mecanisme d’esfera interna mitjancant una
molecula d’aigua coordinada al pal-ladi (addicié en syn) o a través d’un mecanisme
d’esfera externa (addici6 en anti) mitjangant una molecula d’aigua provinent del me-
di. Ambdos processos es mostren a la figura 7.1 dins del cicle catalitic del procés.
Tanmateix, cal esmentar que el mecanisme d’addicié nucleofila també es veia afectat
per les condicions de reaccié, com [C17] i [CuCly).176-178,281,282

El mecanisme d’esfera externa era el que es desprenia d’estudis d’estereo-

172,174,175

quimica, mentre que el mecanisme d’esfera interna es proposava en base

a estudis cinetics i d’efecte cinetic d’isotop.!™1™ Hoffmann i Eisenstein mitjancant

la teoria d’orbitals moleculars van mostrar que el desplacament de n? a n' de Detile

79

era la forca que dirigia I'atac nucleofil extern,!™ mentre que mitjancant una apro-

ximacié similar Fujimoto i Yamasaki proposaren 1'addicié en trans de I'hidroxil.'®°

182-184

El procés de Wacker també fou estudiat per Siegbahn, el qual va descriure de

111
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forma implicita i explicita el medi (afegint fins a quatre molecules d’aigua)!®* tot
proposant el mecanisme d’esfera externa. D’altra banda fent servir un model simi-
lar Eshtiagh-Hosseini troba resultats comparables'®® encara que algunes de les seves

conclusions s’hagin qiiestionat darrerament.?®3

o)
120
2HCI
+ H
H,0 peud ca oz
CuC | CoHa
2CuCh Cl—Pd—ClI
-H*
Cl 10 Cl
CI—Il-’d—<  anti d'esfera externa
OH :
: HCl
: Cl o
o .
Cl L

H

1 syn d'esfera
1 interna

Addicié nucleofila

Figura 7.1: Cicle catalitic proposat pel procés de Wacker amb les dues addicié nucleofiles

possibles: en syn ¢ en anti.

Finalment, Goddard i col-laboradors també estudiaren el procés de Wacker, 81187

tot racionalitzant la dependencia del mode d’addicié en funcié de les condicions de

181 Tanmateix, hagueren d’incloure

reaccié ([C17] i [CuCly]) en base a calculs teorics.
una correccié empirica als calculs teorics per tal d’obtenir barreres de reaccié raona-
bles per aquells passos on s’alliberava un proté al medi. D’aquesta manera, tot i la
valuosa informacié obtinguda mitjancgant la combinacié de models implicits i explicits

per a la descripcié del solvent, aquesta aproximacio encara té certes limitacions, com
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ara l’escas nombre de molecules d’aigua afegides a les simulacions o la necessitat

d’haver d’incloure correccions empiriques.

7.2 El nostre estudi: resultats i discussio

Com que les molecules de solvent participen activament en la reaccid, una descripcié
apropiada del medi aqués era crucial en 'etapa d’addicié nucleofila. Aixi, el nostre
objectiu era avaluar aquesta etapa mitjangcant dinamica molecular de primers prin-
cipis acoblada amb metadinamica per tal de descriure la reactivitat de les molecules
d’aigua provinents del medi. D’aquesta manera, s’estudiaren les dues alternatives
principals per I'etapa d’addicié nucleofila: el mecanisme d’esfera interna i el meca-
nisme d’esfera externa. Es va partir dels dos intermedis des d’on podria tenir lloc
I'atac nucleofil: I'intermedi [PdCly(H2O)(CHy=CH,)] (a de la figura 7.1) i I'intermedi
[PdCl;(CHy=CH,)]~ (b de la figura 7.1). Per tal de fer-ho, es realitzaren calculs de
dinamica molecular Car-Parrinello acoblats a metadinamiques. S'usa el HCTH/120
com a funcional de la densitat i pseudopotencials amb un conjunt d’ones planes ex-
pandides fins a 70 Ry. Per tal de descriure la solvatacio, els intermedis a i b se situaren
juntament amb 26 molécules d’aigua en celles de simulacié de 9.86x9.86x9.86 A a
una temperatura de 300 K. A més se substituiren hidrogens per deuteris per tal de
poder usar un time step de 7 u. a. i un valor 1000 u. a. per a la massa electronica
ficticia. Abans de realitzar la metadinamica, es realitzaren dinamiques moleculars
Car-Parrinello a 600 K durant 1 ps seguides d’annealing fins a una temperatura de

300 K per tal d’equilibrar el sistema.

7.2.1 Variables col-lectives seleccionades

En primer lloc, vam seleccionar les variables col-lectives pels processos que voliem
accelerar i pels quals voliem obtenir barreres d’energia lliure. Per a l'intermedi a
vam seleccionar les seglients variables col-lectives: el nombre de coordinacié (CN) de
I'oxigen del lligand aquo respecte els hidrogens (CV1), el CN dels carbonis de letile
respecte l'oxigen del lligand aquo (CV2), el CN del Pd respecte els atoms de clor
(CV3), el CN entre els carbonis de l'etile i tots els oxigens (CV4), el CN del Pd
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respecte tots els atoms d’oxigen (CV5) i el CN del Pd respecte I'oxigen del lligand
aquo (CV6). Per b es van usar variables col-lectives analogues a CV3, CV4 i CV5:
CV3’, CV4’ i CV5’. Per tal d’avaluar la hidroxipal-ladacié es van analitzar sis

conjunts de variables col-lectives (S1-S6) tal i com es mostren a la figura 7.2.

OH
Cl (OHy) 2 2 Cl (OH2)26 Cl (OH2)26
CI—I|3d— CI—I|3d— CI—IIDd— '*
o) ) 0 5 O ~ 4
VRN N\
H,l\H H H H 1 H
S1 S2 S3
Cl 5 _(OHy)%
3‘
le |
C| e Py ——
| 4
Cl
S5 S6

Figura 7.2: Conjunt de variables col-lectives seleccionades pels complexos a (S1-S5) i b
(S6).

Cadascun d’aquests conjunts conté dues o tres variables col-lectives. En primer
lloc, vam analitzar processos quimics que podien afectar 1’esfera de coordinacié de
Iespecie a. Aixi, vam calcular que 'intercanvi CI7-HyO tenia una barrera de 14
kcal-mol~! mentre que la barrera per l'intercanvi del segon lligand prenia un valor
de 35 kcal-mol~!. Pel que fa a l'intercanvi degenerat HyO-H,0, la barrera prenia un
valor de 25 kcal-mol™!. També vam trobar que la transferéncia d’un proté al medi
del lligand aquo prenia un valor de 10 kcal-mol™!, mentre que la barrera per la proto-
nacié del lligand aquo presentava un valor de 13 kcal-mol~!. Tenint en compte que el
valor experimental per la barrera de ’addicié nucleofila presentava un valor de 22.4
kcal-mol~! podiem concloure que els processos exposats anteriorment podien alterar
I'estequiometria del catalitzador abans que la reaccié d’addicié tingués lloc i que, per

tant, les simulacions havien d’incloure aquestes possibilitats.
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7.2.2 Addicio nucleofila d’esfera interna

Les simulacions S1 i S2 tenien per objectiu simular el mecanisme d’esfera interna. A
la primera metadinamica (S1) s’observa 1’addicié nucleofila d’esfera interna (CV2)
precedida d’un parell d’intercanvis de protons amb el medi (CV1). Aixi, l'aigua
coordinada es desprotonava rapidament formant un lligand hidroxil que posteriorment
reaccionava amb l'etile. A la figura 7.3 es mostra un fotograma representatiu d’aquest

procés.

o

Figura 7.3: Fotograma representatiu de la simulacid S1 on es déna l'addicié nucleofila

d’esfera interna del lligand hidroxil a l’etilé.



116 PRrROCES DE WACKER

Aquest pas presentava una barrera d’energia lliure de 60 kcal-mol™! produint el
producte d’addicié en syn. Es, doncs, una barrera significativament més gran que
I'obtinguda experimentalment.

La segona metadinamica (S2) incloia la coordinaci6 del Cl al voltant del Pd (CV3)
juntament amb l'addicié nucledfila d’esfera interna (CV2). La simulacié mostra que
la mobilitat dels clorurs és forca alta, havent-hi dissociacions d’aquests previament a
I’addicié nucleofila d’esfera interna. Pel que fa a I’addicié nucleofila d’esfera interna la
barrera prenia un valor de 48 kcal-mol~!, essent massa elevada si es comparava amb la
barrera experimental. Per tant, amb els resultats obtinguts mitjancant les simulacions
S1 i S2 podiem concloure que el mecanisme d’esfera interna no era compatible amb

la barrera d’energia lliure experimental.

7.2.3 Addicio nucleofila d’esfera externa

Per tal de simular I’addicié nucleofila d’esfera externa vam realitzar les quatre simu-
lacions segiients (S3-S6). La simulacié S3 incloia les variables col-lectives CV1 i
CV4 per tal d’observar I'intercanvi de protd del lligand aquo amb el medi i 'atac
nucleofil a l'etile, respectivament. Cal esmentar que en aquest cas, a diferencia del
que passava amb S1, qualsevol de les aigiies del sistema podien atacar ’etile. Durant
la simulacio, en primer lloc es donava la transferencia d’un proté entre un lligand
aquo i la solucié gracies a la baixa barrera d’activacié associada a aquest procés. A
continuacio, tenia lloc ’addicié nucleofila d’esfera externa, i aquesta es donava quan
una molecula d’aigua estava coordinada al pal-ladi, la qual presentava una barrera
d’energia lliure de 24 kcal-mol~! que concordava amb el resultat experimental. A la
figura 7.4 es mostra un fotograma de I'atac de la molecula d’aigua a l'etile en el qual
es forma l'enllag C-O i al mateix temps es dona la transferencia protonica d’aquesta
molecula d’aigua a una molecula d’aigua adjacent. En la simulacié S4 també s’ava-
lua el rol dels lligands clorur en I'addicié nucleofila d’esfera externa mitjancant les
variables col-lectives CV3 i CV4. En aquest cas, 'addicié nucleofila d’esfera externa
era simultania a l’alliberacié al medi d’un dels protons de la molecula d’aigua que
ataca a l'etile. L’addicié nucleofila es donava després de la descoordinacié parcial

d'un clorur, amb una barrera de 22 kcal-mol™!, un valor molt similar a I'obtingut per
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S3 usant unes altres variables col-lectives i en concordanca amb el valor experimental.
Aixo mostrava que la mobilitat del clorur no afectava a la hidroxipal-ladacié d’esfera

externa.

Figura 7.4: Fotograma representatiu de la simulacié S8 on es ddona ’addicid nucledfila

d’esfera externa d’una molécula d’aigua a ’etilé amb alliberament d’un proté al medi.

Pel que fa a la simulacié S5, es va usar la combinacié de tres variables col-lectives:
CV4, CV5 i CV6 d’aquesta manera podent-se obtenir informacié de l'intercanvi de
lligands aquo al voltant del Pd(II) (CV5 i CV6). Aixi, durant la simulacid, l'atac
d’esfera interna no tenia lloc degut a 1’elevada barrera que presentava i en canvi ’atac
d’esfera externa si que s’observa, tot presentant una barrera de 22 kcal-mol~! en bona
concordanga amb el valor experimental. La simulacié també va permetre observar

altres etapes de reaccié amb barreres més baixes, com ara l'intercanvi C17-H,O o la
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transferencia protonica espontania d’un proté de 'aigua que atacava l'etile durant
I'etapa d’addicié nucleofila. Cal esmentar que la recoordinacié dun lligand clorur
dissociat té lloc en posicié trans respecte l'altre clorur. A més a més, també s’ob-
serva intercanvi del lligand aquo a I'intermedi [PAClI(Hy0)o(CoHy)] ™.

Des de I'intermedi b només pot tenir lloc 'atac nucleofil d’esfera externa a no ser
que hi hagi una substitucié6 Cl7-H,0O. D’aquesta manera, per la simulacié S6 s’han
usat les variables col-lectives corresponents a la coordinacié dels clorurs (CV3’), al
nombre de molecules d’aigua coordinades al pal-ladi (CV5’) i al nombre d’aigiies
coordinades a l'etile per tal de descriure la hidroxipal-ladaci6 (CV4’). Durant la
metadinamica, primer s’observa la substitucié del lligand Cl~ trans per una molecula
d’aigua. A continuacié s’observa ’atac nucleofil d’'una molecula d’aigua de la soluci
a l'etile, juntament amb la transferencia protonica al medi, procés que presentava
una barrera d’energia lliure de 19 kcal-mol~!. Malgrat que aquesta barrera és una
mica inferior a les obtingudes per l'intermedi a segueix estant d’acord amb el valor
experimental de la barrera i fins i tot dins del marge d’error de les simulacions, que
és de 2.6 kcal-mol=1.217

D’aquesta manera, els resultats obtinguts mostren la viabilitat de ’addicié nu-
cleofila d’esfera externa en anti en contraposicio a I’addicié nucleofila d’esfera interna.
Cal esmentar que les varibles col-lectives que hem seleccionat no distingeixen entre els
atacs en anti i en syn sind entre els atacs d’esfera externa i d’esfera interna. Per tant,
I’atac d’esfera externa en syn no es pot descartar si bé com que en les simulacions
de S3 a S6 no s’ha observat 'atac en syn, aquest ha de presentar necessariament
una barrera més alta que ’atac en anti. En les simulacions previes el solvent jugava
un paper important ja que en tots els casos ’addicié nucleofila d’esfera externa tenia
lloc simultaniament a la transferencia d’un proté al medi provinent de l'aigua que
protagonitzava ’atac nucleofil. Aix0 es mostra a la figura 7.5, on es pot observar
que la formacié de I'enllag C-O i la transferencia protonica te lloc simultaniament
(simulacié S4). L’el-lipse indica la zona de 'estat de transicié. Per les altres simula-
cions també s’han observat corbes similars. Aquest comportament concertat mostra
la importancia de les molecules d’aigua veines, ja que la transferencia protonica amb
la corresponent separacio de carrega associada es veu afavorida per la polaritat del

medi aquds.'® Aixd mostra com la inclusié explicita de molecules d’aigua és clau en



7.3. Conclusions 119

les simulacions per tal que es doni de forma apropiada el procés concertat d’addicié

nucleofila i de transferencia protonica.

H 4 - disthncia C-0
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Figura 7.5: Ewvolucié de l’enllag C-O i d’un dels enllagos O-H de l’aigua reactiva durant
la simulacio S4. Les corbes representen configuracions preses a cada pas de metadinamica,

és a dir, cada 13.6 fs.

7.3 Conclusions

Mitjancant dinamiques moleculars basades en la teoria del funcional de la densitat s’-
han estudiat les addicions nucleofiles d’esfera interna i d’esfera externa d’una molecula
d’aigua a l’etile pels complexos a [PdCly(H2O)(CHy=CHy| i b [PdCl3(CH,=CH,)| .

Els resultats obtinguts han permes concloure que:

e Processos com l'intercanvi Cl7-H5O, l'intercanvi HoO-H50 i la desprotonacio

o protonacié del lligand aquo poden afectar 1’estequiometria del catalitzador
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abans que la reaccié d’addicié tingui lloc i, per tant, s’han de tenir en compte

durant les simulacions.

El mecanisme d’addicié nucleofila d’esfera externa des de lintermedi a
[PdCly(H20)(CHy=CHy] és clarament més favorable al mecanisme d’addici6
nucleofila d’esfera interna. Per ’addicié d’esfera externa s’han obtingut barre-
res d’energia lliure entre 22 i 24 kcal-mol~! mentre que per I'addicié d’esfera
interna s’han obtingut valors de 48 i 60 kcal-mol~!. Els valors obtinguts per
I’addicié nucleofila d’esfera externa concorden amb el valor obtingut experimen-

talment (22.4 kcal-mol™').

L’atac nucleofil partint de l'intermedi b [PdCl;(CH,=CH,)]~ ha donat lloc
a una barrera d’energia lliure de 19 kcal-mol~!. Aquesta etapa ve precedida
per una substitucié trans Cl~-H,0O. Aixo indica que I'especie que pateix I'atac
nucleofil és l'especie neutra [PdCly(H,O)(CHy=CHy)].

L’addici6 en anti és preferible a I’addicié en syn, ja que si bé els calculs pressu-
posen cap de les dues opcions en tots els casos s’ha observat I'addicio en anti,
fet que mostra que I'addicié en syn ha de presentar una energia necessariament
superior. D’aquesta, manera el mecanisme de la reaccié d’addicié proposat és

I’addicié nucleofila en anti d’esfera externa.
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Capitol 8
Conclusions

Els resultats obtinguts durant la realitzacié d’aquesta tesi doctoral han permes ex-

treure les segiients conclusions:

e L’estudi del catalitzador de Shvo com a exemple de catalitzador metall-lligand
bifuncionalitzat (capitol 4) ha mostrat que el mecanisme d’hidrogenacié més
favorable és el mecanisme que inclou la transferencia concertada de I’hidrur i
del proté fora de l'esfera de coordinacié del metall independentment de quin
sigui el substrat (cetones, imines, alquens o alquins). Aquest mecanisme per-
met explicar la quimioselectivitat observada experimentalment (dobles enllagos

polars més reactius que els enllagos miltiples apolars).

e En reaccions d’hidrogenacié d’olefines mitjangant complexos de Au(IIl) i de
Pd(II) (capitol 5) el mecanisme de la reaccié prossegueix dins l'esfera de co-
ordinacié del metall amb un cicle catalitic que s’inicia gracies al trencament
heterolitic de la molecula d’hidrogen. El cicle catalitic propiament dit inclou
I’entrada de l'etile a l'esfera de coordinacié gracies a la marxa dun lligand
amino (etapa determinant de la velocitat de reaccid), la posterior insercié a
I'enllag M-H i la regeneracié de 'hidrur (especie activa) gracies al trencament

heterolitic d’una altra molecula d’hidrogen.

e Els processos d’epoxidacié de l'etile mitjangant els complexos [Cp*MoO,Cl] i

[Cp*MoO4(Hy0)]* s’inicien amb activacié del HyOq. Posteriorment té lloc la
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transferencia de l'oxigen « o [ del lligand hidroperoxid a l'etile tot obtenint-se
I'epoxid i, finalment, té lloc la transferencia protonica que regenera l'especie

activa del catalitzador.

En el procés de Wacker, 'etapa d’addicié nucleofila d’una molecula d’aigua
sobre l'etile té lloc mitjancant un atac en anti d’esfera externa. En tots els

casos aquest procés es déna sobre 'especie neutra [PdCly(H2O)(CHy=CHy)].

Les reaccions d’hidrogenacié mitjancant el catalitzador de Shvo (capitol 4),
les epoxidacions mitjancant compostos tipus Cp*Mo(VI) (capitol 6) i I'addicié
nucleofila del procés de Wacker (capitol 7) prossegueixen a través de mecanismes

que es donen fora de 'esfera de coordinacié del metall.

La participacio del solvent s’ha observat que juga un paper determinant en la
majoria dels processos estudiats. Aixi, en el cas dels complexos de Au(III)
(capitol 5) l'etapa de trencament heterolitic de I’hidrogen era assistida pel
solvent (etanol), la tautomeritzacié dihidroxo aquo-oxo pels complexos tipus
Cp*Mo(VI) es donava a través de cadenes d’aigua, i 1’addicié de molecules d’ai-
gua ajudava a la descripci6 de la naturalesa en aigua dels complexos Cp*Mo(VI)
(capitol 6). Finalment, en l'etapa d’addicié nucleofila del procés de Wacker
(capitol 7), el solvent participava tan en I’atac nucledfil com en 'estabilitzacid

del proté alliberat durant I’etapa esmentada.

La quimica computacional és una eina molt til alhora d’estudiar mecanismes de
reaccié en processos de catalisi homogenia tal i com s’ha vist en les nombroses
reaccions estudiades durant aquesta tesi doctoral. Tanmateix, és important
determinar amb quin grau de rigorositat es modelitza el solvent en funcié de

les necessitats del problema d’estudi.
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ol MEP2 ™ g CCSITHY single-poi energy caloulations were
also performed [ see Supporing brfarmaiion

The munt encagetically [svorable mner- asd ouier-sphere moch-
afwiss were evalimed UAIRE & complets Shvn catalya | rschaling
e [ ACA000Y] Iagenads by maowms of e Jaguar program
st ™ The &R0k d.ph hanis sl wan wned Sk all s ghisn cucspd
Bt Ha Few the lales, i | oa Alsiios relatmiste ECP wis ied,
iogriher wil a laguar-developed inple- modifscanon of e
standeed Los Adamen has et i desch be e it cofc and
vakence dx, 4, 4, e 55 elecipoms (LACYVIP basi )

For the saddls ponis the exaience of ooly one ssagnary
Fregpaescy wan chovled by meam of snsdvhcal Boquency calculs-
s Poderizamen funcions were addsd o by dinge of the pheny |
nngy A=-300d pi Solvest aifec (THF ) wese mchaded using
CPCM" musde] perfrrming ungle-pint cakulatinn on ga-phase
mpliminad geometnes. KIES were also evalualed s shoan i e |
and I wning ihe caléulaied Mroe onerpses @i 198 15 K. The conceriad
paEtway fof the compleis dyulim was ephiiinad with Gauakian,
akoeg with the freqoensy analysia

A, =Gy =, X=11,0 i

KIE = gy = cxpli A —

Hesubls and Discussion

This section is dividad m wo sslsectiem In the Gt one,
thive defferent maer-sphore mechaniama ane dcussed Twao of
fhem stant with @ matial coondmsrtion of (he sebsbrate (oom-
akdehyide] o the catalyst. wherzas in the last one the coondmtion
15 simulianeous lis the hydrogen iransfer |n the second subsec-
tion & concerted pathway for the mner-gpbere machanism &
doscussed

Imner-Sphere Mechamisma, (0 this secton three
machamivess are snahvred Twio of thesm imoolhve the replacement
o one off the oocupied eoorditon sies of the metal conter by
the subsatraie. The fimd ane invalves ihe seplacement of one C0L,
wherean the second one conasss on the hing slippage of the

g i Lrfc the v In e thind onc,
the encogperstion of the subsirate o the coprdmaion sphere
samillamenin & the by drogen transfer

Subairaie Conndimstion by Replacieg ihe U0 Ligand. The
niial resctants and fimal products shown m Figwe | ane the
same for all éhe sbalied mechanisma. Two retamen kave boon
ol e for the active reducimng species of the Shyvo catalyse
al and &l These o conformers differ emergetically only by
0.2 kcal'mol, mdacating thai the different rotamers ane equally
m{mthﬂ'ﬂpﬂ:mmwﬂ:ﬂw

:I'm'mnl‘ltul.llg.:ﬂ::luuul- i

1 i i i

Al VIRT] 121

and = 'm-r in the
pnph-r sl s vt effextn ane taken it accoun, the
Feaction encrgy m —3 5 kealimal

P24 Mol T Pleasect, B 5. Flea Bev 1904 84 #18—821 iki
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A Ul Plad Lo 199 i, 201 -289. (20 HesbOnrdon. S0 Himde
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Figure 1. Opmmared sruciees for the amsal reacims and final
ducts of the Byd [ mA

Selerme L Wesciion Steps of (e U0 Lewving Vechanium

e e
7] i
| S

S S e
FTTERE L

In the Scheme 3 are shown the seps found for this
machanism 1t & imnibated with the generation of a vacant sie
by OO homd=heraking process and the sabsagoont ooordmaton
of formalishyde * Afer dat, o by dride smesder b the carbonylic
carhon tekes place followed by the proton transder 1o the
carbomlic ovygen atom, giving raise 1o the fmal peoduet,
methasol

The T degamure sicp win found 1o be endothermic by 312
kal/mod { Ba) Thes kighly endoth P .t
wilh experemenial fesulls where Uiy and co-widken fmsal

thl the guchangs of a OOy 3 MO0 maeleosle wan vory sl

1 50% P aldeliede o heme
imilmer |a) Herparies, b .
Mbercandell, P Siimi, & by Cles oloie TORY, 361 47588 (B
Blémder, M 0 AnL A N Olebras, ) A deges. s, fen Gl [,
20 WTE =100, qch Memder, N Q) Mayee, T Lo Cladysr, B A fagrs
Ol v ol 190, 19 BTS00 dd) Misdea, . 0 Seler, 1| W2
Cilndyai, 1 & J dm o w1900, 0 F DIEI—130 cp Hoome B 12
Klem, [ P Seyler, | W Mender, N 00 Al A M Gladysr § 4 S

Amp @ Sow PP I 240 - 2420

el ' o 0, s o
T., IF Ao, (G Maggioni 0
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Frgmie L. |Loeshol statwwary prssts. for the OO0 kevmag mechamm
Ihstances in &

mummmmnmhphnw
this presess should be emropieally Govored, e caleulased
energy dalferenes i Wl oo lerge 38 7 kgalimal
mltllﬂuuwmdsmmﬁhuﬂnummlﬂ
By the sub 1 fate Ja In this meermndiaie
the fermaldchyde = m ‘conndinated with RO and Ku=i)
Muuinl'!l?k.-l"‘tl.'l.ﬁ. respecinvely. The energy of
thus iniermediaie, 2n, 15 23 8 keal'mol with respect io the miial

reactantn. Fagung 2 ihiws the 4 aii] shales
dvid o Lhew mct
Unee 1k 6 ldeknde 1n 4 d 1o the catalyst, the

Eydrogen-tranalfer prcess. may procced  fidlowing Two se-
geences.  the mstial msfer of the CpOH peoion io the
exrbomylic avygen mom of the mmal fydride transfer w the
esthomyic catbon mom. The hydride ramler i the carbamidic
garbon has o banner of 7.9 kgalfmal, giving fse o sicnma) aic
Ja The transiten stale for (hs ssep, tsla, 18 chamcierined by a
forming C=1 bond distance of 1331 & whereas the Ru=11
becaking devtance s 1LATS A This sep 15 endothermic by 5.7
Rablmscd, vith ihe product Ja having an sgosts: imessction with
the metal vag B newdy Bofmed C—H hond The C—H hond
dastance i | 0B A, whenean the RurH distance i | 896 4
As far | the C=0 disance 1 concemed, it is elongated from

Cavman-Tawn o o

LS07 A o | K20 A, el e | B A i the reactans, T, transibien
staie, tnla, and prodost, Ja, respoctaely

The coacrdination sie sooupued by the sgoabic nteracton can
be sutsequentdy replaced by & OO molecule. Depending on the
refainve posstion of the CpOi bigand, the protos-transfer siep
can he hamieriess or sbow o very Tow bamer. When the poution
of the: proton is s che alkoxide |igasd, an inermediate (481
i Scheme §) could mol be located becsse the peolon trasaler
ks plase 5 by, Am alkeni dise, Aa2. conshid
b bt only when the proton of the CplH ring was in the
oppuaile s of the sllonele ligand. The energy bastice fof the
profon Banslor fom intoimodiate 482 w 3.3 keal'maol, sainly
crerespomading o the CpCHE g rotaton, Thes stop o easthermic
by 197 kialimbl, and the nal prosdect, methanal, romams
bondad 10 the cotaly st through an agostic mieracten. The energy
profide for this reaction = presented in Figune 3

We alse evalasied a pathwasy that once the formaldetyde
e inaned, imermediale 1a, e mochantom goes thieugh the
et By divgoa-lranifer ofder, sty with the piohon iramlfer
follpwed by the mgeation of e Bydeide Rosulls afe geite
samilat 1 the pecvious h m il e oy Eumier
order | vide wopral The protea and hydride sigrations Bamon
g % T and 1005 kealimod. respocinely, alightly higher than those
foursd in the preceding. mechaniam

The inclusion of sotvent effects {THF ) by means of the CPCW
method dees nad significantly chamge the energy profile The
OO bewving step o The mom sffected one, by decressng the
encrgy 5 5 kealimol, the engrall seaction beeomes slightly
eurthermic by 1.5 Realimaol (Figune 31 Thes, the hugh reponed
m:mm Tt m.:fn In':lrti P‘“ﬁ'ﬂ! broughl w80 fepect
L] s a B Tor thia g L]
agrecment with the experimintal resulis ®

Substrate Coordination with Cplil Hing Sippage. A
defferent pathway 10 coordinate the wsaumiad subsimie o the
s center involves & ring slippage This (eocess oreates & vacsnt
sme thai cam he d b ke Idelwie [m Sl 4nm
presenied the geecral pathwey Feesd for this mechanism

The mital structure foemed for this wacton mechanism
prosents & hydrogen bond between the femaldchyde and the
acidic hydrogen of the CpOi ligand, she O H dsianoe s | 793
A {me Figure 4) The next sicp shoeld comespoed to the
ooordination of the formaldehyde o the catatys. The transitin
stnie for thes step, ik, shows thai the subsirate coondinaton
mihwdlwmmw The Ku-0
dmsance in inl b is 2 502 A The nng slippage o obnerved by
e Ru—C distances i carbos momi of the CpiHl g
ermin cloke 10 the metal with Ru—C bond dolasees of 2301
and 2350 A, respetivehy, whersan the ather Hu—0 distances
are clongmied 12 825, ¥ 154, and T 825 A, respectively. These
dmtances in lranmison salg sl dscaie thal the CpOil tmyg
besnmes. g =coordinatal b the metal comter. Twe additional
trammriion slales arg expocted B0 be Tommed by senple roabon
o thw CpHH ligand. Thewr geometnies and energies, biveever.
are expecied 1o be very umiler. We caleulsied the isomens of
the formed smermediaie Ih; f the O group 1s on the
symmetrical poaition of b (with the OH 5t one boed distsece
nl'1henuu'd|n.td-dmrhlebaﬂd_| Torming the 16 miermedime,
e emergy on very amiadar, |6 Y Lealimol Meverbelesa, we dud
et find the deomer where the D groug m o the oppsite side
o the goaoedinetod deubls bond, the geometry oplasazaions le
1 Doy L Kgtione, gerierating the -Cpd M feng cooddination

In the formed iniermedaie, 1k, the Ru= 0 bond distance i
2206 A The ring coordssation m b can alss be described by
a i'coordinatsen mode jos i the imnsiton sime). The Ru=C
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Figure X Energy profile fin the CO heaving mechanies at the BILYP level in the gas phase (blue) snd solutien | omsge)
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dntances [or the eoondinating carbon aborns are T 102 and 7 4T9
A For the noncooedinsted carbons the Hu-U disisnces are
. The add al

1003, 3559, mnd 3218 A, map l

Elodl 15 tramiten state, falb, and the intermiedise, b
pocscr o if-costlifision mode of e afcsiale: sing. Those
penudlts et dilferent from thosg mitiafly peopossd wherg the fing
sliprage was changing e coundination ssade fmm ' o y'
Miertheless, reoenl thennrsal studies on the ring sliprape of
the Cporing by the addiion of a new higand on relwiod tranastion
metal complenoss: shirwed that the most stable connfination made
of the Cp 1 once the ligand is cocedinated " and also n
svmne mamiiion sises of the ligand coondination siep ™

The nexi siep in the catalytic cvele conesponds 10 the change
of the coondwation mode of the substrme from ' w0 &
coordination gong from emermalales 16 10 3h Fahemore,
e carbooy e carbon siom houkd B onenied loward the
Mmdudﬂudlnhmmlwﬂ The siep
wvolving thess twa chanpes is U endothermic
by 4 2 kcal‘'med lrm-ﬂm:nhnh CFand By—L detanges
of 2296 and T4M A, respectively, A1 this point ghe hydrogen-
wamsfor process stans by oa pathway guate similar 10 that
described an the preves section. The carbony | group is inseried
mio the Hu=H bond, giving nse o inlermediaie h. The
tramition staic, b, is locabed onby | 5 keal'med above the
ntermedunie 3 This step i exothermac by d 4 koal'mad The
b siruciure is charactenzed by a C—H hoad forming disiance
of 1689 A The atoms isvolved in the inserion have a Ru—
O—C—H tworsion sghe of —14 1T The C=() diazance of the
Sonmaliein de b gesdusily enlanged from | 253 A in 38,10 1 278
A in ia2b, gl 1o 1 3TE A i db, therelore beooming a single
C—ib bond As far = the imermeduat: dh noconcemnal, i

e [ —] |Du'! I} W It
ST I'hLu the Hu— — i distance i 1| 475 A i 38 and | oy

in Db, then, the Ba—H dntanos kas boen comadierably alTocind

by the change in the peometry from structure b0 Th

Ih:-ﬂ.lJ = lrgand dis

= pgoalic inloracton hetwoen the fecemly Rrmod
C=H bond and the Ru alom, a8 shows by the lege C-H
degancy, 1165 A The Ru—0 dntance of the alkomade Tigasd

T Varow iL F. Crgossssiailics 1008, /9, 84003418
P30 Fan, B0, Hladl S8 B O puomesiiollcs 1080, M5 5754 1730
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Figiire 4. Liocagod stationary pesnts for the sicpwing §' — i1~ fing
sbppage mechanism [hstamces in A

1 2040 A being shomened almost 03 A with nespect o
imermediate 3k

Thie Rast step, the proton transfer 1o the alkowy oxygen, gives
mae io the fmal prodoct, ethanel. This sep is exothermic by
41 & kealimol. The commesponding tmnsiton stmie. ixdb, has a
redatrvely low energy bamicr, 42 keallmol Although the proson
wunsler does mob involve the Cpli ming rowtion, e ik
suciure (8 sl eagee The (- H bond-breaking disizsce n
mt very enlarged, 0992 A, compared 1o that = mtermedaic
4, (95T A the length of the aewh forming O—H bomd
LR A The change in the U'—C—0—H dibedral psgle o going
frees wtcrmediaic b 1o db s quite large (om —1 KT s
=110 50, islwatang that the OH group from the CpfH ligand
s be dosatod m ihe proper alignmest for the progos Wamfcr
o take place

The encegy prodile Tor this mochamsm i presosssd in Fose
E The highet refatiove enerpn Batrier cunceten the simullancoen
aldehyvde coondsation with the " — & nng dlippage Meverihe-
boss, the highest point within e energy profide o fhe a2b
wnscture, where the hydnde suigration i taleg place The
energy difference Betweon the livaest energy imtermediule and
the haghesi energy transtion siade s 343 kcal/moll Otber
posstbddaties could be comadered from simiciure 4b 1o neach final
peoducts, hecause the bvdnde migrton leaves o vaoant sie

Cavman-Tawn o o

thanl could b pocupied By the ring changing iis hapticay In
amy casc, s harmm mud go through b, and theelore.
B grergy baimer lo merome m higher than 10 kgalimol

Concerning ihe calculaiions m solution, ihere are mo signifi-
cant changes The msger differences sre for b s products (b
+ CHOHY with energy chamges of 13 and 3% kial'mol,
repectively. The encrgy dilerence betvween the ssimma Db sl
e tranwion slate 5l including solfvem effects s 33 0 keal/
mol These feadilts indicale that e siepwase i — i mechasany
s more Eivorable than the siepaise mockanism involving the
OO leaving, 457 versus 3300 bcalimaod (in sodagion ). slthough
ik energy bamier is still 100 high

Conerrird Pathmay wilk Siovultanrees Substraie Csor-
dinalios ssd Rimg Slippage. The [hind mncd-spbeic siochain
analy mxxl qoma L the 4 Bydrogon fer hanmg
the sbsirmte in the coonlmation sphere of the catalyst Figure
& shows the structeres of the specwes mmvalved an this reschon
pathway

The anital corresponds L an hate with the
Tormaldetyde hyvdiogen boaded ta the catalysl. b, the ame
structine proseniod in he previcds secton. The conceriod
hydrogen remafir produces inermadiate 2e, whene the ofhanol
product 13 weakly coonbraled o 1he metal comer through
apestic imeraction. The Ru=H distance i 1959 & whercas
the newly Formed C=Hl bond distence i 1135 A, chemly
showing the apestic steractinn. Duning this process, the CpOH
bigand loses & hreaking the ring aromancity, beooming
Bonded in the Ru by 8 g'<coordinatsn The dibedel mngle of
the four conrdmaicd carbon aioms m —0 21 the dihedead angles
o e carbesy e carbaon gom willin e fing ang B 30eml 781
showing That e cafbon atom o actally oul of the plese of
B four ceeilinatad atoma

The Ru—C distmnces o the Tour cooddinated carbon stoms
are 2. 28R, 2224, 2723, amd 2 282 A, respectively, The Ru—C
dezance [ the carbon alom B is oul of e plase in 2 5
2508 A T this anep ety e alao 8 clanpe of e psture of the
0 Bl 8 the: i, chissgang from a alnghe bord (1,338 4§
w g double bosd (1241 A The hvdogen bond dmsnsce
batwiorms dhe 081 of the Formesd mothanol and 1B o4y pen atom
from the formes] ketone i 1 773 A

b 1B rankihion wishe Tof thee abep, fale, the mewly Smeg
C—H and (—H bondi Mmilow & different weml The C—H
Formeing el i quile sdvaniod with & detaecs of 1 255 A,
whereas the O—H forming hond dintance v | BE A, indicating
a rather small imeraction. the 0= 11 hond dntance of the CpliH
ring is praciically smchanped, going from 0 983 A m b o058
A in mle. In onder b conborate that Bnle achally connects
the Th and 3¢ imermiedises, we perfomaed an |BC caleulaion ™
Sasrning from souctre Bic we shiained Th and 2e. the intal
reactant and the Gmal product, respectively, and no piher
mtermediies were foend on iy paibway

Congemning the TpOH Bigand in the tale, # is ' -conndmaiod
o the R miom. The Bu—C distances for the coonhimaed carboss
aoms are 337E 234 and 34R% A wherems the Ru=C
datances for the oiher carben mioms are 2 76T and 2 B6E A
respectively. | is remarkable that g coordinatson was chasrved
only in structure dsle. Thes haplicity has already been observed
i other Dransition miets] comgdeses during & bigand substiluos
provess.™ |n fact, ihe 3 == n' ning shppape allows the §*

d ol the d nacbsiraie wo b metal, B Hu—10

and Ru—C distances e 2 300 ad 2475 A, respectively, The

¥y ik Pk, B fce Ol Beo 198, P4, 3605368, b Ckmsalen.
O Achicpd B B L om Pine 1989, 50, Zi8E-H6L dch) Gemenles,
. Schiegel H B X Fina Ol PP 92, 35215527
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Figure & Lnergy profile fir the siepwise y' = g nng slippage mechanism ai the BILYP level in the gas phase (blue) and in sohution

[

sic
Fignre & Oy L of the

wats kil and
munima ssruchires that eomneot Th and B¢ Detances. i A

C=C1 bond destance of the formabdehyvde 1 1340 A, 5o i has
boen enlurged by 0123 A in the mnsmin sale compaed o
rhe feactasy |, whene the distange & | 217 A

The barmer Beight for this pathaes o B 0 Leal'mol, with an
assoaed reaction energy of — 1 1 kealimol. The solvent offocts
do ol gnaficantly modify the eecrgetics of the reactxon The
encry badrer m 6 kgalimol, wherras the reacton encigy’ =
=4 5 kealimal

Thaier-Sphere Mechanium, Coagerted Hivdrogen-Transfer
Mechasism. In ikes mechanism, the bydrogen rasior ke
place without cooedination of the subsirate on ihe catalyst. The
peolon and hydnde wmmfers socur smmliseously oo single

atp. The il nlerssedime Ib and the Nnal peoducy I are
s wame gy o oblatned n the previoun concericd palbvwey
Mrverbless, Be magor difloronce betwoon these bno pathways
refies on the maxiure of the transsion siale

In the rassstion stalo for this stiop. Bl the newdy form g
C=H ond O=H bond desnces sre 1433 amd 1325 A
respectively (Figure 7). The C—0 disiance for the subsiraie =
1278 A, slighily shorier than in siructere fnle (1340 &)
Soprtuinigly, this transiees sme |mke euwerly e mme sSier-
modistes, I and Be, e el Boosd in b concenied i — §"
ring sfippage pathway. respectively. As far i the onergies are
concemod. the relatinve energy bamaer found i this prooess m
% | keal'mol in the gas phase and 7.7 keal'mol in seleation, =
gl agreement with experiment and peevias compuistion )
i 7 Casey and eo-worker reponed o valoe of AN = 120
& 15 kcalwsnl fiaf 1B rod af PROCHCY in THF- with
0.1 masliL ol Fl0r oo D30 uwing e Shve sl analogue. ™ More
reomihy, they roposted the harmer for the analogous process. in
dry THF=de A4 = 11.2 £ 09 keal/mad * In thewr compuia-
iemal sivdy ol the conceried mechaniam Casey, Cia, and oo:
ks reparmed o harner beight of 118 kealimol, in sgreemeni
salh the fesalts prescind bere Foguie B e the encrgy piodile
for bath concertad pathways in salition and gas phase

Alber e analyss af scveral snner- sl outer-sphere moch-
anisms on @ model svsiem, computational msulls stronghy
support the owser-aphere mechasesm with o coosdination af
ther submarte o the cmtalyst The reporied bamer of 9.0 keal!
misd in the gas phase (7 7 keal/mod in solution] is = sgressent
with previnerly determaned euperimental energy haersers; AN"

(0 iy, P bk, | B (s Ol DOERN, AL, |58
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1.

sid

Figure 7, Transition staty (o the oster-sphers mechanism maodd
sysiem §ibil | sl complete system s1AT ) Distances in A

= |20 & F3 keal'ssol for she reduction of PRCOHC) m THE -0
wn the prosence off 0 1 maliL of a0 o D0 and A0 = 112
= 09 for the same process in dry THF<h ™ Moreover, i
machanem i the most feasible one of all the ansdyeed pathwans

Model System versan Complole Svstem, The comorricd
sater-sphere mechanism as well 5 the most fivorable inners
spiaere machanism wore analyeel taking for the calculations &
complete Shvo catshst, including fear phemn i groups in the
Ot rimyg. [Phafiy-COOH) For ihe cuter-sphers mechasaus
e anakogoiss. Transition siste il vws ocaloed, wish an energy
ol | % kaalimol = the gan phase This value i quits sssilsr s
et o obeained for the model system (=1 4 kcal'mod |, showwing
that the inchision of e phemd nings doy vt change signifi-
contly the resalts for the cuter-spheve pathuay The energy
Baarrigr eficulatodd v 8 8 keallmsod, quate gl 1o fhat ol the mosded
sysaem, 9.1 koal/med

For the miva favirahle mner-sphere mechanism {stepwise 4"
— i ring dlippape) o the minima slong the pathway were
bocallized. The gas-phase energses for the model sysiem imer-
mediics 1, 2B, 3b, 4, e S and final products b + CH-
Ol were =104, 180, 222 178 <28VE and =412 koal'mod,
Fespectively, relmed %0 separsted seactants (wee Fagese 5)
anlmnﬂhrmknlm]ﬂrﬂnwﬁnrh’lhmpkh:rm
dinve s ba he losal of all the smalog
Tound Tor the model system. Thesr relative emengy values rolaied
W separmel rescianis e —6 9, 247, 296, 20T, 234, and
=19 keal'mal for I8, Th', 36", 4W°, 3’ and Final products (b°

Cavman-Tawn o o

In the conceried Lamalion siee for the complete syaem,”!
tnldd facwr Frgure 71 the O—H and Ru—H dimtesoes ane 1 057
and 1T01 A, respoctively, shedteas Bt the mod] cataly st thes
dmtances e alighily enlasged by 0001 B sl 0007 A, for 0=
and Ha=H distanoes. respoctively. The length of the O~ O bl
of the Snmaldebyde in sidY is 1 273 A wheras that in isld
{model sysiem was | 278 A Hence. the msclusion of the phesy|
subsiituents on the arcmaiic ring ligand ks no sgmificant effects
o0 the transion sie geomery

The 1h2 sesdl 2¢2 proemetries are the anabogues of 1 and 2e
for e model svatem. [n 1B2 e distsnce of the hydrogen besd
betueen the CplH and the aldclnde oaygen s | BT A s
22, there inalso an agosti: hrvagh the mewh & J
C= . revealad by the C—H distance af | 146 A The reaently
Formed OH Bomd has & ditance of 0981 A Lic in 2r, the
hapticey ol the rng i i, with the reg bondod 1 e metal
through fuo dovhle bonds fommsed in the ring afer the hydrogos
tramsfier The four coordinaiion carbons of the nng have dssanoes
wth the netbenium aiom of 2395, 2252 2 368 and 2 3000 A,
respectively. The kst carbon aiom of the ring in e is out of
the ning plase, a3 in 3r, baving a Ru=L disinnce of 3 468 &
shightly shoriened with nespeot 10 the model sysiem, 2 507 A
The distance of the C—Chbond of the ring ligand in 2e2 is 1 381
A The €¥H group ol e formed methanal t inlerscting thisugh
8 Bydrogen head with the recently Tormed C=(r group of the
rng. ch by a al | Ri3 A

Calcmlalion of Kinclic hotope Efocte Casey and o
workers roperted mdividual kmetic ismops effects in boneal-
detnide hydrogenation wsing an snalogue of the Shvo catalyst
{where two Ph proups were substituled by two Tol groeps p for
e Bu=E) aned O[3 bonds with valves of 1.5 2 0.2 aned 23 &
1, respectively, i THI in the presence of & small smwoest of
water (O the basis of the agreemens berween the product of
both mdnsdonl motope effects (13 = 22 = 33) and the
mieasured o for Ruld =00 speges (306 2 0 3), they concladed
il the odeogenation akes place through 8 conceniod protes
and Irydrde wansfer ™ In a recent study, they showed ghat the
addition ol waser 10 THF kel 102 desrrase of the Ru—1F kinstic
motigs ¢l¥ect malk o concomdant increase of e O 10 Kinctie
motops effoct = The costbuned solope sfToct als wa foesld
to weremg Indry THE (a2 23 W) the mdividml motope ¢ffocts
worre 260 % 0 0% for u=[3 and | 30 = 0 02 for O= [, wheross
the combimed isolope effoct was 138 & 009 Conversely,
addition of water (1,120 molL ) led o valoes off 132 20110
for Bu=D) and 299 4 035 for (=0}, with a value of 425 &
62 for the combined isotope effect. The mnhors sl ansherd
the IS in other solvenis such g5 boene and CHCLy, the
repoied Lisetic soinpe effects m these solvenis ane quiie simdar
i the repored ones in @y THF jsee Tabde 11

hapﬂllﬂlm&hhlmﬂﬂuhﬂlnﬂﬁl}ﬁm-
° al |- 4-fluarpheny | ethanol by the Skon catalyat they
feporicd KIEs of § 857 4 0,17 and 2.57 & 026 e the ruplureg
HI'J M and ©=H bosds of the skohol, respoctively, aml the

+ CHAIHL respeciively. The highest and bowes encis
wicrmedsales are the same for the model and the compleie
wystem, Jb, 3, and &b, 4, respactively The encrgy peofile
for #he oulot-sphery mechantem on the complelc noskm =
clearly enerpetscally more favorable tham that for the inner-
sptmre mochanses. The snoigy harmer Tor the ouler-sphere
mechamenm & 8 H keal'mol, whssness the mos ssble iiemadais
Tt the winct-sphere moch bl ol e !

| P ﬂmﬂlal:ﬂ]?ﬁm‘lmil
eomceried bramslc
W have performed bnetic mosope effect calculatseas (RIES)
for bath comceriod mechanmms previously described The free
energy bamemn umed for KIE calculations sre these beiween the
mtlindl resctanty and the conespondmg ramsition sl The
obigined results mre gathered i Table | For the oules-aphere

ethansd, $a'), 4, has an encrgy of 30 7 kesb'mol. Therefore,
eafiulationm oo the complets syiles grve amilar ey by those
o the model wstem

P41 The Hntsdion sl hldd |G ' q'ﬁ-i"- TN ]
iy i il The il s d are wery il
Ihmhrmuhlml.l-ilﬁw-hl-ﬁ-
e i nluiion, Pespeciively.
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Figure & Energy peoliles for beth conceried pattrvays 3t the BELYT kevel Inner-spheve mechasism.  gress | ga phase) and red {soliman i,
Feapectively. Chaer-spbore mechaniam bilug (pas phase) s orange (solution) respectnedy

Tahle |. Caleslabed Kisriic Isstope Elleces for e
Concortnd Mrohasivms Inclmbing the Expreimrats] Vabses

| kisetic thoiope effvets tepored in THF with g small
of warked (e Tabde 1) thas s in dey THF of wolugne:

v miod

mechamium B Dol O D o R
SRR ILET T ar 11 nE
s et Ve vty wpdrTr [} ] El iR
fmcadel wysiemni
g g et spdrte 13 SR 13

1]

T ey e Islg @00 100 Ampnoim
THEF @ 10 mael L. st 13228010 29038 AN 06d
CM AL AEIE 1ANAnIN A D
ity I8t i @In | Hmap00e BRI O2N
mF [EE3 B S 1 | LLES &

® Firi #el ) "Faoe fel 10

i we calculmed the KiIEs for be mded and the
eomplets waterns The odtsined vabaes are uimilar in hoth caes,
homing hal the modd nlos i good omesgh o sty the
sindem. Nobce thal all caloulabons were performed wsng
formaldelnde as subatrate, wheress the expenmenal valies used
Beriealdetyide o ssbsirase

Chur resulis, hased on gas-phase calculsiions, are expecied o
e closer oo e KIES reporiod in iduene tan the other solvents
fange f pieeeris the Jowest diglecing oomdant (v = 24). For
the completie svsiem i the outer-spherr mecanism, the value
for the combined soiope effect i very close i the expermental
one 3% jealculsed) vermm 363 £ 03 wnluenel The
individual natope effects present a different wesd. For Ru—I,
e obianel a KIE vakoe of 1.3 peated o the exf !
valug of 265 & 0 18 (nluene) Fot the U= D bond e calculatod
value 1 1 % comparn] b the openmental value of | 38 & 008
imhsene) Serpraingly, thesretical wnlies are closer w0 the

The valse for the combined solope effert for the concenad
e aphere mechanim i gete dilferent from the experesenisd
walue i wduene. 00X vermn 363 £ 025 Concerning the
iy idusd swetope effeets, the C— 13 bond agrees By wedl wi
the expermieral value i oluene, wherem She Bu—13 hofd diss
mal. The Fact that the combinad isolope offect v guite Gr from
b exponmental fesull does ol ssppon the coscrriod e
sphore machanism

In ) the caleulsted combened solope effect fur the
MWhﬂwwm“mk
merially ropediod valucs Buan that ol § for the
mncr-iphere mochanivm. Therefore, in sccordance with the
previcus analysis of the evengy reastion profiles, these resulls
also sugpest 1 oonceried oulor-sphere mochamsm Tor the
by drogen-tansler prooess

Comelusions

The hydrogen-tramiler process o kaongs catalvoed by the
Shve gatalydl wa exienuivehy analveed by meam of THFT
thaoreical calculstions. Several mnor-sphere mechanism (ghal
mply ibe coondmation of ihe subsimsie on the ooordinalsn
sphere of the metal catahysi) and Se owier-sphere mechanism
{within sutwsrmie ooonlination) were comsidered The emergy
profiles in the gas phase and including solvetion effects for all
the progoned mechsmems were calculmed, and the KIEs for
ke mosi fsvorable conceriod mechanisms weee alws evalumied

Avcoonling b our resulis, the most viable mechansm {ghat

with the lowest energy bamer) s the ouler-sphere mechanism
where the iydeopen transfer hes plice withoin coordinatison
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] e subsirate e the metal center, the prolon and the Bydride
ane tranaferred simultaneoualy 1 the O=0) doble haord The
energy baimic for thy model syatem s % | kealimol o the gas
phase and 7.7 kaal'miod in soluten (THF) For the compleis
waem {whore the entine Sheo catalyst was inclslod m the
cabculationa) these barmiers adopted values of B 3 and B0 keal!
mral in the pas phase and soluimon, respectively  The caloalaied
KIEs for this mechansm are also = good agreemen with the
experimental repored ones

Within the inner-sphere mechanisms, that mvolyving e miisl
COF leaving s haghly esdutberma in the ininal dnosncialive
peocess. The energy barner fof this step i 81,2 keal'med in the
gas phase and 45 7 kealimol i soltson, the frec energy hammer

4 with this g o (he pas phase 1 3R T kcalimed

A pupectal, smclunen of eestope effects olemtly diminishes
Bt ety hamier for @ disndmlive process, althosgh the bafmer
s skl Yoo Fogh 1o b @ feaudble mechannm

The inner-sphete mechansis involving the substrale soondi-
matiion along with the ning shppape kas an energy harmer in the
s phase off 34 ¥ bicelmed, o high ta be a feasible mechannm
A motsceable leature about this mechamsm s thai o mvlves a
y" == i ring slippage instead of the mitally proposed g* = y*
ning slippage Owur results sre m sgreement with previess studies
oo the nng shippage process on related transsdion mesal
cumplees.

Comcerning he conceni] inner-spiere mechanium whene the
Eydragen ranafer mkes place mmulisseously with the g* —= 3"
ring adippuge. il hay 8 bamer af 36 0 kealisol in the gas phase

Cavman-Tawn o o

and 3.4 Resl'mol in sution Despue heing 3 concenied
m-i:- hmmnmhﬂmwdhﬂhwm
e 8 gombeed kingtic
!mtiﬂhhﬁllmhum i glearly dsffernt fom the
experimenially reportad value
in summary, the feasibilisy of the outer-sphere mechanism
8 concenel Fvdeogen transfer withou carbom | cooedination )
uw#hmhmwmmdl
e 4 and clvulaed KIEs closst o thise
m:mmlh These nesults are i agreement with
othei Ind hascd on metal—ligasd
Hml:ﬁhnmﬂmphlhcﬂ}ﬂhihm
oo monety gue fir fom the metal omier Al neportad stslics
b date sugpest thal metal = figand bhifnctional catalysts wark
thevugh an ouler-sphene mechanism. Thes conchusions may be
applicable w the hydrogenation of vther polar double boads,
and sn smalyss & in progress in o lab
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ARTICLE II

Theoretical Analysis of the Hydrogen-Transfer Reaction to U=N,
C=C, and C=C Bonds Catalyzed by Shvo's Ruthenium Complex

amd Agusgi Lledie®

iy [huimies, Lwdoe e Aniinoesg sfe Banoefona,

The Shwo catalyss [|Phay®C0008):H ] Ru C00H bebongs 10 the so-called hifuncisonal catalysts.
cimtaineng one hydode (bosded o Bub asd one proten (bonded 1 a lipand b which sre casily eranslemred.
The mechamism of hydrogenation of polar double bosds by Shvo's catalyst has been extensively studied:
hawwever, iming Bydiogenation o sl s coninvendsl iopie, The oier-sphen: mechanssm | wiihout subsiesse
coordinaticn ) and ihe inner-sphere mechanism | with substraie coondimation) ane the two main proposals.
Several experimental nbservatioes accoss fof cach proposcd mechanism, besides a thooreiical amalysis
of iheir respective sugpesicd mechanism. In the present work imner- amd ouicr-phere mechamisors for
hydeugenation of =N, C=C, and C=C boids are anabvred and compared by meass of theoreibcal
caloulations, complementing our previous work m C=0} hydropenation. The cbasined energy profikes

Schome 1. Fgmilibrimm of the Shin Catalys

AR g talficy 30K, J7, JAS—dka1
Alein Comas-Vives, Gregon Ujague.®
Einitet e Quimarg Fivice, Dypaaetiment
9 Belfarerna, Coalonia, Spaim
Reverivd Oetiber §, 207
sippo an puscr-sphere mechaniom in all the cascs.
Imtrodisction

The Bammage nevus. I'_nlrl'mrrl-ﬂhrﬂﬂl ru'll-l w.mhlrhﬂ ina
widely emplisyed i in ¥ Wy,
it offers an & ivg over classical ol ,w&mbli

MaBHy and LislH; for ms better miom ecomomy. cleaner
synthesis, snd casher workep procedures. aleo providing milder
conditions and berier fanctionsl iolermce and chemeselecivay
over helerogeneous caialysis. In addizion, Hy is met the only
BOUREE 1 perivem Bydrogenation, gmd other mofvoukes sach av
alcobols s alss wied as hydmpges sounce.

Conceming e by drogen-tramder mechanism. mos traminoa-
metnl cainlyss operate tnugh the “hydndic resie” via a mezal-
hypilride mtermedinie.” The "Uisect bransier™ (withost panicipa-
1o ol & metad-liydisde imermediane) s thought b operate Tor
main grosp clemenls In sotie iFasition setal-caalysed hy-
iropenations, the so-called “lonk meghassum™ has been pr-
mhuﬂmummﬁlhuﬂhﬂdm in the form of
formally H and B spreics.® In this sosee, the metal = ligand
bifunctiomal hydnogenatios catalysis gre those containing 1wa
Iydrogems with hydridic and acdic charscier, nespectively.” The
hyiridic hydogen is attacked o the meral. wheress ihe aciilic

‘L‘ﬂumtm E-mpl gorgoe L lagos aahse. apu @

Ko ish

il W#mmm*“hlﬁ.ﬂdﬁﬁ
T b Wiley=YOH Wieisbeim, 30T,

121 Hsienperivoii | Pedepeaties. (habivaer. I A Filerockin, M. A
Josd, o O, L A Bl Klwwer Academm: Publivhery Dovdepoia, 120

) om) Cilladiali, 5. Afbefios, B Chem. Sor Ree i, 55, IN-I56
B Sareer, 1. 5. W Bl 1E: Ambowdd. |© 00 Beisil, P Ches
Fow. Rrr. J0s, 35, 297-248,

i im) Hollek, K. W In NomaPesd of Bosmogemnas Mrfnog st
e Viden LG Bhavier, T 1 B Wiler-VOH: Wiclnbosm, 3007, Vil 1,
p B3N i) Hellock, B. 8. Chem — Ewe . 300, Ji1, 200537, i D,
H.: lmwra, SE; Mager, M. P Nowen, 1. B P {0 £ A Chen Eox
D (1T, TROA-TEIA

151 d Nerporl, K Obikems, T. Aages, Chvm. 3000, 171, 8075 dagre
Chiom. fot L8 3001, 40, 81 T3, ib) Samdeval, . A I'.Hi.—.'l' Wlufus,
K Ny, B Am Chem, S 3000, 225, UG- |380IN. ¢ Fujil, A
Hasbn, 5 Urmaiw, N2 lharya, T hoyon, B 4 dm Chem S
199, J 1A, 28323, vids Upmatioe, N A Hashopachi, % : By
T; Neoni, B, 4 o Cheme S, 1996, [18, 4956417,

14k B2 R TOON T8k OO LR TS

AR

Exadrngen in provided By ane ligash fne of the moar parasbig-
s gnamples of iy type of catalysis is the Shvo cataling™’
(TP CaCO M Bug OO0 (10, which has been very
un.l.l.ﬁ amd used for 2 prear varlery of processes invalving
e, 1" T himctallic dimer | devesnponcs spon
hﬁn,;..pmdmn;ﬂwm.ﬁ and B, wiich are able 10
perfonn hydmgenation sl delydrnpenanion procetie. feupec:
Eiwgly [Schwinie 1), A modilication of the Shva soly] ansloges
wih the exchange of one OO by one Pt [ 2.5 Pa-3 4 Tokdy"
C/O0H) Rt COM PPN, Bas rocoatly appearsd, ™'

i Gl e, Y Crarkie, 10 Rabamim, ¥ Shvs, ¥, Orgassssailin
PPRE, 4, BN L, (0 S, V- Combor, 0 R, ¥, 4 A (e
S, DN, OV, T T

15 Mallock, B 8, I Mmoo, of Mssspensa Ml pmance &
Vs, 1 G Ehavber, O 1 b Wil - YOI Woplabursn, 00T, Vol 1, pp
1A - FRS

(8 Kb i, B Pahfolemn. B Saacgn b, Doal T S
DR, 10 9N - E

iy Sipes, Y. Gobiberg, L Creerble. [ Rebed D Sieis, 7 O g
ik PR, M6 20108

(B Memanhe. % Salami. E- Sk, V. Dvpesvere Cles 19848 S04

=32
(00 Samcc. ) 5. ML Bicbvall, 1B Chos — et J. DB, B 2955
i

(1F) Cujermyl, (5 Ell, A H: Falind | Pugin. K- Bicbvall, 1-E 4§
iy Chos DRGY AT, 1H57- 1863

1Y) ) Samer, L5 ML EIL A M Blebvall LE Chem - e, J, 3003
F T30 k) B A H: Samee. 1S ML Brase, O Bichvall 1E
Chem oo, 3000, 11841 45,

() tablamen, AL o Porsen B A Hibyall, 1B Arges. Chim
1R, P, | A dagrw. Chem, B B B9, 06 1300 - EXLE, (B0
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Hualrmgen- Tranafer Reaction Cimafrird by Shro's B Comples

Scheme L Proposd Catshile Cyele for Alkvee Hydeogenstion
el Foarmmesthon of Spmecies. (¥ Pk e Csinhed | righii

The Shwo catnlysi s able i hydrogenase polar (C=0), C=3}
and nonpolar double snd iriple bonds (C=C, C=), though i
i mde efficient for e foviner. The fesction mechanien for
thess proceses, hemever. is a mater of controversy. For sllyne
hwlmegmaation Sheo propesal a catalylic svile invalving Cpti
ring slippage isev Scheme 75" The formation of @ very stahls
sposiey (labelad as B in Scéeme T poisoncd the catalyst, In
the same work Shvo saggesed that an analogous catalyte cyela
may be comsidered for alkene hydropenagion. Moreover, for
alkene hydrogenation. Cawey saggeved a differeat mechaniam
with initial loss of ooe €0 molecule, followed by alkene

lination and hydids » amad finally ane Wy molocule
pnﬁlrnI: ihe cheavage of the Ro-alky] imtermediaic. prosducing
alkane.

For ke case of C=0 bydrogenation mainly reo dfferent
mechanisms were proposed, whese the bydvide and proson
el ok place diy: {ip outer-sphere michankem

and iii) inner-splere mechaniam: the lamer mechanism imvolves
mmmurwmmmulmwmlkmw
In this cane, Bavweaer, 1B I cabeulmions chesly supp

Ul cater-sphore mochanium, '™

Conpraing eming hydngosation ssalopowm saeer- amd mitee-
sphort mechamiams lave boen alus proposed (icheme 3 Caney
and co-workors suggod & change in the raic-Bmiling step of
immine hydrogpenation depending on the sabstilwents on it
gen?' For electron-withdrawing substiments the high reperned
kinetic imotope effect brings ibem io conchede that the concened
hydregen imnafer s the mme-limaing siep, In commst. for
lectsun-donating alkyl sehstinest, they otiened more kinethc
B ] effenis, deulcum scrambling, sl soimoe| ales, ol

fhrgaamueiallicn, Vol 27, Mo, T4, J08 885

Scheme N Propesed Mechaniums for Polar Double-ltend
Hydrogenatien
Ol Al i e P i,

:i."c:m. ﬁf"ﬁ‘
H,m . S i
[ ]

cluding than in thix case the rate-liminng process was amine
coondimtion on the Ku stom and tha hydmogenaion was
reversible. Sisce protoa aml Eydreide transfer oocured prior 1o
amiing ¢oondnaben, @ was o powdble b o uking
mechanisiee information i thoee processes oocurred v o
coneeited of 3 Mo progo. Newerhok 1he birati

of segewlel inlramoleoelin Inpping Besides the Tailure of the
imermaolecular none was pven as proal apainst (he nag-slippage
mechaniam {Inner-aphere hasism) '~ They 4 ik
mslrogen cooedinasion of the sewly pencraiod amine was (aver
Eluan Breabing the hyibnrgen hosad beiween B prodact, ddlusion
Trinm the solvent cage, or Enendan of the nitrogon bofe pais
The same geoup rep J & et hemmisiry lov b
Badrogen bremilor depending on the natee of the i, For
N-\.l.rgl imimes the process was shown jo by ram vgreocspe-

. The Mealkyl imime hydrogesation however was a
anereomndam process anribuied o 8 revendsie dehydmogosation
lzrsaer iham amine cooedinaios oo dhe metal. Amine cwape from
the solvem cage aml imvensos of the nitroges were coankdersid
o be abower than debydeogenation and amise coonfimalion 1o
the uilBcniuiii.

The anser-sphere mechanius penpased hy BSckvall (Schesne
31 stans wigh the iesine-prometed 1 — " CpH ring slippape
allowing imdne coomlination, The following siops st hnkoge-
sation ad the i — " reamangomeni giving the comesponding
aming comples. ™ Far the caialytic tansfer dehydrogenation of
Mophenylo N L.phenylethylamine ) the large reporied kinetic

cope effect for the C<M cleavage {2 24} besiles the fact ihai

118p L O N, N, A e, 3. E dobmson, LB Priche,
F‘L:‘:ﬁ L Ehawdana, 11 G, | A G gamematallon 2004, 29,

117 Casry, O P Srtmam, N, 4 I‘llwl-lrn-l'-.h—-l'-- Tk,
nf.mi.&mmqhh.l 124

(1) Casry, P2 Snper, 5, W Powsll, 100 Con f, Chem, 2000,
T, H03- 100

P tah oy, © P2 Rilabamou, 0. 4 l-‘-.q e, | A& 4 Am

the combined lsoinpe effeot (C—H and N-H demages) b
peactically the same (3300 Broupht e suthom o the condlusion
tha eramsfer dehydrogenation of m amine b sepwise, the
Bandrlde bramler being the rmc-limiting siep™ Ia the sochio-
mslric prductics of M-phesyl-[ 1 -meoay pheny lethy libeas |-
aming they suggedtnd ibal 1be hydroges-tresder progess was

Chem Jor J00A, 137, |0A7-180T). See ul
shapren, (00 Casry, O Clak, T, W Emll.l.'lu 1, A, S, S, 3007,
Fa 11521 -11837.

(0 Coman-Wivew A Ujagee, G Diskde, &, {vpemmarntiios J000,
o A1

1205 Oy, O P hldwsin ). 1. £ Ades Ol S D005, (7. |855-
L]

s e e e T ——

10 Cmary, O P Bikanna, G A darel, 1A T 4m Dl Sov
004, TH, NI

(10 Sawec, 1% MR, A 08 Aerg ), I Privales, T Bk,
L R, AL J s Ches Nown, JON, 1O 290 D00

P2 FIL A L Jobwios, 0 A2 Backvall, LE Ol Do, J000
Fedl=163E
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nat the sas-limiting wep on the basis on dhe Jow soponad
:wﬂilhnl Ilnlnptd'Fn'l (10505 The same promp sha per-

g cypermenls, which sappor the smecr-sphore
mhmmrrmpouih-m using an intemal amane iap gava
naly the Ro comples with the newly formed amime from the
imine at low emperatures.

Differem ibeoreiical studies have sddvessed 0 mechamivic
mmalysls. " Casey il coworkers focuned on e concensd
inersphere mechanism for & mode] imane | HO=N-CH,b and
& madel catalyst. This mechanises was reponad w be feasible
with gf eniceyy Tusricr of 4.8 kealined including solvent oflects
ITHF) by mcasa of singhe-poist TEF-PTM caleulatives, '™
Privalow, Sames, sad Hickvall anslyeed the wmser-sphore

Bariirn, Caloalaiions. wen pech 1 1aking = ok
donaiing imine (CH3C=N-CH3) and ihe complele catalyy
inclufing solveni effects by PCM and explicii ruh'ﬂi:rmi-enlu.
The reportad esergy bamier was 1% kealfimol,
imine coordinmion coapled with ring clippage. The lmluwln.
steps, Byudeide iransfer and g° == g* ring slippape. were found
1 he similar Bul lowes in energy. They suggested that any of
Uhchs aleps may bevome mle-Hmbiag depending on the eloe-
Iennic natere of gthe imine.”™"

Giiven a1l these dilferees aml sontrapesed meckanistic con-
sideralions amd [ollwing per previous meckanivic sudics on
the Bydrogrestion ssing Shva's catalyat™ we docided b perfiorm
an extemsive amalysis of the rraction mechasism for imines,
alkenes, and alkynes by means of theoretical caloubations. Cur
mim s g0 perform an enbdised compamtive theoeetical study of
Both innet= and owersphene mechaadams for these subsrales
I order go cast Hight on new exidence rylag o discern between

e pabmays.

Cempulational Details

Calculationn were cantbal ool using he progrem  package
Cawiant)™ ai demity functional theory (DFT) kevel by means
dlhhﬁﬂﬁﬂwwhnﬂ“

Mach: k W il bvelyy by usting o imode]
PERCTHm Sysbem We uwed s sbstraies fhe simple species
comigning C=N, C=C", and U= prsgps, mthaniming, cihyims,
il ety kene, respentively. The Shve calnbys! wis modeled by iy
CaH OO0 B OO, M the phewyl sbsiisenis of the amaiic
Bgand, heneafier named CpiH, were roplaced by admogem., Thew
fous H's were caloubaned using the 6300 bssis st and the other
main growp elemenis {C, N, the rest of M) were caloulaied ssing
the -3 10H& s banis s, Far the cane of iming hydrogenation, a
maode] mhing the complete catlya [y PhCT RSO H)

with n example ol electron-domating imine [H A=
CICH k| wa alus cvalsated: the & 3 Ghd.p) hasis sl wan used
For all the aloms cucepd B i, which s deseribed By the
LANLIDE effertive cone poential™ snd i ssocssied has s
For ihe ousermosd clecirons, To cheol. the b sel dependonce,
single-poim clculssons using & Lerged Bavn sl wite poiformed.

(28 Rames, F, 8. 50 PR A BSckooll, B-E Chem Commman. J004,
-2

13} Miclvall comadan it hydmgen irsmler % clocmo-doficio
iminrs sbsoulel by d3uer tham 1o elaunnnch o, whorgas the sy lornad:

- Migew af al,
.‘-: I .
wl a2

Figure 1. Opimansl anicnires for the innial asl Nnsl easlysi
The rei fotsmers fiof B inflisl catalyst, sl and a2, arc depictal

[Hstances are b 4,

e 811 1+ {ad o) Bonbs sl wean e for ©, N, 0, and H asd §
polarizaneon funotiom were mided 10 dhe Hu atom wing the sty
peoudopolrntial. Mo sipsificam changey were ohsenad when
secrraving B haais sl (ser Supporting Infornmatin

For the ssdille poists the entience of only obe imghry
regarncy was chocked by maam of freguency caloulaticns. The
IRC sppmach was uacd 1o - the 1t Tinked by wvery
prmnsition sie. " Solvem effecs (THE, r = 7.58) werne mchalel
wning CPCR" ainghe poust cuboukations. For the hndrogens drectly
mvodund in the resstiom e SPIERECNH pption s used in ondor
b plecy mdivides] cavities dm thein. Somie sleps Tof inine
Byidmpenaliion mechanisms (indaaied s the e were evalimial
reoptimizing ihe sinscisres including B sobvni effecis By micsns
ol e CPCND gt haadl

Resulis snd [Mscussion

This section s drvsdad smo m.uﬂ\-uu.hui, whitich ﬂl]:p#
imine anil Bk alkene and alkyne Bnldrug
mespectively. In all of them both innc- and oesor-spbens
ey st g pvaluatod. The inner-sphers mochanim mmgie
the eoanlisation of the suharaie 1o the catalys, whereas in the
eaber-sphere mechamism the hydrogenation necun by semsla-
meous hydnde smd proion immfor 1o ibe sobsimle wilhoul
eoondisation in the metal.

in our previews sudy™ twe rommen were als bocalied for
the notive pedecing species of the Shyo caialysi, af and ad
These siructures besides ibe finsl dehydmgenaiad r.I:.lI:nI .I.M'
depiosed In Figese 1. 'l'hﬂclw It iler cnerg
paly by 0,2 Lealtmel, tndicaring e the QT
Huﬂrmhk.ﬂnlﬂhumnmw-m
sty

Onge the hydrogenatson takes place, the detiydogmmatnd fomn
of he catalyal ibh and the hydrogenated prodect, methylamese,
eihane, and ethene are produced. The reaction energies for the
imine. alkene, and allyee hydrogenation are =6l = 150, and
=113 kcaldmaol in the gas phase, respectively. In soluthon these
enetghes do mat change Hi‘nl“'r —':l.I'L—I?? mnd —184
cslmaol. For Idehyde by we d vabis

of —0.2 -l-l'l-ll_‘—17 Tealfnol in the s phase and solution,
Y- ]

—- mmmn:—hmh

‘I‘:’I l'mdm- T Saww, |5 M Nackuall, 1 dhpasesrnlto ST,

mn-ru’_r-mnmh-. Inner-Sphere Mechanisnr, Thow
mciunivms rogein the crralion of 2 vacant silc in onlier 10

1 28% I'Thr-h'il.l ot gl G wikan F; Digvsian, In Wallarg T,

kT
N cakMake, A 08 0 Claw Phye PWR0, U8, SSB- 840 (B hlee O
Vamg W, Pary, B G Py Mes, § IWRE, J7, TRA-TH, () Sanphane, P 0
Dan i, F, ) Chaalessbl, . F mﬁlllﬂl\mlﬂ“
| BBZA= [T
O Mlay. P Wish, W, K. ) Chewm, Fiya 985, 81, 0200,

L) dah P, K. e, Chem, Res 1981, A4, B0, (b Ganaaber,
[ mnl il t A Chr, e, 1989, 50, 21%4- 2181, b bmaaker, ©
I Plys. Chows. 1990, 4, 33T5-48]7,
iR mb-m.\'.-l:uw. ML, Pl Chees, A D98, 00, 1904200
8 i M- B, % Soabsud. 0 - Wi, V. J. Comipad. (s, J0B0.

4, bR
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Hualrgen- Tranafer Reaction Cimafrzed by Shio's B Comples

Figure L. Located aimionary poists fof the sepwise §" == §°
'nj-!ﬁj:up: meckanism ol HO=NH byidngemation, Dastances

cocnlingie b subsirate specics. For the crration of a vacam

skt by g OO leavkng we feporicd an initlal encigy cou of 45,7

kealfemol {0 CPCM with THF & solvesd s 3T bealfmol for

the froc encrgy differencr is the gas phase, ™ Thes, we did sot

further consiler this mechanism, In this line. Cancy amald o0~

warkers found notioeahle O exchange only under Beoresornt
(1]

n" — #" Stepwise Mechamism. In this stepwise mechasium
we comaddered as a firdt siep the * — §° ring slippage of the
CpOM ring. allowing the imbse coordination. In Figure 2 are
shavwn all the bncated saarkmary points of this pahway for the
miade] caralyel mndl the semplest (mbne.

In ihe issermediate 2a the imine group i ' coondinated
the metal through the ™ atom of the imine ligand with a Ku=N
distance of 2.1 A Twu carbons of the CpOH groep remains
atiachid 0 the Bs amm. faving Ru-C ilisances of 2349 and
24% A A recent theoretical siudy showed that the o
coondination mede of the Cp was the most siable upon lgand

(95 Csey, . P2 Shiger, 5. W Pl [ K. Magasha. R K Bk
ML L A, Chews Sec, 208, L0, 10905 1L

fhrgaswuetallics, Vil J7, Mo, 14, hE 2857

aiklition an relatod sanatin-metal coegd T h
tinn masdke wan also found in some ligand addition transition
s,

The fira transivion sisse Envobves the g* = gy CpiiH ring
dippage (tvlap slong wish the n'-imine coundinative prodecing
intermediase 2n. The relative bamier height is cossiderably high.
IT4 kcallmed with respect 1y the Eydengen-honded adduct of
the rractanis {bul Thiv Iremsdtion slalc is charscirizol by a
Ro=N distance of 2707 A and Ru=C disiances for the
incoming coontinated carbom of the CplIH ring of 2341 and
1329 A, In tbe Figere 3 are shows the encrgy prafilies. Bor this
pathwy hith o the the gas phace 5l solution

From 13 o In' ihere iv a rolstion of the imine ligand thai
Iagibinatey the vebnequenl uqu.""'thn— 1he iAlcibedian: 28 s
Tormel. there are twa ways bo | d Erom this i h
firss gevilon er followed by iy de nme) ru'l.rl.llg-dﬁdt
trafifer Followad by peolon ransfsr, We calealated the direg
peoion tranafer, reponting & mansition state bocated @ 33,1 beall
ol with respect 10 oar ongin of encrgies (this is 86,7 Lesll
mal with respect 1o e e structurel, This result lesds ws do
irecan] ihis oprion. in faver of the hydride tramder followed by
the proes vl (vide infral

For the kyalride migraion o the carbon of ihe imbne, b
cuonfination mode of the imine chanpes. 10 & &° eoonlination
oz {3a, with Bu~C and Ru~ Hlﬁq.l:nruﬂ[Lﬂtl:.rﬂ 1342
.ﬁ. respectively, This change s 1h Iy B

in the mnine cae, 13E kaalfmol mﬂl’n‘nln. Ihr kmwn
prl'emm-urunlnﬂ'l'urjq made of cooedination aver the i°
g, The relstive barricr hoighs fur the hydride migration (ts2aj
i oy L% kgalfmesd, producing species da located ai 215 kcalf
mal on the potenllal energy surface, The inlemmedise d4a &
chursoienzead by an sgoanc inemsccon with C-H aad Ru-H
ditances il 1 IRS and 1967 A, sospostively, Finally, e piton
transfer from the CpOH groep 1o the iménic ¥ stom ks a
relative barrer of 12 kealmol, giving the Smal producy S8 This
werp is highly eactSermic (5006 Eeallmealy with a relative orongy
in the complete energy profile (Figure 3 of =388 keslfmal.

As abown in Figue 3 e highoa ceergy poants in the

plite gas-phasa park wrr hydride and proton-tansfer
peocesscs, baving similar energies of 232 asd 250 kealfmal,
reipectivedy. Thus, e overall raengy harrser b 35,8 Realmal
(¥4 kealfmol in solution 1. The energy profile is not significanily
affected by conshdening solven efeds [THFE the differences
are ned higher Ban 5 kaalimel, Both Eydride s profon traslor
show similar energy hasriens in the gas phase and solation.

Far ihe model system siudied the relative enorgy vallees
whtained hy single-poiar CPCM calcalations for In, 2a', da,
and Sa mrg = [LE, BT, 249, and =179 kcalfmal, respoctively,
In oeder 1 check the molecular model empdoyed, the previous
iy wiere froditiinnd if wlull fubisigd the pleny] rings
ol the catalysd {complete catalysi). obtainiag values of =86,
94 M4 anal —111 koabimaol, respentively. Thes. ke fell
d in wlvent and 1siing e
:-nrnplﬂ-r m:'.lpi does mot significantly chasge the resulls for
this J;r - If mcchasaim,

CHO Wb, L, 1. fhposseiglly D0, ¥, 1005 !l-!l-

(1) P, 110 Wiall, ME 0 Chgasimeallior P00, 20, & i

40 The roucvion vl waming o onscsesy 2e wa sl msalywsd
A mew mautke g, plas Eolepe 0 Bla W phorsnered
Severthelens, then Warmiliom was iy lghol i ey s oompaied 10 mda (7.8
wh IR T Rl A e i i {labbal @ i & s
pmnd fow s peitiem iy with @ selmive osorpy of BT Ronbimedd
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- Wi #f al,

.EYH

HE
= [

=iy dng-alippagp

Figure 3. Enstgy prolile fof the wep
ifrange

g = g" Conceried Mechanbm. In the case of crbomd
hyilragenition and usiag =s snalogous model sysiem, we
repaied o iremution sl farm d hilride and
prodon Eransfer with an -CpiH coordinaion & the metal ™
In the preseni cawe, however. we were unable to lolize an
analoguo rEmition staie for imise hydrogenation. Thin fac
may suggest thal for the model sysiem, IF enising. i
mechanism would be oo encrgy demanding 1o be o reasomable
patliaay, ia we acrmally found in mll:u]ﬂ'r#ﬂlhlﬂ.ilh
i Felativg Barsier height i (he gas phass of 36,0 kesbmal ™

This particelar madteos mechanin, & omornod § —=
mechanism, ha boen already theoectically ssalyeed in detadl
by Prvalov, Samed, and Backvall silinng an imine wigh
clecinon-donating proups and & complete catalysl model™ In
their amalysis, where solvem effects were included by a
oomhinaticn of explicit solvent molecules (CHACL) and a
polarized contisuum methed. they found thai the highea energy
harrier for this mechsstum comesponds so the e siege (he
o-bond imine cooedinstion concomimmly 10 the g* = " CpOd
Hng ippage. Subsoguently, they propoal 4 G ot estsber
Bullowsd by o slower hydide vranfer. Finally, the - = g ring
aippage tkow plase. AL the sops prowented lineer Bna quile
wiemilar activation hasriers thas e initial mine coordination
The awhon showed that the inclusion of sofvem offects
sahilires ihe low -hapiicity compleves. e in fac. the lowes
energy reaction barier {15 Lal'maol b was obtained when explicd
sobvent molecales jalong with e cominuum model) were
Inchmbed b the calcslations. According so tedr resuhs, this could
be 0 reasonsble paihway foe the reaction.

Theier-Sphere Mechanism. In (he outer-sphere mechassum
e hyadopenation Lk ey place My sulsdide the consedi
teost wphere ol the metal. Figuncs 4 sal 5 preicnl e kacalived
stativnary points amnd the reaction energy profile, respectively

The initial siruciuee Io is 106 kgalfimol lower in energy
eompared #0 separaled reaclants, mainly due 10 a hydrogen-

ol HC=NH hydrogomaion i i gan phase (Buc ) and soligios

Figure 4 Cptimired structines for ihe concerial
mechaniam of #C=%H bydmogenation. Dbmeces are in A

Bond inloraction. The congertal Bydeide @ proton ignsdeor
(a8l has a eelatine barrier height of |10 Lealfmal (6 kel
mal in sdgbioni. In the prosfuct (2h) the rocendly formed ©=H
bond is mteracting with the R aiom. whereas the aminic - H
bondl is interacting with the recently formed C=() boad of the
Cpl¥ ring.

e the sded Emine the | by Ace pathwdy
in By far mose favorghle (110 kealtmsolh thes the §° — o
abspwing machanivm (18,8 bealfmnl)

Given the fact that the presence of the I gromps on e
anomate lgands of the cotslys has been supgpested o help the
ring-alippage mechanism™ anad that ihis mechsséum wes alresdy
szl using & complese cainlyel, we devided oo imesligme e
ennceited palhwiy coployiag sleo te complate catalys.

When includimp phesnd rings in e catabinal, & concorod
trunsition stale was alw found with a bamier beght of 9.5 Lalk
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Figure 5. Escrgy peofile for the goncencd outer-iphese mechanism of HO=NH hpdnogenatss in the gas phase (hloe) and solution

inrangel,

maol in the gaa phase., In this srsivion stme, the proton is slightly
e ransferad b e culaarme comgarsd so the miodel systam,
having Ci—H (CpdH proup) ssd N—H distmees of 1,299 and
LITR A, respectively, wherems the hydeide b slightly lew
dcrred, with respective C—H and Ro—H distances ol | HIR
und 1648 A, respectively. Thess results are salogous 10 those
found in cartoayl hydmogenation, where the isclusion of the
phemd rings did nod change significamly the energy profile of
ihe concersed oulcr-sphere mechanism, ™ When simgle-goie
CPCM calculationi sre porfoitiod the cnergy barmier Semimmdics,
taking a final valee of 7.1 kealfmod, |a addiliva, in anlor b
chock whether perfnmrang the geometry eptinaration inwiltion
chanpes the rosalts, we reeplimered the compleie catalysd wiihin
the CPCM methedology in THF. The oeergy basrier obaainesd
rﬁ.ﬂiulbul]duﬂnntdunf,:.llpdﬁndruﬁfﬂpmmlk
ﬂlbp_dmulml.-_ COMparing e tramiison.
ry optimized in soluil nlllrﬂwuluﬁ[n
phueuﬂ:h.l]uﬂ.. | in ¢ hesesl, the
lremd b5 Even imore rmnu,lumdnunw.-wwqium
including the pheny) rings in the mode] svatem. The polon i
apain i 3 moee advancsd stage fmeee kramidemad 1o the iminic
nitrgen & whereas the hvdeide Iransler i @8 an cazlior slage (ke
treadorred (o the iminic carbon). The N =W bond and the 0=0
ool distances of the CpOH growp are 1084 {1178 and | 505
A 129 AL, whoreas the = st Ru=H bonis distances arc
LINT (059 and 1642 A (1,646 Ak values i pareniheses are
thoae of the model sysiem in e g phase. Thas. alihough the
energy profds docs not significamly change the gometry of
e ErmnAkition see, I:mwmlmmupﬁmﬂ
rings and op ing In ina
dmﬂhﬂﬂrnmmumh-mmmwm |rrn-ﬂ
hactvrd whea Enpruving high the iode and the methadology
npres the dksor 80 a epwing mechanism with an initial proton
trwmdor followed by 3 hydride irenafor for some partioalar
syslems,
In any case, socording 0 all these resalts, the hydrogon
tramnder B0 imimes will be dhrough an outer-sphive mechasman,

in order o check whether this conclusion is sl valld for
eleornn-donating imines, we caloslated Hmp jrofle for
(EH = -CH . 3 the compl e Ll I
riangs) and epeimising the amsures in solvet (THEFL On the
Basis af cur resulls the cesler-sphere mockaniun is gho the o
Imvoaable mechanism for this eleciron-rick imine, with energy
tarmiers of 6.1 and 40 kcalfmsol, i the gas phase mnd solmion
{opilmiing peomeiriss n boch casesi, nespeciively,

This ressll is i with that uhigined by Cascy and -
workers on & modal system using WAC=NACHy s imine. They
ebtained a barrier beight of 4.5 Laalfmol by performing vingle-
point MP! calcolations over BILYPoptimined geomennies
including solvent effects by means of the PCH method '™ The
energy hasrier for che puler-sphere mechanism is moee than 10
kcal'mol lower in encigy thas the Jowest barier repomed for
the aacrsphere mechanians ™' uilsg o similer comgataticnal
methodology {130 kealfmal 1.

The presence of elecimen-donating groups incrrases the
Banicity of the imine. This could explain the advanced stage of
the proton immsder io the nitrogen in the tansition-staie sreiune
imlcl Concomiag the hydride tramader. it is mone transfermedd
o the iminic cabon fsee Figee 61 This. 5 mechanism
invedving mepwise peuion transfer followed by hydride iranafer
would be alsi concelvable for the Bydrogenation of dlectron:
doaaling mmines. The goneral qunclusion Broim a1 thoie sovalts
i ghat for ihe Bydeopen transfer to dmines 8 cuncenad hui
asynekmnic vuler-sphire pathway is cleardy lavorod over e
T -aphore meckanisnia,

Alkyne amd Alkene Hydrogenatien, The Shyo catalyd is
also stive for hiydo of alkemes wnil Foe sl ene
and ketome hydrogenaiion dai mainly 145 0 and S04 pai of
Hﬂihw ot b of almaoa 3000 in mos
emes™ Converscly, for ks hydrogenstion the maver
sumbers were caly 8 few handreds, The differcacs of reactivity
Between sonpolar sfd polar double bonds was alss cvaluaimd
by Cangy, The cyclohesene reduction by the eoly] analegue A
{see Schome Ih took place by heating bo B0 0 under | mim of
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Fhrrl.TuuHm atmpe Tor the euneeital sulcr-sphene moch-
andstm ol {CH,C=N-CH, eptimised in slutics (THFR Dis-
fangey aie in .i

Wy meaching only 3 jumevers im 24 B Neveribelow, (he
h;dmpﬂ.l:im of polar dowble bonds ooommed helow room
IEmpeTaime.

Shvo found tha alkene hydr was nil oocurring by
using HEOGH o rmduciag apent. "'lni.mnhﬂlrud} Cascy and
oo-workers fosnd that & hydmayoyclopemailieny] rithesssn
formate intermediale was mil able 1o perform hydtogesation of
benealdehyide. Unly after decarbeaglation of the uthoss
Forsale mlgrmaliale was the ol stalogue & foesad, which
i the active species of hydrogenation. O the Basis of their
nbsorvations, Casey and oo-workers suggested that alkime
hydrogenation may proceed involving initial loas of €O from
ihe tolyl malogue A. Alkene insertion imso the K= bond and
fmal cleavage of the Hy molecule by the Hu-alkyl msermediae
1o proesduce the sllane were suggesed a5 subseijuent steps.'®

=  allkyme by i, 3o solated by i
off | wigh Ih llhrmfgli-{'l-l'hl-g o amalogous spocies. B0 [he
one depicied as I in Scheme 1.° luostructanl species. with
mmmm;mmwmmmml K. MK,

and £l biuining also the Xoray crysil
lographic & (™ 1‘.‘-|-l-flnh.|;. ‘I‘h.lup:ch. was found wo be
siahlc daring hydmog Al being
irrgvomible,

The duoiilg 1hat leads o this s2desined product (1 o B ol
St b is coompetationally analy sed weing e mindel catalya
and sixtylme i slkyne, The eeergies in thin Gise are refenmsd
1o (he dehydrogonaiod form of the calalyst (b) sl sctylone,
The ooonfination of the alkyne i exothomic by 17.2 kealtmed
and leails 00 intermediale oo The tansiion siep thas lesids o d
hars @ harnier bedghe of 228 kealfmod (254 kcal/med in wolution),
and the formation of the species d is themodynamically favored
By 30 keaktmol (3408 bealimaol in solutoa), We can compare
the opiimited d spocics with the Xoray Silfraction geoesciry
ubhtgingd by Shvo and e-werken, The afiyne s a-Bomled
themigh bl cabon atoms 8o the Ru and e the £ ol the Cpll
ring. mespeetively. The experimontal Re —C amd O -0 distances
are LI14I00) and | 40110 A respectively,” whereas the
caficulaged ones are L0EY and |59 A rospectively. The X-my
C=C distance is 13510078 A, whereas ihe caloslaied one i
1338 A, showing s excellent agreemont

The resction of 1 ml:h:hdlmrl ncetyleneidicaranylate
ICACnMek) allyne lll.'l!' the anslogeoes compley o tha
J J a5 E in Sch 1" This plet was kenliBed 'il:hlﬂ
ihe eatalytic cycle. This spoddes is wery stable L 1

- Wi #f al,

Schemne 4, Reacllon Steps of ihe g* = g° Seepwhe Medhs:
wbem For Allynes™

;_Vj‘_

nw_h-nfmﬂﬁrmm I e
cane. uﬂmm )

workers propesad the catalytic cycle stwrwn in Scheme L Thus,
the oulilstive sAStion of e incoming Hx modecale followeid
By 2 reductive elimination giving the linal product s megen-
erating the catalyst was praseiaied for chosing the caayse oyole
For the case af all 4 similer meckaniim Wi supposed 1
Be oporalive. Thes, the mechsnmm (oo alkyne amd alkete
Evdrogenation was commastimnally cvalusted

Duc 1o the wmall repodal dlforreom when s luding ﬂlt
phoml grosps sl opgimi ey in salvenl in iming
we semien sllene and alkyne hydogesation with the simplified
caralyst (wighest phemy | groups) and innmdocing solvent effects
by means of single-point CPCM cakculmions.

! e g Higpwise Mechanbm for Alkyne und Alkese
mnd Hydregenatiss. The evalistses of s mechassm lor botli
alkynes and alkeses shins Bl 1he mafning 6l Wemdion sl
ane salogous 1o those foand in the Eming hydnogenation panen)
mechania up t the fing hydimde migration. In the Bl s
" — y' ring slippagu). Bowever, both websbaies Boooms
dircctly i -coonlinated o the metal. The schematic roperania-
tinn of this mechanism for afkywes s depicted in Schome 4. A
completely smalvgous mechanism is found for alkones.

The geometries of the irnsition stabes for g — g Cpidi
ring slippage with sobsirsie coordinasion and ke
Eydride tramsfer are shown in H;-: T for Both alkyne |,I:|II'.
s amd alkens (lg. s2g) hyd i T
ics for (B icchasisssn are shomn i Table | for alkyses

cally; ar 140 T fos Iﬂh-nmlmﬂﬂdmd-mu#:m:
alkene, Meverhelos, wigh 15 sem of by@roges presiure a8 110
I in THF it pives bhack the isitial comples | and dimethyl
wigcimaie falkane). From ihese observatioms, Sheo and <o-

and in '"le i glhene
Th' g — Fp nn| dippage ¢oupled with the corrgspomling
in B rircd by Ru~C dinanées of
TEM and LT5T A in the case of aceivkene. Concoming the
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Flgure 7. Tramitson ssaies for the 7' — g" Cpiii ring slippage

Chguwwneiallicn, Vol J7, Mo M NoGR dRs0

are mu permarkable chamges in e csenpetics beteoen acety e
aml ethene hydnigreations, peesenting relalives haricr beights
ol TH (a2 and 55 iiadgd kaalimol, respectively, The firs
romarkable differenos oomes From the meergelios of 3 and 3y
imtermediaies (4.2 and 199 kealimol. respectively k. which are
the inienmediaies after the hydride mignion for alkynes and
alkemes, respectively. In ihese inlemmedistes. however, the
coonfingiad species are quile iMoo, an slgellidess in 3Fand
an ethyl greap in Mg respectinely,

Fivim ihn poinl, two diffciem aliermalives were Tound.
Acgording w ibe Shve mechanivm, nest viep cormesponds 10
Ehet galulition o Hy, 403 1 banin ol the Fagt £hal the eaperiingnial
analogus of 40t cormespands W K in Scheme 20 produges 1
and the coeresponding alkase under 15 atm of My a8 110 0T in
THF. Shva propesed oo inl liste of BuilV) afior i
vaidative addition of one Hy molecule. The Tansfor of oo
Eyabride was required o fully hydrogenate the subsamate. The
diinyiriile species with & formal BadV) species cosld not
b d in the potential surface energy. all the optimdzanions

ol the Byaleicles transder stepn. in alkyne (IR and 3f Ively)
azl alkene (t6]g il 182, fespectively ) hydrigenations., [k
]

Tabie |. Computnd Lenngio: (in uﬂlﬂﬁ1'-ﬁ*'tpﬂl
Ring-\dppage Shechsaiom fir Alkyars in ihe d2os LU ]
il Serbwllind d W

sira furr Fawir I"l

R ad + BO=iH iy L]
Bl i ]

¥ = o CpOH ring dkppage il ny k4
3 13 v | e ]

Wil wariler il e 4
- iyl af FERY ]
w Cpul iyl 4 -7 -3131
rambar drom e g -Cplil il A4 ks
e of b preson £ 4 -8k
b+ HO=CH; -5 -2E®

oL wr 14 =03

I0: cibeoed] i sibarain il LY L)
ket of e By o home] msemtienis 77 <SLs =434

pronlecis ! al & MU=CHy -517 -518

Table & Computed Knnrgies () boabmad) of e g = " Cpom
Ring:-Shppage Sechasivm for Albmes bn the G Phair O [

lesad (o0 8 iy dreges complex, Neverheloa, a differem paihway
invalving 8 o-bonid metmhoit of he Hy malecule was found,
We calculated this transitios sioe, s i leads 10 the final
product and rogencrates. the iniisd catalyst 02, This siep i
afforlable with & relative Baricr af 7.0 kealdmaol (0 and 6.6
kealfmo| fisdgi Trom the 8 and g inlormodiates for alkymes
and alkoses, respectively, The o-hond metathesis slep pives ma
o the final product and the regeneration of the inital caalyst
indl, u process preatly exothermic 57.2 and 61.3 bealimel for
alkynes and slkenes, respectively.

The other ahermative consiss s the proton transfer from the
CplHH group (o feem 1he final prodect. This sep can aocur with
o without previous change in the kapricily of e CpOH ring,
changieg feom an i o o o coondination 1o the R mom. In
the case of alkynes ihe chanpe of hapiscity b exoihermic by
409 kool ored the imermediane ohained (4F s locxed m
— 317 hcalmol in e eserpy profibe. The anslogous Bmimim
in alkese hydnog (A B | = TR0 kestmaol in
the energy rolile, (he change of hapticity being sxoihemmic hy
37,9 kpaldmal, The peinn-eransfer ianiilica e fom b g’

il Nalwsion (Kl

T T Tanwr f1m

reacuEn sl @L={8y oD 00
o —4% —l&

'~ " Cpi| ring wippage nlg E L
2§ 124 1e0

ltﬁﬁ wamler nig a1 W
i Ul iy | LT (L i |
"Ll amkyl ™ (LU
promies amiler from e g CpOH talg Hy b
oo pailer oo e g CplHl g2 s e
procheet i i preton sl g =197 - ik$
[prbes 1 B b WM, 154 Iy
Wyibrogen compics L3 (LN it
18 or-bownedl marathaio nulg 7 A
e of i Hy oo mcisifnia T -412 -413
ey ] ak & Wl -'My 418 —dL&

anafogous siep for etbene coonlination the Ku=C distances
presem values of 2006 and 2814 A The tranalion saates for
the next siep. the imertion inio the Re—H boad are charscies
leed by C—H dmaances of Lbdh and 1,515 A in the eme of
alkynes (20 s sficnes (IE2g), Fopoctively,

The elstive harrse helght is the gas phase for the §° = g°
ring shppage enupled wigh the gcomesponding substrale coonli-
nation is 17,8 (100 and 269 Dslgh kealfmal for acetylens and
ciheng, respodtivedy, Comgoming (he bydside migration. thoro

St CplH risg intersedizte (130 i logated a0 — 3.4
kealimol im the energy prefile. and it presimia a eebatine barier
Baight of M3 kealimol In the case of alleoes the relabed
eransition stale is logaied al 250 kaalimel gl with a relative
bamier height of 430 kealimol For slkymes this step is
exothermic by 120 kealfmol (80, wheress for alkenes the
peocess iy almoss meenerpetic (5g), Being exoihermic by only
1.7 kealfmod. In contras o podar double-bond bydengeaation,
in caton—carhon miltiple Bonds geolon-tmmler provescs
Brvome highly snengy demanding siepe This s eeasonable
taking it sggount the hiplbor basicaty of carbanyl sl imane
groupy Ban that of |be soapalar double sl Iriple hands,

In scxctyline hydmgesation oaly 1B proson tmnsfer of s
Cpll prosp from the dF imermediale was localived. where the
CpDH ring is o coordinaged g0 the Bu. Conversely. in ethene
l;nhlurﬂlm the proton-bransfer processes from both he 1
and y° hapticities of the CpOH ring were analyned,

Comcermning silene bydmpenation, the sbwolme energies of
the irsmiion sisses involvisg ihe ' JCpliH peoton transfer and
i - bunall esis of the Hy molerele are quite stmils (25,0
5 24,7 keslimall, However, the relative Barier heiphis dhow
thal the a-hand Bcais of the Hy molecule s laverod aves
the i -Cp0H proton trasafer (66 v 410 kealimedh In Figure
E are shown the transiiees-stse peometnies For e soconil
Epdregenation woep of sllencs amd alkynes. These are the proton-
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Fijure K Traniilion aates fof 15 iy 1emsaleds o
CpOH misg for alkynes (083, only o Cplkl Ang) aml alkrees
iiadg. indgXi and for the o-bond metathess of one mooming Hy
maolecule for alkynes and aflenss. tedf mnil telg. respectively.
Distances sre in A,

tremder processes (rom the CpOH ring for alkynes (M) and
alkenes (badg and wlpls and the o-hond metathesss of one
imcoming Hy meolecule (sl and sl

This mechanism s related w thal peoposad by Shve; (he
a-hond metathesis males sense wiihin the §* — 5" sepwise
mechanism bocause of the bower nelative barier height.
Movenhelo, rom (he 4 salogue the haries is highor |Ban
for the "-CplH proton: resder thy 9.0 Lealingl i the gm
phael. Aeceeiding i experimental reuslis the analogue of 46 &
sinhle & (40 W in soluene; s is suppored by theoretaosl
calculations hocamne this species is very sisble (=37.7 kcal/
maol with respect 10 initial reactants), repemseniing a cloar well
i e piseminal cnergy suiface. LUnder Hl; pressiiry ibe suhadrale
wih gomplacly feduded. These 1ol olvicrvalsods arc o
sccofdisg s the o-bond metsthesls mechiniam thes the '
Cp 1l provon eransfer from ihe 4F subsinee.

The overmll sepwise 7" = ' mechanism dor afiyne
hydrogenation presemis a barrier beight of 3.6 kcalimaol (2.3
kgalfemcd in wolution) eomrosponiding in the sgeps fom [ 1o (alf
The highest pennd in the podcstasl ehergy surfaos corresponds
i the hydride eransfer (20 07 the socoml hydrogenation
process is the m-bond metmheses of the Hx molecale. the energy
profile of the carslytic cycle s smoother than thmugh the g
CpOH proton-tramfer pathvway. because in the st case (he
relative bamicr Beight for the protea tansfer is significanily
higther 7,00 v M8 kealimol in 15 gas phase), aihough lice
ihan the bydeide-irssalor imnsiies sie (0

The slepube ' == I mechanbam s sllene bydmpenation
presents & barrler hetght for the oversll process of 30,0 kcald
mak § 20,6 kealfmol im solution . comesponding ioihe processes
froms T o Gy (hydride-bransler sioph

- Wi #f al,

Table ), Welstivy Eacvgies iin Lyalwsals in the Gos Phane | Dpaaet
ared Selaibn (X gt fer the U smorrind Ylechanims ol
Al yng madd Alkpne Haydrogeestsn

v Ty v fnm

[ =3 4 Iy g L14]
i Rl -1

el Tl (L0 (L% (L2 ]
b -31.2 -3

peria b =0y T} e
ety ud 4 HC=EHy ag an
o 4% &

comgotied bramifer (2113 (EA (1)
e L [

Pt 4 Ml - Oy 154 KLY

The ciher possibllgy suggesied by Casey for aflene hydmoe-
genathon. "™ wiich s initiated with the joss of oae CO medecule.
s o coasaderad duic 10 he highly repomal energy value for
the OO dissoristion process, ™'

Thater-Siphere Mechanism for Alkyne and Alkens Hydrs-
penation. An sralogous wecrriod mio-apters e hanism
localizedd For cambonyls and imines was also evaleaiod for
alkynes and alkenes. Tha relative enorgies in both the gas phane
and solation for the differend ini distes of ihe il
oaber-sphere mechanism for aliyne and alkeme hydrogenation
are summariced in Table 5. For the aliynes, the bamier s
sipnificanily kgh, 193 kealfmol (185 kealfmod in silities),
compared (o polar doeible bombs, although it b the most fesibde
mechaniam among those eval d [oe the el liigels
Bosuls. The relatod erankition wale (Isldy e clamacteriod by
Re—H and D—H disssces of |672 snd 1041 A, respoctively,
wherras e ingoming C—H hosads e daractonsed by distances
of 1.527 andl 1637 A.mmﬁw'l_f.'l'hnamm a il
variation of the caialys structure whem reaching ibe transition
e therefoee, the peoton of the CpOH growp is less srmdimed
Eluan i puolar double-bond Enlropenatios. In Figue 9 an: shown
the irasastion slaies for the congered ower-sphens mechaniuns
of alkyne (sld) aad gllene (aled hydregenatsoms

Concerning ihe oulor-sphorr med haminm i alkene bydrogema:
tion, the meergy bamier is very similar go that of the alkynes,
1% kealfmed (179 Lealfmol in solition). The related ransition
saie {iale) is charscerized by O-M and Bu~H disiances of
1000 and 1727 A respecilvely, whereas the mespective ©-H
daEnces ate |14 and 1400 A

These fesilts b that the oofeeod oweripleis mechs:
sxums for alkynes and alkenes e arcumd 10 keslimol highes
in cdergy than the shakogous odes im carbony] and s
Badropenations, This eaplam why polar double hosds mwacd
Taster than multiphe carbon~carhoa bonds,

From all the rosshts obtaimed for aliyne and alkene hydne-
genation i can be oomcludel Sai the comcried oster-aphere
roechanism is the mosi favemble pathway in both cases. Their
relative hagrier htghes in the gas phase are 193 koalimod | 153
Lesbmol b solution) ssd 194 kesVmol (179 kcoltmssd in
sodmtion L, respectivedy, [ alkyne hydeogenaion, the f I

Figiire 9. Tesnsithion sisics for the concennd cutes-sphere miecka-
mintfin for BO=CH (Bl ansd HO=0H; itsle) hysdgonations.
Distances are A,
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of d specien propuscd by Sheo can competz with the hydroge-
Aagics et ion, because of s eelatively afTondahle cncegy Bamicr
height of 118 kaalimaed (174 kalimol in solution) asd ihe
cxsthermicity of the process | =309 kealfmol i the gas plase;
=384 kenlimal in solmioni.

Conclusioes

The reagtion mecaniuna for the bydrogen banfer io C=N,
C={, and C=C honds catalyred by the Sk caralys bave been
eaigmaively analyred. mpk-nlll! our previous theonetical
simdy on the C={3 hydmogemaiion. ™ Hoth suggested mecha-
niames, irmers sl ouler-sphere mechanisms, sloag with some
waHalions have been computmionslly evabssind

Dt resulls sl that the most Bvorable pathway for imine
hydregenation e ibe cater-sphere mechaniam, which |
et doriwes) ened gy hasrier of all the sudicd meckaniams. Sisdls
r:-nl-lrnvm'lnnlh hﬂdfﬂtﬂarlrhﬁﬂhﬂnﬂ':ﬂh—
ﬂ-’ll— Thas in i pendenily of he
slecioad syt used Tor ihe cabculations. Thes. calculations on
1 mode| catalyst amd model imine in the gas phase whow that
1be ouler-sphere mechamivm s the most feasible one with a
harrier of 1010 kealfmol. The use of ibe compleie catalyu
tincleding the phesyl rings ca the CpOH lgand) lead (v the
same voncluibon {coergy Barier of 9.3 Lealimal), The effe of
II!HH;I M’“ﬁdrm#mlﬂlﬂnﬂm

is peoven o he riable {enerpy barrien
MT!M&!MMW&I.!Mdhm
howves, thal thy inclusicn of wivenl offegts and phomyd rings
(the laiger W & minor exlenl) dawis asynshroniciy in (b
tramdtion staie, with the proton more transferred than the
hyadridhe. The same ornclusions are found S the case of an imine

fhrgaamueiallion, Vol 27, Mo, T4, J0E 2880

mechaniam is kwer than for the inner-sphere mechanisms in
all the studicdd s,

For mehiple carbon—carbon bonds the most Enorable
Evilrogenation mechaninem weing the Stnvo catalyst are albwo e
oaber-sphere mechanivms. Hydrogenation of nonpolar muliiple
Bondls pwesenis energy barmiers appenvimaiely 10 koathmol higher
than podar double boreds, having valees of 153 and 17.9 kealf
mial for etyne and athene hydmog In sedimion, pespece
tively. The idT; ¢ ihe pbiere mechaniem ani
the masd [avewable infer-sphere mechanine is raluced inalkyne
and allsne hydiogonation compaod 1 B fof fodar doubile-
Bund Bydragenation, For the casy of sflyae hindnngonation, the
mly propesed By Shyvo that leads o catalys deastivation Bas
Beoem caliculatenl, O tha hasis of the eelative enorgy harrsers aml
the evothermicity of the provesa. this secondary reaciion cn
cumpeie with ibe kydrogenation reaction.

The energy difk for the phezre mechamisams
Between polar donhie honds and muhiple carhom — carhon bonds
agree with the ehacrved chemoseleativity for polar double-boad
Eydrogenmion over mulligle catbon —cartos bond hydrogens
i Agieding b theie fosilis, Bydnogiosation scactess of puls
and nospalar muleiple bends ke plady through 2 oule-sphers
mechanisne uwbore the former subsirases. bydeugraate more
camly, i agy with cap
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iProjects, CTOHNSCM00-002-01 ssd Consolider Inpemio
O CRIR00T-HH, “Hamdin v Cajal™ comract 80 Gl
and FPLU fellowsbip io AC .0, @ welll @ 10 the Generalital
de Carabunya (2005SGERA0KM,

MIm&Mﬂtﬂrﬂmm
- y Thes ] s avallanic frec

wiih eleceron-donaiing grosge: the energy profile ohimned hy
greatictry aptam e including sebvesl elfects im the annples
calalysl gives an enorgy bamier of 40 kcabwol with an
asynchromic iansition state for the conconed outer-sphore
mechanism. Thus. the enevgy bamier for the outer-sphore

ol l.';rll'\- the Intermet o hipeUpobsaos ong.
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a A Commn - Vivrs m ol | el of Molrosler Smmae TREOCHEM v {7000 oo -

L]
Il % A ———= b+ AN,

St 1. | ediopm-tamder procra.

| 3
badl

trhame I s rEmAT hersen ROiones and 2 -
sunagh the Werley [MPV]

renpectively, IT the progon comes Tram a metal ligand, 18en the
batuncrional caralyst veam i wsed [6]. In Scheme 4, there e some
examples of metad-ligand bifunctional catalyss |6.28-35)

The jonic ialrogenation toim has Ben dleo wied for the sy
tems where a proton and a hydride oe trasderned [ 3537) The
joton can come from a metal-cationic dedvpdride Inllowed by the
rydide cramafer fnee the neutral adride comgles and findd regen-
eration of the diydnde through the oxsdative addition of mokeou-
Lar My The proposed mechanism lor catalytic ionic hydrogenation
of herlodes 16 shown in Scherss 5, Although i s hydnogeadtios
mindecwlar My is the hydrogen source, the so.calied bifsnctonal car-
ferred a5 homie Byndeogenation; because Hy b considered as the
sum of H* and H' [36371

The monotydnidic roube bas boen suggested o go threagh twa
dufferent pachnways: eruw-whrrpnhmrihfeﬂrm
i cosrdinalisg te the metal Sallraed by
outer-sphere pathway whire Ih:ﬂrdumnhmmrd“hnut

tin ol the o the metal. For the inner-sphere
mechunium 4 vacant site is nended within the conndnarion ypheee
of the metal center to allow subsirate coordenation. that it ks et 2
requirerssent Tor the outer-uphere mechaniem (ver Sclwme 61
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Thie atm of this paper i 1o review ik pregosed mechankms for
the hydrogen-tranafer procews catalyzed by several metal com-
plene and their theooetical anahyin and ¢ haracterization Wi then

fiocis on the Shivs catalyst, one of the most parsdipmaric catalysis
dupe 1 (i greal versatiling. There bas béen an enomoes condro-

wedvy about the mechanism and Beie (0 i shawn hine (ompata-
tional analyss can help unravellng the mechanism,

7 I T

fey [MPV) redmction

This mechanism consiszs i rhe direcs ansfer
between the donor and the acceptor (Scheme Z) This mechanism
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b 7, Dawct beydrogen -t ransder irsiman-waes o e (a0 5000 e
seanel | and | b b OO0 aming wifide | complesres.

has been mainly propased bor systems with aluminsm and Lantha.
mides and for some paricelar Transilion- metal sysbema.

For the case of the ipdropens-mansfer o ketones using
(oD Caminoalcohol] and  IMOOD {aménowslfide) complexes
iandgraal snd co-workers progosed that the mecBuninm oeours
theough the direct hydmogen-transfer mechanism based on BLYP
cadmuilations |23] Formaldehyde ooondimates o the ir methomide
mmummmmﬁﬁhmmm
the et Idedrypde species. For bath I oom-
plexes the ‘I:I'ﬂ.‘l.l'dd‘l]* coondination & endoibermic by 1-
Flialimal wheeeas the sadiequent hystinds exchangs prodecds
whi an energy barmier of 24 and 19 kcal/maod Tor the Ir aminoxkoohol
and aminoaulfide complexes, respectively {see Scheme 71

The MM mechasivm for Bud srene )| aminoaleohol ) comples vers
alay analyzed ihmugh DFT caloulations: |35), obtaining an enetgy
arrier of 66 kealimol. This transition-state presented an " -coor-
dination of the aress fieg in order [0 4kow The coordination of both
oo and groups. Due (o this high reported bamier this
mechamiem was unlikely for this complex. Fimally. the complex;
was found 1o goitheough the monohypd ridic mose [vide infral

The BV mechaninen vein atso cvalusted for the carbony] redoc-
tiin chroegh the RhH{C .l NICH ), [ system in order to
ihe atrence of emantioelectivity when terfisry amine ligands are
within 'he coordinilion sphice s cemparison with primarny i6d
secondary ones. The MPY reduction energy barmier win foend to
e 22 kcallmol by {heoretical methods, involving an mnner-sphere
mechunsen [30) this progosal could expliis the eaperimestal
absence of esantisulectivicy for temiany amines | 24].

3. Monshydridic and dilydridic routes

Onie of the masn {amous cranafer which pro-
wred (haough 4 hydicie moube is (8 Wilkinson catalysl [40-42),
Alrhenigh 1Bai Catalyl i Dypically used fof C=f hydrogenation, it
wan alu be used in C=0 bond suchoiher Rh
[43] The Wilkinon catalyst has ithe particularity (hat it palbeay
depends on 1he hydiogen soaioe; procosding thieugh Jdﬂuﬂlﬁc
ipachway when using mosecular H; [44] and a monohydndic pach
way when wsing 2-propanal (for the Litter see Scheme 8 [45)

After generation of 1he monohydridic active Catalytic species
[ PPhy ;R the carbonyl species s coordimated forming an alkexide
By the inseition ol the D=0 boad o the Bh-H bond [ o Bpdride
aigratsn). A feelimination regessracing the iniclal casalyse closes
ihe catabytac cyche. Catabysts operating through ihis mechanism are
quite comenan containing defTerent metal centers such a8 Rh, Mo,
Ir and Eu. For instance: (bipy ) 8h 0, the precursor of the previos
(PP RAAL (PPl RhCL Mop{OHECpy (I CODKbipy JBF,. Iy
(dpppl. I CODN bipy 1BF, and [HCODYEdpRF, [45-47]

An example of the diydride mechanism is the RuCld PPy
catabpl. The proponed stive catalytic spocies. Rub {PPhy); & gen-
HMHWMIHHIWMFIIHI-WMKQHH
sans by coordination with the ssbsequent alkoxide

1P R
il

X '""“-i

i _—

|H'h.,- Il"llunﬂll

e ¥ TanE | vhes s byl g rhe
TR cRyu (R R

formation. alcohol exchange and fial B-elemination, regenerabing
the dihydiide species. In lhh:.l.n'LIhrmmNmHt mrﬁr.l
RulCH PR 1y was foand (o be i
mmmuhﬂmﬂmmmm‘
wan mone Lavesared Tor the dilhydridis complex than for the mona-
myidridic one, being exothermic for the Tormer {1.3 keal fmol) amd
endothermic for the later (5.3 kcallmal) 48] Ancther complex
that has been proposed 1o operale theough the dilndridic route
i thee Rujdismino K PPy 1 comples [45].

Bligkewall amd co-workers developed an ingesious experiment is
oeder to distinguish between the dibydridic and the monatvydeidic
moubes, This is 1o racemice sn opeically sctive 9 -drutersted akoohal,
I the dibydridic moete  oaiving the deubetium will be
swrambled between carbon and ooygen sioma whereas il the
monaldridic towle i waking plade e deuberium will end up is
the ¥ pniition of the raceminesd sloohol [3,45)

Bl Py

:)—u-w.uum.p.

Ij:': o
| Tl ™

Setwme 0. Pooposd caldlyiic dycle Bor ithe Bpliogeration of keieoes by
Bl PPhy sy doempien.
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4 Moneliydridic routes: imner-sphere vi outer-sphere
mwectamismy

4.1 taner-sphere meckanim

The issstr-uphere machanism requires the cootdinition of the
spbuirase bo the metal center. bn the peoseering work by Moyon
ghe [Rully] i beridene ; comple. W-toiylel bylenedaaming or ath-
anolamine, and KOH was developed as a casabyst for the hydroges
tramader between akohols and carbonyl compounds [5.45.50) The
wwr ol chiral amisse auxilisties promoten. Jsymmetnic eanafoema-
nion, The compatations] soudy on e ereerbon mechanism for
the Ruf n®*-benzene | NHCHCH, Y (Y0, NH) family of complexes
alwo involdieg fing dippage allowing welatrabe cosdination (in-
met-aphere mechanism ). Surprisingly, BELYP calculations tend to
give n'<coundinabed inlermedaabes, whereas BT results Evour
f'-cesadimated geomdrio. The highet ielaive cneegy basrier
was of 192 kealimol ar MP4 bevel, ing te the fmal pro-
ton-tramsder to the alkovide intermediate. This high harier is due
1o the great stabilicy of the alkenide iseremediane. Conversely, ar
the BILYP bevel, the bighest emergy barrier was subsirate cooedina-
tion, presesting an activalson energy of D00 keallmol [$1]. Similar
:ﬁ]ml[ﬂwlﬁwmeﬂmm
E

Handgrasf and co-worker snibyred (B inner-iphene mecha-
nism o the INCODamise alcohol, InCO0amEs sullide el
Fuarene aming alcohol complexes im the transfer hydrogeraison
amany aleohols nd ketones. In (e case of 1he nethenium comples
the issertion mechanism (s well as the digecr hypdrde transfer ) re-
guired n* = 0’ pantial decoordimation of the stongly bounded
Benrene riing. In contiasl, for the irdium complesss (he alcohol!
wlfide pas of 1 hemalabile amino alcohol faming sulfide ligasd
derpordinates relatively easly aBowing the coondination of the
carbonyl species. The energies were referred to the mecall-alkoxide
intermediates. being the mosr sabde sproies within the coalyti
cyCle. For the nuthenium (ompex the ghea maergy Barmier foosd
i 30 kealimol whereas for boll B{CODaming aleohal), 11(CO0)
[aming fide] complexe (he encngy Baimiery & 6 aed
30 kcalimal, respecively.

1'|r

KC"I@ 'r* :

St BB Fropend caialys cyche bor ketone bypGrogrston s B OO0 8
i hrpdreds complvsn.

In & fecenl domputationdl udy of the iesttion mechanm of
r-catalyred alkylacksn of prmary amines with primary alcohols
the initiad and finad sbeps weee aloohol dehydogenation to alde-
Mhﬂhﬂﬂwﬂlhﬂw”mﬂwaﬂ

of the akohol and the reduction of the imises an inner-sphere
mechaniun thresgh conrdination of the metal centier for bath wb-
straces [1he alcohol and ihe imine] was proposed [52)

Concerming Kh{CODK diamine jhydride compleses. the inner-
sphene mechanivm was analyoed, The subsieste cooedination fakes
place by (R previous decoordination of an amine ligand (Scheme
101 The sobsequent hydride migration has a relative energy bar-
fiet of 6-1 kealjgrol depeeding on the ipbsrite, Next itogn inval-
e aming recoordinacion,  alkkohol  ewckange  and | amine
hmwhﬂmlumammﬂlmhundriukphﬂm
iy, The frelimination dep was & 1 1k Fnal carbonyd wp
regenerating the hydride, beng the rate-Hmating one with a rels.
Ihr:mnbamﬁﬂﬁhﬂhdduelﬂthlﬁhﬂﬁlhﬂ
Ehe ey il it | 53]

mumwﬂ!hhmuhﬂnﬂam
anism progosed by Cladiali et al. | 4] where the hydnde-transfer
Bcurs cencamitantly will ketone ceondination. The secoad step
s am exchange with 2-propasol, fellowed by the reverse reaction
of the first sbep, leadiog 10 the regeneration of the bydride com-
e, This mechaniim, on the hadks of (e obained reactis Barm-
s 'was foand 10 be unrealiscic

The || Reell]i-Pros ] O -COMMYCON POy, 1] catalysl iv able 1o
perionm ketone dad Enine Bydrogenations. For this catalyst, inital
Fly; disscoiation was proposed due to the observed competitive
rate-inhibition by sdded POy, and (e pdropen-transfer could
proceed after ceordination of the substrate 1o the metal chreegh
fask steprwine proton and hydride-transfer on ihe basis the observs-
elon of imvene kinctic netope elfeces (KIES) [55)

4.7, Ouater-ipfuere mahiamiom

In an outer-iphere mechunivm the hydrogen-tramfer akes
place concenedly withour the kgand coordination co the mecal
center. For the case of Huln*-bemeene XMHCHCH Y] (Yo, WM
the Balanoe fear rhe outer-sphese mechaméum was significanty
maxe favourable than for the inner-sphere one. The reporbed oa-
ergy harmer for the ouler-ipheie mechissim wan of 158 koall
med for the HyC=0 substrabe |51). In their work Moyori and co-
workers also analyred the concered ouber-sphere mechunizm in
the Bydrogenation of unuturaeed species such a5 Osb and O=C
bonds by analyring CHy=NH and (H=CH; 33 moded substrates.
The relatne sctivalion edergies were 260 and 167 kealimal
pepectiviely, Thiv observed chemoselectiity |36] ageesd with the
experimental ohservations in e vty thits cat-
alyt | 57,58 Mased on the conderted ouler-iphere mechanism ina
slrequent siady the oeigin of enentioscleciviny was swigesd not
oaly 1o the chiral ligand but o CH/'n smeraction (591 Andersaon
and co-workers foand simalar conclusions about the concerted out-
Ef-iphene Mechanism in carbomd hpdregenanion catalyeed by an
analagous vysterm; this mechanism was the most Tevourable one.
with an acthviation eneegy of 12.9kcilimol By means of the
EIPWYI Panctional [3E] The work by Asdersion among athers
|60] alloveed the rationalization of the enantioselertivigy thromagh
the renceried cxtre-sphene mechasium, Casey and co-wetken sho
proposed thar carbord iydrogenation wich the Rl n"-areneTsD-
FEN complex was poing throegh 4 concerted outer-sphere mecha-
e, where 1B Mpalide and the piodon were IRasafermed
comcerTedly going thioigh & sik-membered massition-stane based
on KiEy [‘i‘d‘m 1) (1) B 1y®-anene b RH CHPHCHPHNHTS)
wirk also poposed o hydrogenate insnes by the eseral-ligand
bifunciional puter-sphere mechanism [62]. The coacered oer-
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Sty 1. Corawred clen-aheTe Few b ITamvlee - by

wphere  mechuniul bay been dlio piopossd Bod Hu{diphos-
[phine fdamine ) complexes reparting very Eivourabile energy peo-
files for the bydrogen-transler kevonefaliohol rewcion |6 &
sysematic study with a different set of demity lunctionals has
been abso performed raiving enengy Burrier heighty relatively small
(4 kealimal ar ihe mia] [63]. The origin of the

wits alen ratiosalized throwgh this reaction mechanism | G4-66]

Feest RA{OODY chua risds Brrydeiale Complexnei, & oonceited ransfer
off bath rhe hypdride and & profon present on the amine Lgand | Noy-
wai-like] waa very probable (395 kalimol ] in the hydmogenation
jpiccess and The subseguent dhd Foweiie procews i afder I oain-
plete the hydregen-tranafer was the rave-limizing step
with an energy barrier height of (8.7 kcalfmeol Thus, 5t was the
prefemed coe for peimary aad secondary amsines. Moreover, it
m.uﬂu:pnln:ltlhuﬂndmnthuhuﬂqniill.

Farr (e sucTESiVE of iihe O brigle bord andd then
mmmmumlmlm:munhnm
rylamine] by proton and Bydride transfer from a trans dilydride
nethenium complex P-NH-NH-P betradentale lsgands catalyst
the comcerted puter-sphere mechanism wak slea pregeaed on the
fhasis of both experimentally and theoretically revahs (7]

Finalty, the catalyst Iridy|[iPr P by ) M0 developed by Abdur-
Ruabad and Mioaris |63] was modsled as bk, | Me,PCH, ) NH]
169] im order to sbudy the hydrogen-transder prooess with J-penta.
none and J-propanol 43 hydrogen-acodplor sid dohol, beiped-
tively, A feasible mechanisen was again obiained for the
woncevted ouser-sphere mechanism.

4.1 The Shvo canalys

The Shvo catalynl i ooe of the misl paradigmatic halrgen-
trasrder catalysts due (o irs great versatilicy. i is able o hydroge-
mate polar (kelones, imines) and non-polar bonds | alkewes,
m}mwmﬂ;um:wlwwmm
gen source |28 29700 I versatility comes from the equillbeium

g i B -arens TIOPER mmphe

¥

(4]
P A L
- +

|
By n e g Wit | < it
&

furema 1F guiisnam of e o ey

it im Scheme 17 gencrating Dwo inaCtuecs able 1o perfedms
Mydrogenation and oxidarion, “A” Ii'l‘.l Thﬂtumm
mespectively, The applications im by
Earnasd hﬂmm{uwlﬂllﬂmllllmmL
cotldation of akcohods [74] and amines | 75.76] dynamic kinetic res-
clution of secomdary sloohais [11.14] and prismary amines [15] im
combination wigh lipases, eic, Moreover, it s been gyncheired
4 heverogemesus version of the Sivwo comples by & sol-gel process,
Ewing recoverable and reusshile catalyl for the efficient debydno-
genarion of alcohals [77).

The mechanism of the $hwo's catalyst has been one of the most
e roveriial regaiding the naluse of the Fpdrogen-transfer, The
rmier- and outer-spheee dachotomy in polas double bond hydrege-
mation of (=0 [TH-80| and C=H functional group |5 commonty
Found in 1B recent literature [R1-88]. s addition o experemenead
wark, theoretical caloulacions were fandameenral in soudysng che
process, including also wome confroveryy. Bn the next subsscisons
ane poedenied e mechanivlic itudies fod the hydrogenation of ke-
tones, imanes and alkenes aliynes, regpectively.

44 Mydrogemaiion of ketenes:

The experimental work dome by Casey's group analyzieg the
primnary deulerium aotope effects on e hypdrogenation of PRI
g the 1l asulogos of the Shvo catahnn [3.5-M-34-Tol '
COH||Ru COLH concluded that carbonyl hydrogenation was

L o
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Trhwrwe 1L Eramen arps of te virpwss 1’ - o' nag dpgape mevharaum for
v rptirgeraiie of koo,

going through a concerted outer-sphere mechaniam | 78], The work
By B howalli groug b suppaiiod 4 oo e haniim, thingh
taking place via an inner-sphere mechanism ienolving n® = '
virgg slippagpe [T9)

& fcalimel)

g L u-rrmmﬂlrn-mu-—ln — o' g

pared for the Shvo caralyst by messn of the BILYP fancional both
thjﬁﬂmhﬂﬂﬂﬁnttﬁﬂfﬂwlﬂmlllﬂhlm
wirk, weveral pracei werte anabyzed, The Bt oo -
wolves the (0 ligand beaving from che Bu coordination sphere. The
Figh energy reported for this peoora: 51.2 kealfmal in the gas
plsase and 45.7 kealimed in sefation (THF) led the auibees to dis-
card ifis mechaniem. Concerning the energy of the wobstitution
of one CO ligand by formaldehyde, 8 was found 1o be 268 koalf
el i [ gai phass and 238 keadlmal im THF, That was il agres-
menk with the Casey and co-workers observance ihat the exchange
of & C0 by one 00 molecule win very alow unleis the neation

volves the ring dippage of the CpDH ligisd thuy penefating 3 va-
cant gioe 10 cocedinae the subsmae. In this sense, Crabes
fiosand ibai bigand exchange took place throagh ring slippage of
the subatinated Cp ring in eelited (C/HPRIMHL, complexes (AT
The computational anatyses ef the ligand exchasge en cther mecal
comnpilenes thowed the 1" was the mod Trvourable cmnlingion
the 1" ring slippage was taking place [73,74.79] Computacional
anatyiis, howewer, coald only find the relabed 1 intermsediste.
They game 'was obderved for frandition-sanes of e

mation step (911 In Scheme 13 it is shown the n* #I‘_ﬂlm
igpage mechanivm, Tha mechunism starty with the 1’ -0’
CpOH tieg slppage concomitantly wath 1" ketone cosddination
[2a intermediate). Chamging the coordination mode of the ketone
frorm n' 1o " Gacilitaves the hyd ride asad progon sramders, eeleasing
ehie final produscy, methanol.

The resulting emergy profile bothin the gas phase and wolution @t s
alaien i Fag. 1. with dn cverall Barsior Beighe of 13,0 lealimal ih sob-
Bt CoTEspoeding oo the ring slippage | from 14 o i2a) The highest
Eransiton-state in enengy cornesponds to the hydside-transfer sep.

Wigpagr e hiin aff BITP lovel o pm phaie | Do) and sohrion (o) o The bydeopraston of briones |Poi

iRl of mhn_-—h“n-ﬁ--nﬁmummﬁmn‘m-mn1
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WNig L Energy profibey for both moorried paibesayy WP ol for ok brytregrration. of msses, foney-sphere muchunsen: prevs (g phane| aned e (ulution),

e -uphare Ak T phaer ) A aangy i

L o the e codor i i fipare g, ther reader 18

wpierred oo che sy verion of thin smc, |

On top ol ihe two previow mechanisms, the same authors were
able o find another inner-sphere mechanisne Im this case, the
n* - " rimg dippage takes place concertedly to (e Bydride and
jiston frafafen, This wad the oaly cise when a n® — 1" patlmay
oould be theoretically characterized for C=0 reduction. The energy
barrier for this psthwsy m solution B 6 kcalimal (Fig. T

The outer-uphere mechasium with the conoereed W and H
iramder was also investigated (Scheme 14} The energy barrier in

n“,ﬁ:ﬁ,“ i
"{I__".lh\ﬂ
e b

Swiurms . 0 s L
b e Kvrs Clird

i g arerd bpdeagenee by

Wi A Bebiire {i dmmiion. oiair b the oo oo -aphesr F

wlution is 7.7 kcalimol. therelore presenting by lar the most
fayourable energy pathway among thase thecretically evaluared
[Feg. 21 in & previous theoretical work Cavey and Cul reported an
energy Burries of 138 kealimol Bor & wery similar theceetical moded
and computacional leved [21]. The energy values obiained agreed
well with the experimental vabses for the neduction of PRCHO in
THF-d: AN = 1200 £ 0.5 kealmol using the She tolyl analogue
[7B] amd AN = 112208 kral/med for the analogous process im
iy THI-dy [f12]

The influsnice of the phicgd E0ups wis sl issoielicaly oon-
safered by performing caloolations incloding these substituents
i the CpOH rieg of the catalyst. Mo significant differences were ob-
werved nefther in the 1" — 7 CpOH ring slippage mechamsm o
in the conceried owier-sphere one. The energy barmier hesghe for
the comterted ouler-iphere mechunism with the complete catalyst
[incleding the phenyl rings) was £0 kcal)mol in solutkon. The re-
Lied trapastion-siates for both the model amd the complete cata-
Byt for the outer-sphene mechanism ane depicted i Fg L

9 e L o of lortonr.

instares in b
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Thestetical caloulition of KIEs MIMMMWMW
mechanisems were alsa in with
Caiey réporied combined Kis by dealerabing the Ru- Dlndl!-ﬂ
Eert o the Shve toly| analegue [whens twe phenyl groaps were
substicuied by two iyl groups] In a first work chey obtained a
KIE of L2 0) i the peesence of 4 small armuest of water | 78]
witereas (hey obwained 2 KIE of 338 2 219 in dry THF [92 | among
ather walues in differena solvemts. In bath cases the combsined KIE
wiid wery lmalar to (B prodect of he individual KIE of Ehe
m@mummwwmmhm
(dehydrogenaton] of 1-&Meceophenyljethamcd by the
ﬂ'ﬁ-ﬁtﬂﬁ!ﬁlﬁltﬂ-ﬂiﬁﬂtiﬂﬂiﬁl.ﬁltﬂ.ﬂm
indivicdaal KIEs of 187 £0.17 and 2.57 £ 0.26 for the rupture of
O-1i and C-H bonds of the alcobol, respectively [T9L KIEs were
also tbeoreiizally evahuted by ree enengy caloalasiens from inieisd
TEACTARTS &l 1he corresponding transicion saes for the evaliated
reaction mechanisms. The oo which was more resembling io the
experimenal value wai the concoited outer-kphere one with 4 KIE
walue of 3.8 The caloulaced KIE for the conceried inmer-sphere
mechunism was O [80]

I sumemary, (ke Seasibilivg of the cosceried sater-sphers mech-
anlsm b5 supported by presenting the lowes emergy bavier among
all the sudied mechaniimm and the clesest caliulated KIEs to those
ebtiised experimentally.

A5 Hydroprmalion of bl

Fer the 1on of imines by the Shvo catalyst, the anal-
egous inner- [A6,87 | snd outer-sphete mrchaneiem have been sla
theoretically invetigaced [RR]

‘The inner-sphere mechanism involving the n* = 1 CpOH ring
lippage preients &n energy peolfile like that vhéwn in ihe Fig. 4,
Thes mnechanism b analegois 1 the one analyzed foe ketanes with
an isitial m* — 1* CpOH ring slippage of an energy basries height
of 263 kcalimol in THE. The yesulting minimam presents a n'
cesatlination of 1B imine I the Bu atom with a melative enevgy

of prmisr b

g i Drirpy proflle b D ilepwiie 1" - &' |

ol 46 kralineed in solution. Next sbép imvolves a chasgn is the coai-
dimation mode of ik imine from " to 1 facilitating the subse.
paenl e and proton-transfer sieps o the imimsg carkon and
estpoge, respectively. Both sleps lave (he higho ransies-soae
energy values a1 278 and 796 kealimaol in sslution,

The inchiion of the Hmltﬂidlhtﬁwhlh
medel and reoprimizing the stnecnres in solwion Tor the
n* = " mecharsum ded not modiify the i [or some sebected
isrmmediates of the eneigy profile, Thise new values for 107, 24°,
48, S are &6, 95, 255 and -37.2 kcalmel, neipectively. These
resulis are analogous to thoas obtained by single poing CPCM cal-
culations of the medel aatem, with fnengy values of —108, 4.6
240 amd —37.9 keallimol, respectively.

The n* = 1" concerted inmer-spbere mechanism was compats-
einnally areulyeed By Rckvall and Privaliow for an clectron-donating
Iemiine and using the coemplete catalyst (includisg the phermd rings )
for thearetical caloulabions [98.87]. In their stady the solvent wasi
tkrn o by inchuding gxplicit CH,Cl; molericd and &
p&u‘bﬂlmﬂmmmﬂl‘nﬂ.mﬂm proposed 2 0 ="
Cpidél rimg, alippage conpled with an i’ imine coondinalion, a st
prnton-transher lallowed by hydride-transler and 2 fsal n? - 5"
ring slippage. All the steps presented similar energy barmers with
an overdl enengy barrier af 15 kealjmed [§75

The concerind suber-sphent mechaniam wild owalustod by Do-
mas-Yives et al. [$8] obtaining an energy harrier height of 906 kral
el ik sl uiticn foe thet masded sysberm (el e of the Fig. 51 The indka-
stot ol the pheeny] Fings ea the chemical medel aliong with the opti-
mization in scdation slightly decreased the enevgy barmier height o
uwwlnmﬂmmumm.mmm:mmmulm
the conce chanism i mere Levourable Chan sy
ﬂhlmhﬂhﬂmﬂhhﬂiﬂzlrﬂﬂmuzh
1y Ehe probon was ielatively maee ranslerred (o ghe iminic nifmogen
alorm chan the hydridg 1o the bninic cabon aeom.

Inorder to check il the concen ed outer-sphene mechanism i ko
the sperating one for electon-donaging imines [(CH, L C=MN-CH, L

i

i MILYT v i i o bor | ared

of the irfrormcm B codour i S Spuee inpr. the madnt i o B i el veriem of This aniase]
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1 BGE
e

g 4 krlaat

munmmmmmmuwmmmmﬁmmmmuhﬂﬁmm

Mdaialani dles
(NBT#) b Wbt TR i 569 [CHLE =R -CH , Bsbopemianion opsamanssl i olirssss [THF) (18 WL Dstasors in

the same aurhors svabaated imine Bydrogenation iscluding the phe-
iyl rings and optemizing im solvent_ The geametry of this ransition -
state isdepicied inFig. 5. Concorméng | ke enevgy barmier if was guite
wmiflar [I,I]tilj'ml 1 ehat of the model imine (5.8 kcallemosl)
These resulis agree with those reporied by Casey and Cul on the
gty g hanism Chigesgh sisghe poim caloelatiom 3t MP2 lewel over
s a thee BN includieg sobvent effects by
means of the POM metbod: 4.8 kocadmal [81 ). As expected, due (o the
inereased baticity of & mone electmn-donacing imiee, (he agynchen-
micicy was higher than for the moded imsne,

Im smmimary, from the overall theoretical analysis it cam be oon-
dluded gha the ooaderied ouler-sphite mechaniim & Bear o
10 kcalimol lewer in energy than the lowest energy bamier res
powted Sor the inner-sphere mechanism Therefore, theonetical
analysis vapports the comcerted outer-sphere mechanism for the
iimine hydrogeaation using 1B Shve's catalys,

a6, Mydmogemaiion of ellemes ond allynes

Concerning the nydrogenation of mon-poler maliphs honds (al-
kenes and alkynes) both mner- and outer-sphere mechanisnm
wete sl evaluated [B8] For alkyse Inpdropenation the n® — °
inner-sphere mechanism presents am overall barier height of
39 kealimaol in solution [hydrid fer step] in contrast with
the eonctiied ouber-ipheer one, which presenati & moee Livinirable
walue of 185 keal/mal in sohstion. For aliene hydrogenation simi-
Lap values are Boasd: the 1" — 0" dnner-sphire mechaniam pre-
senty an overdll Barreer height of 296 keal'mal in solution
{ hyydride-transfer siep) whereas. the concenied cuter-sphere mech-
aniim has a barrier hegghe of 17.9%kealimal in solusss, Thus, in
beth cases the most feasible patbeay (5 again the concerted out-
er-aphere mechamiem. Theoreiscal caloslations (B8] were sluo able
fe expliin two experimental ovidencey | T3] in alkyne hy@mgena-
nan: & modite paoposed By Shyvo leading to catalysr deactivacion
and ihe location of a very stable metal-alkeny] intermediaste
{-35.2 kcalfmal reipects b the inifisl reactant) dwen dabile i
140°C for 10 h in oleene.

\Witen compasring 1he Eydrogenation barriers between polar snd
naripallr oy, the Liger presenis enengy haerien. hoight spprox-
imagety 10 kral{mad higher in energy. This ohsenvarion agreed with
ihe ohserved chemoaelectivity for polar double bond Inedmgena-
Hinn oyt isulliphe carbos-carbon bond hydegenation

5 Conclishens

The by rsgen-trasmides mechasems for srvoral metal-based cag-
alysis along with their theoretical imerpectations have been

meviewnd and described. There ste seweral pativaage the dieeon
Irydrogen-transfer or MPY redsction and both the dilgrdridic and
manatydridic routes, Within the monolydridic roule the inner-
sphere |with cosndination of the substrane] and the outer-sphere
[without substrate coordination] mechanisms have been tackled.
For maost of the deigritsed catalysts there (6 4 chear prefienesos for
the conceried maner-sphere mechanism, which is aleo able o ratko-
mulize the origin of the enuntioselectiviny in case of the asymmetric
wersion of the eeaction. Begarding the niture of the seeal center it
has been obsenved thar ratheniumebased o ane usually
m’lhuhﬂh-mﬂﬂrﬂn:ﬂnﬁudﬂﬂnﬂnu
mof the case Tor irdium and rhodam-tuacd catalyits [1Bey uie
tn operaie thiough a diferent hydrogen-trasder mechanism
Kegardless the metal center 2 comemon trend observed within the
mner-spheve routes in the great stabilicy of ihe metal-alinxide
mterenediate wisen no vacant sites rensind within the goondinales
sphere of the metal miteng the subsequent peaction step. hode.
owver, lor ihe divect bydnde-iranafer and fTor ke ineer-uphere
enectuniam 4 Bagh Libility of aoe of the ligands s seodad is efder
o b comgeetitive wilth the conoerted ourer-yphere mechanisne All
these conclusions are supporied by theoretical analysis.

Feat whe case of the Shvo catalyn both mner- and outer-iphere
mechuniams bave been computatkonally analysed for 3 soet of
wraturated bonds such an C=0, CodL =0 and © oL Aocording
£ thetretdal Fevulls, in all the cases 8 maat feasibile Bydengens-
tion mechamism is the concerted ourer-sphere mechanism_ The res
walls also sccousind for the obsermed chemouelectinty Sor polar
double bonds hydiegraation ever ncs-polar muliiple bomds being
mee Gvoured by approximadely 10 kcalimol The studies here
presented are 3 clear example of bow computational analysis can
Beelp i unravellisg Endeogen-ranles eeacsion mechani
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Abstract: AT} Schefl base complexes. ame scihe
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catsyshe, gving tumover frequenoes

m
complexes of PO, which has She wame & elechonic Sucheme a8

AT The mechanismof te reaction has besn shudied in detl By a combination of kneic expenments
and Fecreacyl CaloUatons. IS prEcicied and TESed at the naLe of the SOent plays A crtical s for
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Scitrma L Sy of Soitia Lagands and Homogenaous
Compliees

(TUIFsL, sl by 2 comb of enper I and g d
cabculations™ 1 o fieasible mechanam is proposed. The nection
Eechanmim s beert alidiod i detsil, sl the eneigetios of cach
elementany sicp have been caloalated. Theoreisoal caloulabions
il the effect of the aohien] on (he reacton mechanses and
predaci that the use of polar supporis should faver the scivigy
il 1he Raditiogeenuboiin calafoils when spdoriid on solad carrers,
this being confirmed by ogperimental resilis. The presence off
il pRslon on the camud incfeases Tumher the activity of
the catalvst, showing el the Aullll cin bo s active as the
coiegeleg P complens

Experimental Section

[[r— Cutsbystn, The synthesis of shsble ligands 1 bused
e T o Y TR S S o

avanprnesl (Scheme 1) The compleses proogeiated m EOH wee
iltzmnid ax micogryaling siabls solids, wlshly w agame solvendis,
with high puiy and ywlds. The of ofl the aompl Wk
coRfumal by mﬂﬂﬂ. II.H'.HH-].H-I!.'IL“"L'
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Table 2. Turmorver Freguencsss (TOF, h-7) for the Catalyee
HypSronaton of Detnd Enconali
e il HE)
] 1gm 1T
Ea b T L wn 9T
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STOH = ol vabsmme sl Catalyah * 4 B Hy. 40 B sl e
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thine geoup, and charge-iransfer transites. The handy. i

0 o o o0 e
. sl
Figuare X [ TE fr L compleas.

Mnmmﬁhmmwhnmmrmwmﬂu-
madel ™ {PCWG Tha clefin selociod for the if l w
cihene since il 0 e plcsl alime g the catahoa,
calgalanims were efonmed on § comples thal serves i & misdel for
coalyuis X 3 and 4, g8 laboled m Schome | The medel comples 6
deprcted m Figaie |

The sulufe of the comploxes wai wenfind By varesn
spectroscopic fechnigues. Thus, FTIR specira of the Am(lll)
compleues {sog Figurs 21 ag of i ol B binding of
imine niirogen. The 16060 cm ™" hand can be ssmagmed o C=C
and hing C=N vib shified W lower manenumbers
irelaiive to ihe free hgands due to the Necoordinaimn of the
imine) Mew Bands e (he SO0—A00 ¢! regon sie ascribod
ta v bl =)

The DFTHE spectra for all complexes (Figure 3] were obtuned
in the 300 = 800 nm range. The compleses show sevoral bands
as intral igand ¥ == 3%, 0 ~=.7* iransiteen in the aromatc rng.
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g =50 m regien comesponsd o dd =8 sanstions o peciod
fioor plamar complexes and metal-io-ligand charge-<tmnaler bands
The dilfese relleciance spectra of Miligand) comploses ars
almaost idenincad belbre and after the heterngenizaison process,

haating Bl the compleses. thei g and thest
electronic sermounding after Beterogenaiion without significant
dntorion

The d gl ol e Buve been charncrerized by
5C NMR spocnmenpy (300 Fugure 4 fior an examplel In all
cases, the spevin show e simulaneous occuerence of b sets
of signaly which me atstdwtahle on oee hand W the sebstaund
benzaldimine enimy niulhﬂlrhnkulhi‘qﬁnmm
of the liggans! Tha V' NI pectra showod th sigrals |
o the U=X carbon highebeld shified and ) at 4 180
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Figere & °C Mk spooms of e SAu =N

delmminated peediies ([TCR2) ane suitnble suppor for hetero-
geniang metal ol hasngenoous calshodn
11 has hoen shaown that e mirodection of aoetic sexl ncnoses
the rie of hvdrogesation of imines by rhodium oy biphen
complewes, due o the sishalation of the negatively charged
pransiion stme by the protons ® (s our cae, the mimsducton
of surfsce protoms in the MOM-E] has Beoen achieved
By eemerpliic satniution of Al by S (MUCM<LL SUAL = 31
Th:lmhph]uﬁmlymhnllhm}mnwrt;ﬂ-
i ihe heterogenived catalysis om the e
ulu:-mnlu[mﬁﬂr I These results suggest that
during the Wydrogenation of mins on Au and Pl compleyes,
the hvdrogen m activaled via & heseralvie cleavage to give &
Bydride intemed ime, which involves charge separmiion without
anmy exsdatne additin of hydrogen & the metal. |n this cse,
an increase of the polanty and seidemy of the suppor shoeld
ineTeas U reschion rate, as has boen experimentally obsered
(Tasle 2) Heterogenived catalysts are sisbde with nime, smce
stcrnge of the catalysts gl room lomperabsse fof 6 monibs has
mes effect on gheir eatalytc performance. They are also sable
wnador reactin condilons and cam b recveled al least s iimes
withoul ey iabde loss an Bctnviy
Hractioa Sechanivm, jij Activatiss of T, The byvdrogona-
tion of the double Bond requires the activaton of molecular
Bralragen By the gold comples. Two mutes are knows for this
actrvaiiin. the hemody i activabon aml the heverody e cleasage
of molegular Bydrogen The homolyis actnvabon w heghiy
improbable for the reacton sysiem siodied here due v the
dalFiculry of the metal center o eeach the evsfation number Au-
1¥) Neverihcless, we have carmed om the theoretical caloula-
tions, and the proiat of the ol b hien =50 keal!
maol sbeve reactanis {m ihe gas phaseh The bamer for thes
will b thesefore nn lowes than 50 kealmol, and

consequently homolyix clemvage was repected as 3 possible
(L1l M_ﬂ.ln—hﬂ.ll il 1 Mai, 10§ A0 Njmah il D8]
¥,

it
U § Puvble beteiounis dlemmprn ol e Sbdinged ol

pathway . Thus, in the detsiled reaction mechanistic sy, we
b coriadercd i the fie itep the Pasterolytn: cheavage of

The H: heterolytic cleavage v more common in early
tasition sk, ¢von aoigh some cases o docently bicn
repurted for |ate transition metals ~* For this partioular sysiem,
the catilysl poascies soveral ligands thet aie potental candi
dmtes 1o undevgn [2 + 2| @ bond metashesis of the dilpdrogom
mlocuile the ouygen and fitrogen of e ligand and e chionne
mom. These pathwins s depicted m Figme 3

The poemial enorgy barien ke he dipa heierobtic
:hrq:{nmhnflhlnﬁmln-ﬂ-l 354, and 37§ kral/
masd withy respect 1o the 1ed = Ko
the O (Rumll H||l.rn|rrll||:l:l|. Iﬂf“tll"“.lrﬂ'l.mpﬂv
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tively In Bwsc pathweays, the by dropom mofeosls o hoterobii-
eally activaled by the caialyst, and ihe proton gees io the lggand
mhicrcas the hednds remans Bondod e the metal amist. The
ennlaiion smie of the Au remains unchasged. These three
Erprrihon states g smilar gocmsssingally, o of them mvalving
a four-centered tramsisom simie with the mcoming broken
Bdrogin molecule. the maal, and 1ho repoctneg ligand slom
a5 shown in Figure &

The destances of the Broken hydngen are (809 and RTT A
for O (sl ) and M {ivb]) hgands respectively, whereas s the
spliting: enver U] alom fselp o oslsghihy |arges {0E3Y A
Conoeming the bydnde =metal bond, o foflows a similar trend,
with distmnees of 1955 A for sl and isbl and o disinece of
1988 & for tsel. The protn =ligand desnces ane 1| 1, | G6h,
and | EEO A for isall, inbll, and ], wheness the hesernatom—
mictal distances are 3 745, JO8K, ancd 3865 A fow O, W, and C1
Nigainls, respectively

The harrigen obtained fof thess proceiscs e Lo high for 8
Fyilrogenation catalytic process, and we directed our efforts o
wezrch ahicinative patbaans with lower orergy bafmiers 1t has
been reported ™ that, for the helermdytse splittimg ol Ty with
relain] ofasmctalli; comgenen, The solvem sy flay an scbive
role in the nesciion mechanism. By taking ke mio sccount,
s aeTmpts were focened on 4 Gin-membered-Fing ramsitian
mhhhriubnkmlrh:dﬂ\'q:wmnlutdh a
Erdrogen-h leule, Ainod B v The solvent
wied experimentally (Tables | and Iy
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Fgure 7, Hietenkin cheivape of the 16 guaded In i solvsl sl ol
(TS b vy O s ] o
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ot T K
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i & %oy o bl [ chemags ovr 01 (wlady
w1 iy (hledh, eespaetivedy ﬂlmlul-l T, piay; H, whiie; 1

e, N, paple, O, . and A, polies

In Fipume 7 are presenied the two aliomative pathways
siadeod  the Hiy Belctolyis cleavages over O and C1 ligands
with eshanol emistance. The thend alternative, in whach the
actrvabion Ekes place by meas of B Njaminch bigand was
i ponsidered, since the bamer for the nonassisbed mechanmm
wn the highest one asd, in sdditien, this ligand can casdy he
n'phnd by the olefim within the catalytic oycle (vide infrap

of the alatci, avodivang @ salvenl
rnul-nrulr. eslad, and tvlc2, are shown in Figere 8. The goomatry
of theie (ramiten sates can be msocmlod with g 1rganl
biptyramald structure, where the leaving ligand ond the forming
Iy dride are heth 8 the pgasiorial plese. With the inelussss of
the sdvent molecule, the distance of the beoaking =1 bond
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Figurw B Hydoogesayem oof degties | b wrniys i
comdiiom, prom e Talde 1, —I-H'I:n:i wolsenis.

Ean boen enlarged from 0849 w 0954 A . the cleavage ever
the chilonne stom (sled], snd from 0809 o 0913 A in the
sphitung aver the onagen slom (nlaZ) The metal—Enadrude
distance, however, hes decremsed i both ceses, {from | 988
D835 A male2 and feom 1 953 00 1 907 A il Compared
w0 the unassased meckanism, the metal = ligand distsmos have
decreanad by O T & (2398 A) and by 022004 (2645 A) for
the O wmal 1 st Isgands

The energics of the ramiion sistes with respect W the miial
rmmiliud!ﬁlku]ﬂnulmlfu.ndtllqulh!h
ehese values Bing much mong with the ¢xp
results than those abained for the direct heterahTic activation
The peaslits mdacate that the hetemiyie ¢leavage af Hiy moduaied
by exdanol significantly lowers the sotivanon hamers, decressing
there by almon 16 and 11 kealfmaol, respoctnely, indicatng
mmmmmp{-}-mm-m:mm mechs

Figure Bl Uiiddeiatas madis of et atlusig moddvala

R LL TS e e gl ssfatvimtion of the sfen armesd lgasd b e

anmm. To prove the oxp dih', the By ol
Mhﬂhmqhhmmclnuuih.!-h[rtlrhnhemmudm
el the s readines condons bul usimg b solvests with
ili{¥erent prolon doner shility, | e . ethanal and scetone. The ne-
ity given n Figure 9 sbow that, en agreement with the prodie-
pion, the sl rate off the resction mcresses | ihe exiensson of
e arcfurtaon perwsl decteass ) when the sdvent n changed e
sootone o ethanol (v 8 more peneral wiay, the ressdes, opether
with oibers, ™ suggesi thet proie: podar selvemis can play &
eicrmimant rode in the activation of the molecular ydrogen

The iisrmedale spocics formad allor the hetoralyts: cleavage
o 1y over the O and C1 are no snalogous 1nthe first case, 1he
odd fodnadet and the BIOH moleéule s Bemed, while the
peolon goes 1o the alkoqy ligand o fem the comesponding
alechal In the seond case, hbeudies the metal Bydrids, the prolon
goes in the aleohol molocule, fommang EiOH ;" and O species

In smsmary, lltmnrﬂ.lﬂlhmu{hdlhghmmnkwlz
wuith e of 5n ethans foarmn g e Brydride
complex. chlonide. and EvOR;" spevies dimermodsate lelah =
the mant feasible pathway 10 mitiste the cashtic oiele

(i) Conrdimation of the (Hefin te the Catadyst. The next
we et the gatahtic eyele shndd iaolvg the dfiene molegule
Hence, two aliermative wiys (o comdinaie te ull'rmnmlr\rull
e the: gl eomplen have Been studsed Oine T

g wibens Abom coban O, ey (L whiis; O, green, ™, parplhe, 1
il e G pedden

eoordination sie. These two paibaays ore schomabsally pre-
semed in Frgure 10

For the case wheere the alkone roplaces the MNinmme b of the
salers [ngand, the metalle comples remast with & Wjpane planas
stmgrure. The transiten state, B2 w g prodect=|ike, with
dritanices Betwedn the cartun sivesi of the cthess and the gold
aomn o 2 150 anad 2 363 A respoctively (Figure 11). The Au=N
boml m preccally broben, with 6 desance of 5185 & The
encrgy of the iransition staie, tad, Tor this ligend replocement
%5 Lealmol, wh e il A bela, fies X0 keal!
mad abone the soparwic intiml neaciangs

in & relmad study By Viere, van Leguien, snd ooowadkon
mhmmﬂ'{?ﬂnﬂniﬂ fbmdmn—ﬂ-mw-

& terdentate di, it was sl

rwdﬂilmullhcmrnlﬁ'!urhdnl#llwlumb—
stifuied by ihe incemung CEY within the resction mechanism =
Comparing thermodyvramisalh g tngonal bipyramad, el
and the sjusre plasar lela, the relstive encrgies for these nvs
moascrs die 57 and £ 0 keal'maol, respeciingly. Neverthelos,
e energy of the trensaion siste (o obimin the pemtaooord inaed
sbhctuir @ I 1 kealimol, above the ey af the scpadmle

the amine of the slen |igamd, p'n; e b |n1-u'rnrd|.ll Ill.l.
wheteas the other of a five-coonk
imermedsate, belbls, weh the illoena m'lr- the filth
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Figeere 11 DhfTorem P T
gl

g o ey "

Feactanis Thas, the energy of ihe iransiison slee witksn the
pobteniial enevgy surfsoe v much bovwer than that obeined for
e (ormaiion of the penincoonlinated sarucneee (9 3 va 22 2 keal!
mal) Hence, socording o these results, the pathway gomg
through a inponal bepyramidal o e geticall;
Tavorabls by 01 % kcal'mol tkan that involving a square plasar
strugiure where the aminie ¥ | o coordesmed wo the meal ™

The defference etwesn Tela and the next mtermedime, ledhb,
1 & molation of the lateral <ham of the aminic W ligand (09
kealimaol), the coondmation of the slefin in both canes being
perpendinslar 10 the plane contining the metal comter and the
ther lsgands

Dnce (ke olelim i i e coprdmation sphore of the ctalysy
the Eolluwing sep Is o ghe ol g alkens
imo the Au=H bond The energy of the formed mtermedaie,
Ted, 6 —2 0 heal'mol. The 63 struciure (e Figore 12] imoelis
b retatson ol the olefin conoomitantly 10 the inseriion prooees
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Figure 3 Coodmatam mesden of the diévy dregen malooale

L)
2303

Lo8 g T eas) 1510

tad -

e 15 TS wf Hy bydogenolys o chose ihe eatabyiic cycle Alon
podory 0 jgrey I, whets; UL greens 5, puaipde; O, rod, sadl Aa, goldon

msedf. The Torming C—H bond & 2255 A, srad the s ised
bamier 15 around 4 keal'mol

(] Closing the Cutalytie Cyele. The nest step m the
reaction mechamsm doresponds b the socomd by dmogonalon
process. AL s post, several ydnogen sources have been con-
wdoind & progon dencs e in solulion, Tike an scd [AGUH ),
o protonased solvest moliecele (EXOMI;T, genersted in the
heterolytic actavatnm of Hh s the dilbsydrogen moleculs | Hy)

Figure 11 shows the possible pathways when the vdogen
sAHGE 53 profon donoe e in walidaon |m i g, wg g
sadered that the Miamime) of the salen ligssd comdinates wo the
vacand v Lo Eorm the bedbiy macrmedsale This prooess m g
thermie by 37 2 keal'med. The resction betwee bedbls and AcOtH
grves rise b Wi DSl hin micrmindaie s the cthane products
The cnergy barmer $or this process 5. 57 3 keal/mol, which s oo
hugh fir ghe W | thivugh thin mech Ina
sampilar wiry, ssang ethanal | the solvent stself) a3 @ progon donor,
e Byzrracr will be cven hughor dus i the binvg gty of cthanad

W have also oomadered @ protomated solvent meodeoule
(EH3H, "), which i the stfoiged acul species i an clhanol
solatson, ms a proton donor. This species may be poreried i
the eiation wep #fier the hetefolviic clenvage of' 8 H; moleaile,
or froen the additon of scetic acid w0 the reaction media. The
energy harmier [of this § whach the !
leSTbis, is 37.5 keal'mol. Thesgh lowir than in the provieoss
cing, Wi sl bsn high o B pable within the
mechanizm

Giivers the far thal these two species exploned o pross
donor give vory high onergy barmiers, we hanve considerad an
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Fignire 86, Progusal catalyis oycis
altemative patbraay where the protes source & the dilvdogen

i e H= leul d w the ples, Farmang &
pemtacomdinaiel complex, ledd (see Figure 145

Eutensive imvestigtion of the encrgy potenial sirice s
the coced inaton mods Tor Ted? miormieduic vwean perfonmed wilh
b RbCCCER, Suggesting that if this itermedise exisis, o will he
wary high m oty

The smalysi of ihe other aliemative pattmay, in which ihe
H: molocule coonduries 1o the vacani s, shen that the energy
of the led wiermediaie w =2 ¥ koal'mod. Oece H; 15 coondinated,
e st dep should cormespond 1o hydroagenalysis, givmg boty
1] hydnsde=metal catalysl and the final product.
ethane (lele). The Hy activaimn procveds vaa & Rnst-comerad
meisthesm-hke transitson stabe (b, soe Figure 13], whsh &
characteriend by 3 highly dissocated H—H bond (| 34 Al The
Au= 1 bond-forming detance 1686 A, wheneas the C=1
o formieg distanee m | 545 A Alhoagh ihe Au—N distame
o quite Jorgg 13 K90 AL the aminic M stom ends up coondinating
1o the meial center, sl iherelore regencrating the catalys

The Barrier Tor this step, 150 keal'mad, 18 sl very enetgesi-
cally demamding sd provides sn elegam snd easy way of
cloming the exighue ale An anslagonn hvdrogenslvais gep
hars also been proposed by Moroluma, Musaev, snd co-worken
m ichel-catalyerd peindens ol gion

The (Global HResrtion Mechanivm, The comploe cataly o
evele, umplifving the slepa which invedve confonmalional fear-

rangemeniy, is shown m Frgure 16 The comesponding ceengy
peolide for the complets camalyise cvele o shown in Figure 1T

devwle For the cunnd ol the By o e
Ted, theve ore two aliematives: o preoess where the dibydrogen
maleoule cocedinates i the vacant sie of iniermediate led ta
form iniermediste led, or 8 process where the Nismine) of the
sailen ligand cooedinades 1o the vacanl st {ledbing, asd afler

In the propeasd catalytic sm, the kighew mmergy
bamier comesponds o the heterolviic sctivation of the M
& Fiving rise o the sub i the chb by H

This should ressd m sn induction penad in the kinetic curve,
which o feend experimentally 80 he more spnificast at ko
tempermure (Fipae [8a) s when the stenic impediment for
e wlefin % (diethy] < diethnd eitracesale <

L)
it

e LT, Enciy pofle B e propesnl dkaies Abei colivs ©, g, 1L sheie, OL gromi. % peipie. O, il and S joldes
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ARTICLES

Comes-kves o7 al

Figuare 18 1yt of e hid wung cmabyw
B TRTH el bl i it B it o U i s ot
ik miumce of e H; and i mil af e

iy AL

dagthy | Beruy |k b Also in ap with thm, we

Fave zoen that the indsction peviod dim meshes when the partial
prossute af Hp o ineoeasad from 2 w4 bar (Frgure b, |n ks
saep, the solvenl = plaving & critical role by lewering the
setrahoe Baaer, o oheeroad euperssentalty (Figee %) Alsa,
Figume 1% shows the influence of the shstrate concentratiom
o e kinete profile

The hydrogon molecule only has (o be mmially sctivated by
meami of wlvenl-ssssel hewrolyie clemage Afe tha
initintion step, the activation of the [ molecule mbes place
a dvferent way withen the estalvie gycle The Hi maloiule
coordinstes 80 0 vacant wie in undergo @ hydrogmaolysis prsoess

APGA D, AM. CHEM. SOC. & V0L 128, MO 14, 2006

;NPT

- -— - = = Bl - =

Figurs Bl 10 wpctrum of jradins aduorbed o MOV, SUAL = 30

In sisch & way, B catalyviss cvele procends mich sscee canily
Affer the inducton penod thai comesponds 10 the formation of
specnes Iela (ser Frgures T amd 17), the highess snoigy Bamer
siep within the catalyin cycle cormesponds to the inclusion of
i rlefen (a2} Bn gossd agrosmen with thi, we abseroe that,
after the induction penod, the rie of ihe reacton noreanes with
g aledin up 0 g value s which wetuiaton
of active stes occurs o the psesdo-order of the reacion
Becumes sern wilh fespedt G ghe alefin
The aceivaimn encrgy foe the olefin msemion sicp caleulmod
theoreiically 15 in Ih-mkror B kcal'mal | I wr caliulaie fo &
first apy I scinalion encrgy from the
mmtmthmﬂ\mmﬂmndﬂhm
emperstures given in Figwe 182 for the bydrogenation of
dwrihy] bennvlidmesuecinaie, @ valse of =0 bealimol i
obiained, which o in the range of values found very allen for
alkene hydrogenation
Eshancing Catabitic Aciivity by Supporting the lemo-
geneoas Catelysts: Lessons from the Thearetical Stadyv.
Firum the theveetszal study om the feactons mcharmm for vda-
genution of alefins with the gold catalyst, it was concluded tha
e sebvem plavs an imponant role Futbemcer, the prosenes
off proton domor species can also be poadtive for the reaction to
egur Then, af thes o the case, o may vory well be that, by sup-
ponting the homogessous gold complex. on & poldar suppor, is
actavily cain increms inalem] of deereasmy o gonerally occun
when supporting metal complesis on sdsl camers. Farthenmaore.
of peotons are geseratod on e surfiscs of the suppar, this cas
have & fursher positive catalytic offect, as explained i previoos
sectien T best these Inpoth wie have suppanal Al
oompleves 2 and % on pure silica MCMed | and ITO-2, whose
umnhuzmdﬂm[amphumh#uﬁl
as om MOM-1 in the foerm of aluminosiease thet presents sur-
fae Hednaied acid sies ™ Al ol s wese Rencionalizad o the
same mannor scoordmg ko the procedure showed in Schome T
ﬂumwgmpm“uwﬂmmmﬂh}w
trorsoopic and analy bl methsds, and ey romain enalened after
e heterogenialion provess, os can be seen in Fgures 2and 3
The catalytec resulis pweseniad in Table 2 clesrly show an
e in TOF when Aulf]compleses 3 sl § e sepporied
o the two high surface polanny camers |8 the case of 1igssd

1) Mol 00 L Frowrar, B B ) S i, &) Slisvkna, b 1 e 0 s
o T ||'J AT,
152 Cowmn. A Chesi #1907, 907, ZHTR
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Shphvie Gut) uchoguatin Colsots ARTICLES
2. this Bas alsn been sapporicd on the comesponding aluming- whick etk 80 the 1 of the sclive cmaheig
silicate (ratso SifA L = 50 off the MChE-1] that presents Brdmated spoces, his oocurnad, the lling step of the i the

acaldiy, o demanviraied by prrding sdsorption. Indeed, the 1R
spectrum of pyridine adsorbed on the MOM=LL (S0AL = 50
s, afler desorpiion ai 150 00 en a vacuum o remave the
phyyssscrbed pyridine (F igune 19, lhnll*—l-i-lﬁ em™! that

s b the pryrd lon i J by g wll
anuhmﬁlWrﬂmThmﬂhmTﬂri
4 that the § of serflace aeidiny further inceeases

the acuvity :rl'l]'u-r-.i'r! mwing o the stabilizabon of the
charged transitss sime

It is wonh menhioning that the gold compleves hase an
activily samilar io e of P (see Table 21, the effets of the
spppor] hoing very similar. This can be an endscation that the
Bydrogenation proceads through a similar mechaneus on both
npes of complenes
Conclusions

01 has beon Fourd st Al = 5chill bass compleaes s
Bctive cotaly s for h}drqumur'nkhhumq being
saim | lad Yo that of the P pleags

Ihmﬁhﬂ.nfﬂurﬂﬂummuhnnluﬁmﬂq-ﬂu
Ectciulyti chavage af Hy, this Being the contralling slep of
the reaction, as demonstrated by the presence of an mduction
peinad i the kinglic carve

In theis step, the seloction of the solvest plays 5 onmeal role
Tof loweting S activabeon harfer Al e sduglion pend,

e o the alefin

B s Fosmad hal, by supponsg e AuTIl) comploses on @
heghs sarface polanty suppor, the catahtic activily docs nol,
unusl, docreass bul rather mcreases. This increass o even lnfger
when the surlbee of the carier conlaim Hronsiod scad sies

Salem complenes of AmI) give the same TOF as the comes.
ponding complexes of i1l Aullii) baving the same d* chec-
o stnactare as P The e positive efffect off the supgort i
also aberved with the P I ooemples, suggpeshing that a similar
mechanim of reaction should spply 80 the wlen—Pdillh
oomfilencs

Acknrwbrdgment.  The suthors thank Mimstena de Educa-
cion v Uieecta (Prepect MATIOO-07H 500201 and <00,
Progect CTOI00S-00000NT-00, Remie v Caal coniract 1
GL, andd FPUT fellowabips 1o 8.0 -V L the Auncst EL Netwrk
(HIPRN.CT- 2002001 781, and Geseralita de Csalays (2008
SRR} for finsscis] suppon

happeriing Inf tiom Mmilable: Complele e 36 st
] a4 -n". | i
lr.l.lhhl:ﬁ'ﬂrnl!'ﬂu.r,p via the Imernet mi higp Cpubs.acs org
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A.2 Article V

Inorqamc (hemlstr

: artiche

y

Nature of Cp*Mo0;" in Water and Intramolecular Proton-Transfer
Mechanism by Stopped-Flow Kinetics and Density Functional Theory
Calculations

Joo-Eun Jes' Aleix Coms-Viees,* Chiara Dinol,’ Gregor Ujaque,” Rudi van Eldi, v
Agusti Lisdds, ¥ and Rinaldo Poli

Triitiate for fcryoric Cheeriery, Eaidrmily of Erlimgen-Nanaberg & perfanaiiroess |,
PIESH Erdeapen Crermong:, Do die (hdeaics Flscer, eporfoemeim e {Juimicn,

Eelified O Uniperasial Awidwsoma de Borcedoma, O8TT3 Bellnerra, Comalomn, Spaor. and
Larboraioine de Chiwie e Coordimation, UPE CYVES 524 e par convention & (1 'Umiversiie
Pl Sobwntier of i ! Intatst Nafeonal Podytechnigee de Towbouse, 205 Roure de Narbome,
FIRTT Toudoere Cedex, Franoe

Eadarl DedaTher 19 0%

& stoppedHiow udy of the CpMol, protoration at low o {down o zor) in & mied HoO-MeQH (80:20)
sobvent a1 25 1C allovws the simulBness defemminalion of the frst acid dssociaton consing of e .- divdmnn
comple, [CpMo0{OHL] (pi, = -0.56), and the mie costant of its isomenzation o the mome sable dico-
aqua complex, [Cp Mol HON [k ;= 26 5], Vorabic-temperature [5-25 1) and waetable-pressum (10-130
MPa} kinetics studies have yieided the activaton pammetens for e combined protonatoniometaion prooess
(k. g%} om CpMo0-40H) i [CpMo0HAN, v, AH = 51 & 01 keal mol-% AS* = =37 + 1 o3l o2
KL oand Al = -81 = 0.2 o' mol %, Compuiational analyss of te bvo isomers, as well as the [Cpaly]
cormphex nesuting Eom e dssociation of water, reveals 3 crucial sobvent effect on Both the somerration and the
waley dissaciaton energetics. lnfnducing 2 sohvent moded by e conducinr-bke polaszable conBnuum model and
especially by exphcily inchsion of up o three waler molecules in e caloulatons led i the siadsization of e
dicom—-agud species relatve 1o the ceo—diydmen somer and o the subsantal decrease of the eney oost for
the water desociation process, The presence of & weler desociion equiibdum i involed o account for the
unisually low effectve acidly (p; = 4.19) of the [CpMo0H0T} lon. In addiion, the computational shudy
resseals the positive roie of edemal waler rolenses a5 sSimuanecus proion donors and 0CEpiNs, Faving the
effect of deamatically lowering the lomerzaton enengy barrier.

(ORINH0 ", although the somenic Tormulstion Mol
OHILIHAD " could also be enviaged To the best al sar

Intrsduction

The pivise siructire of ggua gomploses and o6 w8
waler soduinon is rarely keirwn, For instssce, msalybdic aod
(Ha Mol & commondy represented 58 MolOH k., Mol
(O oy, e Mol H A0, " whalle its first peotonatson
product has beem desimbed as Mol OO or Molk-

* Tis sl & ik b il d Td +5L541333173
Fo #3535 0335005 Eamad  vasekil ifcbeme upi-cilmpen de iRv E L
el ! b oo mah o 6 L L i R b B (R

'|.'I|ur||l1- ol Ei lingorn "vainiong.

U peveritel Awtossrna de Beodima

FLIFR CHRS EXi0 libe par osyimssm l“ nrirtwie Faul Sabsier 6 a

il Nl Py hi-chavacae che: Tobbeos
i) Crymages. . I . Haoo J B B, ﬁhn EFC HJ ey N
hem 1908, J8, 2800 - 2056

IDJIHUEI:E-UR IIE $37.00 0 207 Amencan Chismical Socety
Publshed on Web

kmowlcdpe. the fsctors megulating the refabve omerps off &
eranation -molal = diby o complox andl i 1isc agua—
ongr i (Chasn 1) are ool well understood. In terms of the
e anad isech ol water-gy chang . the cuerest
masagnment of such species is of mmost insponance becasse

1 Creywegen, J 1, Dasatger. & (i, RByparn T, X e 0 (e S0
EL

(1) Cmstivisliatean. 5 | Procpiomii
Eewyn A9, 1, 104 ire

() Creywages. 1. ) Demager. & 0 |'|||11|.J B B Eolwr, E A
By Vo owd PR, 330, 31—

§% Faliem, 8T hun.ffl'n-rlﬁn-1‘" Jo, FnT-1aT1

4] Creywapon. | 1 iy (e | e 1008 55 |!T-I11

Torganic Chesristry, Vol 46 Mo 10, 2007 4103

il B, Beades, & Livige, |, Julben C
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H‘yg
"\m \m.
it & well-knows that walereschenge reactions follow the
resctivity order M= 5= =00 = hi=0]
In the organomelallic arca, the comples Cp* W ZiGHp =
a stahle compound * wheress Cp®:fi) is a reactive iner-
encdiate * O the otber hanid, Op® W0 and Cp® Tal 01 are
stabile compesssds tha exchanpe water thieagh Cp® S400H |
and Cp* TaOH):H miamedistes ' Finally, he closcly
relasend oo and dibvdrosn complexes [Uphdol X PMe i) and
Ji'CEnb i b dppel]|* have been isolaicd s strociur-
ally charscterized " bn these systems, Cp, Cp®, and relmied
chelaies are expected o have o drastic mluence om the rme
and mechamism of the waler-cuchange process on the basis
ol data roporied in the Beratae for water exchange
1Cp*REHATE ™ amd |Cp* k(00 which is 14 ordors
of magnstude faster than that for the corresponding hexamgua
somplexes and provends sccording e a o dissacative
saihatilubion mods
Some of s have instialed an svestigaison of ike squenus
chemistry of high-oxidstion-sate orgacemetallic com pounds,
focusing mitinlly o Cp*Mdo derivatnes in a vanety of
axidation simies (V], ¥, 1V, and mixed-valence clussens)."”
High=oxidaivom-siaic oxomoly bdensm compounds are ¢m-
pliyed in o vanety of catalvtic weactions, such s odefim
eponsdation, (he sclectne sadatson of aloohids o alddindes.
the debrvdropenation and somerization of alkencs, and cvin
redusing processes such as e hydrossly laton of carbony |
comgemnds. ™ Urpascenctalbic versioms of these systems have
shown high sctivities, motably in olefin epoxidaison. '™ = 1
woald therelore be of menest to sdspt these catalytic
PEUCessEs (o an ageenus onvimemnent. To this emd, knowdeidge
of the naiere of the Cp*hio*” aqua ion ender different pli
conditions is vory meful
A previcas imestigoion of the aqueous specition of
Cp* ik has given the results ssmmarised in Figure |7 |
T Wihems D T Chem Fer 3008, 00 (112
R Hoisaln, B Pael, V., Vel 0 Tedat, N ) _Camy A 1 el
B e Coeeeen 1995, 35104
07 Caney, M1 Waldh, P F Bergrmn. B O 2 des @ e S, [0,
# I f 400
180 Parkim, @0 Besaw, | E Polibgoires {98, 7, 2085 T
(01 Femmper. T Brmate, Ho03: Pol B Ousdeclls E A S Ches
S Paplies Triss [ 497500
TIT) Marales, [ Finmae B Peli, B Rchanl P 2 (irpeseset (m
e, o, ol g,
P03 Daden L, Fhas, H. Fiey, LU Hosimig A Koelle, U Mook, 4
E- Pamhii, W, Schisader. | 5 by Clwoss 19 10, 306318
(00 Mol L, Merbach, & E @ Nre TB8E 163, 9211930
10%) Pob, B Ul = J DORA, 8, 33030
(B5) Reis, P &L, Roside, ©. O] Ripd, B F (s S, [kt Thiss
s, JEE1- |84
PIT] Absmsbin. M. Sambes. A Vinlk, ). kibi Fo Konbi, T g

kel 1003, 12 PRIE-2118
P08 Than, 1 Semton, A %1 Hedtseck, £ Ko, F.E. 3 Skl Uil 4
Absianben. M, Asrveds, MO O,

oo, FIY 2ed—2T1
; R, 0,

B, Dhei, & R Druatie, 88 T} Losses, %0 4 Lomroagn, T Pl &

865, 14, 13411080

LR Tt T )
12 Fhae, |, Hoidwod, E | L.*.FIJ!H“IIHI“.D'H
1910

..:._,

4104 worganie Charistry, Vol 46, Yo, 10, 2007

dew et al.
{al1;07
T Z
{L‘p'mﬂ"h
., EdKy=172
crmoaont T ks
k=330 Cp*MoOw0H)
{+0H) | Pl = 365
Cp* Moy
1
B Cp Mot CHMely”
i i
wd
i o
]
I Yo 8 1
Figws L. 1h: - wnd besaia | reaied i e Uphia™

syt o i FO— SetoH RO 20 solstion '

particula, the raie of comversion of compound Cp* MalkgOHE
ipenersted quaninminely by ihe rapid protonsion el
Cp*Medly” @ pH = 20 o ihe fnal cations: product was
found 10 be First order m [117]. The smorgeciatson of this
result lenves fwo possibibiles, s detasded in Schems 1. bolh
mvalving @ proton addisn pee-cquilibnam o vichl an
mtermedinte cationic ditrydronm complex. The first possshility
ipath a} mvolves a rapul equdibonum rearrangement 1o an
squa—oao somer. Followed by a mig-deteminmg loss of &
warter lipamd, wheress the socomd one (path b) involves the
mmirsmolecular simerization process as a mic-deiermming
siep. The [Cp*MotHOH )" s i hkely n strong sced in
wailer (fiky = 0) becatise mvesl mulliprolis inorgamic oa
acids e g HA0, HeS00 Hh, ) e charscterizgd by
a Apk, of ca d=5 mnd the phy oo dissociason ol
Cp* M B OH}| s 365, Thes, the aquation state ol the lmal
cationic product 15 unceriain, [Cp® ol WAk ] " with aihor
w = (hor I The two possibalities cannod be distingsished on
the basis of the kinctics expeniment or by ese of 1 WMR
spectrnscopy because only the lege solvent rsonssce was
ebmerved under all pH conditsoms, providmg only megaine
evidzne for waler conrdinaibon jedther ihe resonssce of e
coordisand water modecule coulil be overshadowed by Lhe
mnch stronper solvest resomance of the ligand exchange 1s
m the £ ropime, leading 1o @ smgle avoraged resonancs |
1R spedtivsdopy s alvo uscless for such dilute solulems ima
M.rm;J:r absorbmg medium.

pts i erysalling o sah of the |Cp* Mol
(HAOL]" i and 10 detenmine s aquation stme by X-ray
crystalbography have mol been sweocssbal, always yickding

20 Collaegs. E; G, 1) Pk, B Niw J Ol 1007 2%, I1F8-
134
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Mty wf CptMody” in Water

Schorme 1
LA
i L
siead the I dhimscear compoamd Cp® Soz0 ™ In fact

the low-salshily product of ths oompousd drives its
precipitaiion by combinaiwm with the thermodvnamically
wnfavorable (m low pH, sec Figure 1) anemic hydiofysis
prosduct, Cp*Modd, . Another point that Bas remamed
sncwplained from ihe previous Sudy® eoncoms the greator
thomsodynamss stabahity of the dwoo Galson, Up® kol jor
s waler adduct), relative b the avo—dihydrose somer,
Cp* Aol R | *

In this conimbation, we preseni & more detaled stopped-
Mlirw kinctics. investigation of the penoration af the [Cp* kel
10" o0 i the lows-pll regime. includimg vanable-
tomperatse and vanable-prossure experiments, as well as a
hll} lumctwnal thoory (I T) computabnnal sy amsod

blashing (i} ihe g stale af this ion and 0 the
mhﬂlﬁﬂ l!lllh slow progess thal leads b ds poscration
The results of his thoveetncal svestigatson aie poteatially
of more g | ani I they il le e edbect of
the mediem on the relative siability of oxo— and dibn droxe—
transiton-motsl species

Resulis nmd Disgwssion

i8] Aquatien State of |Cp*Molb{H00k] ", The roacts
shown in eq | was studsed competstionally By DT methods
on ihe fall sysiems (ie. no ligand smmpliicaion was
adepted ). Both compleves were optimired m ihe gas phase
These twa minima arc shown in Figere 2 The unsobvased
spockes give nise 10 8 benl geometry, with the Mo~ Cp* ring
centroed axis foommg an asgle of 13697 rom the Mol
planc, which & onky shighily smallor than the samc angle in
the water adiduct (141 %7 Helatve to the whkeal planar

[ T RR [ee—— | LT L T TN
1wl complours.

_|+
S

stnocture (opdimieed independenily under constramed
symmetry 1, this configurstion is more stable by ondy 29 kial
mol !

[CpMin ] + H,O0= [CpMeliaH 00" i1
In

The clectromic struciure of woelegged puano-siool come
plexes ha boen smabyeed before ™2 including the effect
aof e eoordingl ion enveronment ™ amd spin state™ ™ on the
clmtive stabality of planas and benl geometnes. All previous
studies, Bewever, sie restrictod 1o clearonieally useaturated
{ li-clecoma) I sysiems. tvpically contaiming 2-acsdic e.g..
CO0y, newirall e g H), o8 weakly dossimng (e g Cly ligands
Ch ez piher Band, comples [Cp*Modh]* festures pao soong.
deshle-sided 1 donos on o & metnl center, Beomise the
Cp*~ ligand is elecironscally isolohal with the ©° ligand
thoth mre polostially fecloctron, o + Xz donors), the
compmmd can also be considered as solobally related 10
Mo which 13 a i MX; system wrth strong double-ssled
a-donor lipands. The poomelnc preforonce for Jd° MYy
systems bas Becn recenily amalveed by Eiscnsicin 1 al ™ fior
M = group 3. group 4. and |lanibassde clements and X =
alkxl, Babide, ond amide groups 13 was foond thet the
prramidsl sirocture s always prefemed hecause of the d
oebaal particapation in M=X o bondisg, whereas the iomic
componeni should fxvor the planar streciure. The conimbuticn
rom 7 donation provides a denang foree woward Rsnoning
af the structure. Therefore, it seoms that the Mo=Cp® and

i

I]‘I:Il'ﬁ'l.ﬁtl: \ld'-'ﬂ.l Ihlld.l‘ Puh.ll I'\-ﬂhh“l .n'
e -

I!J;I“uhﬂ!‘
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129 Schelling. H. E R Holfmeon. R Falle. | W, ) s (e S
s LR e ]

i Johises, T F. Fileng Ko Seel W B Matia | [ HiilTsas. 1
o dmbiemn, 5 A Fscectton, O Coion, K. G ferg { Tares |99,
14, -

(27 Wahl T R Schaler 03 [l T . Holininn, P { Epfimssciolacs 1997,
4, 35511115

I8} Seimth, B W Pole K Legadis. P 0 Teen o 1990, 1907—
[l

(2% Srath, K. %0 ol R Lepnkme, P ¢ Tem —Far J 1999, 5, (358
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Mlo—Ch o interactions. dominate the poeencine peelerencs Sor
the [Cp Motk ] don. We have alsa caloulaied the msolobal
MBoll; wystem and foasd that the pyramedal simiciure (00—
Mo—0h = |18, TTh = agmn (avored, im thes case by 9.5 keal
miol ™! with respect fo the [he siruciure. The Mo—ligand
inleractsons, nevirtheless, have & significant contnbsation
[rom wemicuty. This is segpested by the values of the Mullikon
charges; fir imstance, the charges m the [Cp*Melk]® 0w
arc # | 3% for Mo and =057 javorage) for the fwo O atoms,
whereas in the Mol msdecule. they are + 18K and = {063,
tvely, shewing thai the metal i ehectron-richer
IEp" Mtk ] " than in Moy
As expeciod, the addition of o water miliecule resalls m
mn energeise stabilization of the |Cp*Mol):]" complec
correspondimg 1o a polciteal cocrgy gam of 39T eal mod !
i the gas phase I addighon 12 prosading additional covalens
Banding stabdizazion, this progess bs also Gwverable rom s
clecimataiig poing of veew Becmase & posetively charped Mo
atoen | Mulliken charge 1 375 is derectly binked 10 the O mivm
of & waier modecube, which has 5 marked snsonic chamcier
iAulloem charge <0.71) Alhough thas addsiion process is
entrogically disfavored. the frec-enogy differemoe of the
reaction i still exergonis by 281 keal mol ' The mclusion
af salvem elfocts by means of the cosductar-like polaneable
continuurm model | CPOM) mcthod sepnificantly chasges the
resills The eerpetic delloronie femains m lovad of The waler
mbdsct, beat the gain e reducad w 1000 keal mod ™' Having
Ehe Cp*idold:” don and e wirler moleoules separmicd im the
g3 phase is & very encrgy-costing process hecause a song
cation—iipole imeraction i= broken. Adding salvem effects
stohilizes the sparaied reactamts by imicracumg with the
diclectmic continuum of the polar medsm, beading 10 &
consiiderable decrease i the enengy dilferemee bBetween the
isaled specios and the s complox. The condbusion of
this shvestigaleon is b cstabilish the natune of e ackdic fom
ol Cp*ho™ im water 3a the aqua complex |[Cp® Molk-
IHA)", alilsough the dnsociation of the waler ligand 1
afliord the [Cp® Modi]* intermediste may be s faode progess
As mentiossd i the Inbodaction, frem 8 kingtics poist af
view, the Cp* ligand s knows o exeri a strong trans effect
om ligand dissociation processes. The introduciion of ihe Cp®
ligand om the very imert Bexasqua complexes ol irdms( 110
and rhodiumilll), ie. on gaing from b [0S
complencs (o ghe [Op* MOHAD) P complienes (M = Ri and
Irl, ineteases he wler-cichampe mle by 12- 14 arders aff
enagastude. ' A O MR investapatson ol the waber-cnchange
proeess for the Cp*Mo®', sysiem &5 8 lunctsen of pH s
currestly empoing i our laboemorics and will be regomed
in detasd in a separmic coninketion, bui we are already able
o suate thai this appears o be an exiremely fast process
Therefore, the mechanism of the low-pll mansformations
Renifing from Cp®MoO O ) ta [Cp® MoOs{H:00]" may he
lormalatcd as pail b m Scheme 1, with the slow siop being
the inbamedocular profom-tmnslor process, Ieading from the
mnlermediae ddvdroso comples [Cp* Motk OHI]" w the
fmal pevsduct
ib} Protenation Kimetics in the Low-pll Hegime. In o
clfiart #0 determane the first acwl dissocialson consdamd of
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Figure L Fisi of La, vu (] for the acdeiicaton of [Cpt il |~ witk
Bi%0h w e s 000 —0%% Al Experwnoms comlnwss [Cp® Mol |
o 0T, d ™ V0 e, 20 MO 1R, lemp = 32 W
|8 e woh Matiddy)

ICp MmO dphiih e scadiflcuson Lingiis ol
[Cp*Mnik ] was sudied m low pH (down o zero), where
the comgplex is presesd in the [Cp*MoOkiOH)] form (ph,;
= 1A% soe Figure 1) Consistend with the previows stody,*!
acidification Linctics shovwed o lmear [H7] dependence up
o 35 M gpH = 0451, but m =light saluration elfect was
wnsible al concenbrabons up o 1 % (pHl down 1o O as showm
m Figere 1 This bebavsor = Tully consasient with b
provioasly established scheme (Fegure 15 becamse the rase
R b the: scudifacalsnn reactinn gan he expresscd a5 in ey
2 it exuilibeusn X, w fapidiy mainiained on the lims scale
ol g mnd o sh ™ A o [H® ] (K "HT ] = 10 the rase L
furiher simplifies o eg 3. whech accowmis for the linear
dependence observed wnder such comditions. The small
mmereepl could he ascribed w0 8 mmor comtribution of e
parallel & ; path. It & escful o romisd e reader here thai
al low pH the A pathway, cormespondmg o dinect loss af
(H1 from Cp* Mol OH), should be negligible (k. = 632
= 107 5"V gompaned w the & ; pathway, correspondisg us
protanation and someriration of the [Up® Mol KOH]
wricmncdiate. e, Loy [H] = LT3 s s pH = |
Abtemaiively, ihe istercep can abso be due i 8 coninbstion
of the back reactom, i e, the &y paik

b= [+ K TTHIIV + £, 7TH 0
L i

The i of the dain in Fegure 3 with the expression of eg
4. Tor which the small costnibution of the inlercept was
ignoned, pesulted in kop = 28 4 1 s ' flog §.p = 1 44) and
By o= 36 & 06 M, from which pl; = =056, [t oflons
that & i& almost B ofders of magniieds l=ger than k- and
that Apk, fie. pha — plad = 4.0, These values are

with exp because & mestioned shine the
Aph, of a typical sorganssc deprotic own sid 5 24, Thus,
the new results described bere fully confinm the validiny ol
the previously proposed kinetic scheme (Figure 1), where s
g jpre-eyuildhnmm protomsion precedes a slow siep, whsch
s maw kmenwm &0 b the intmmolecular proton transfer; soe

(F[N' | i small) 435
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Schame 3
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the mest sections. It is worth mentioning (hal ke prolos
tranefer 1o the oo ligands m compouns] Kol @2, 7-nona-
divne) by CF:500H i Mel'™ was sbown 1o be relatnely
sl (118 871 87" =40 )"

P S o1 b T | T ]
ik o neglegible) (43

It should be podcd that the sndivedual values of £, and
k.y obltaned by the above analysas give nsc o a rabo £
Ko = TE in relainely gond agrecment with the prevsously
determined value (17217 The discrepascy may be amnbuicd
o the difference i the onic streagih meed s ihese Mudses
Hiwever, one paini remains i he discussed on ihe themso.
dynamics of the wysiem helore we can fum i ke Kinetaes
The combination of the individeal rale conciasis for the
mstomerization of the cabionic systom m bath dircctions (i,
and &z, as shown m Scheme 2) viclds the tnuismerneation
equilibrmmm constant. Ky = Ly = L8 = 10°% which
cormespands 8 a ree-cnergy dalference of 6.5 keal mal ' m
larvor e e ono— agqua somsr, The comBenatson of this value
with the expermsntally desermancd phiy value (—0054)
acconding 1o the thermodynamae cycle shown m Scheme I
itk depeotonation of the ww somene caloas alfonds the
samee mezutral hyvdroxo complex) yields ihe ihenmodynamic
progon ilissocistion constant of the dioso—sgus species, &,
= 65w 10" M {phly" = 4190 This compares well with
the value caloulsted from k. ¥ Ky detomined i the previous
sudy (K" = 29 w 107" ML phy" = 4.54) Note thal this
vabue i alsa given by the expeession (il & W, from the
hermudynaimas eyl in Fagure 1. A st sight, o may appear
mnncasonable tha the ira acid dissecation comtssd of this
i complex is weaker thas the second one. Hwwever, this
ohservaibon can be ratonaleed il the water ligend 15
extensively dissociaied as a result of the |sbiliaiion camsed
by the Cp* chelaie as referned 10 above. In this case, the
calculated p&y' value must be oeated & an apparent pAy
vabue because i includes the equilibrium comstant for the
dissociabson of waler. which s oxpecied o be lange m onder
w alfiel the observed pk, value Thes, e effcctive
thermusth namic achlity of the cationis comples, is 8 weaghicd

age of the Sinated water mnlcoule acsdity, which s
expecied 1o be inmesically very hagh, and the saidity ol the
free wmter molecule (ph, = 156). The hypoihesis of =
extensive wiler dissaciaiion from the cationic compley &
ml imcoasister withi the computationsl stody becase the

1313 Man, V. Hailes, ©. 1 Skesisel, ', Fimil, B 1, & E R Mhilke,
5, Brdpreate, B Ko Q. dwery e 1081, w0 TRIZ- 206D

waler addust s calculated o oenly 10 keal mal " mor
il (Ban the disocaled specees scoording 1o the CPCM,
bt thds calculmtion docs not ber explicit s
ol ihe sddact and the sepaswic fregmenis with addainnal
waier midecules. For instance, ihe stabdlization of a weler
mailecule by hy dropon handing 1o additionsl waler moleosles
o expeciod 1o contmbwie significantty e the ogquilfrum
encngetics (The solvation e emcrgy of a water moleoalc In
waler has recontly boon cstimated al =63 kéal mol "3™ I
w also mkerestung 10 recall that an clectrospray mass
speetromstne: imestipaion of a HO= Mol soluinon of
Cp*Ma®! @ bow pH (ca 4 and 1) revealed ibe presence ol
both Cp*bolh® and Cp*Molk HAY" gpecies, as well as
e relaied Cp® Mol MeDH T adduct ' Whesher the mpid
equilibrism highlighted i the lefl.hand side of Scheme 2
imvalves only species Cp*Molh, " mnd Cp*MolHA00° o
whether o MolH solvate 18 alwo presont does nof afTedt he
mecasurcd values of all raic and oquilibriem coostasts or their
sipnificance.
In pencral, it s expeeied that ground-ssse labslization
caused By metal—catbon bosds ;o (B trans posdios iy
conrdimated water molevules will pot oaly drastcally ag-
celerate the waier-cochange process but will also significantly
increse the pk, value of the coondmated water, as fousd in
the present case. Homd weakensng of the M—0H; band will
cmse @ decreme m the acidity of the coordinated waler
malecale. " In addiion, the bond strength wall Bollow the
order M=} = M=0OH = M=0ll; 8 menboncd before.
Theas, the combanation ol bond labdization and pll wall
contrd the lsbiligy of the coonlmased water and kead 1
apparcid pi, values hal seom s be “abnormal”
Ii 15 also inerestimg o analvee the Cp*Ala™ svsiem in
terms of the isobohal analogy hetween the (O and Cp*
tigands. Thas, the Cp*Mody* system s solobally relabed
w0 Moy, Cp*Ael0H) 10 Holy -, and Cp* Mol 10
Mol Imlerestingly, whale Mol md Hddoll are
alnays desinbed as ictrebedral ioos. aqueous Mold, s
desicribod as having coordination mamber 6 [as either Mok,
(¥ o Ao RO 1 20 | posisarbly hecanse an octahedral
covaoamenl m foand Fof Molh,™ as well as for i@ waler
it Aol JHADL™ im the soled sime. Hawgver, equilhng
wilh 5o o d-coordinale speckes ma. in (acl, oxist A
comporison Befocen the ph, of HMoOy™ (345K and
Cp* Mo OH) (565) suggests tha the Cp® ligond 4 &
murginally heter electon donor thas the isolobal (4 ligand
for this system m an aqueous sodvend. This means that the
Mo cenber B clectronerichor m Cp*Mo(k* than in Ml
s supposted by the Mullikon changes i the Mo stom (+ 38
v o+ L BE) In combination with the preaer sser balk ol
the Up® legand vermis the oo ligand, this may jead 1o 3
weaker mrraction between [Cp* Motk ]® and wmer
(303 Kelly, € P, Courme, © 1 Trablss, DG 3 M Cles 7 006
{10 | — IR

1335 Gam, Jo Medestor, A, Lev, O, Sgutens. [, Visoeymiiey, M 4.
Poli, I K. 0 Tyt e 2000, AR2—492

(343 Giam, 1, Medeatos, A Lav, 00 Pk B Faer f frnw (et OGN
- 3FTE

(5] Wb, X Nuarwrs {owsen, 170) 1901, 127, %0

I58H Bk, B ok Ui, Sl 17 Sirc U jidoilone. Uil 1 im
WL & FFIF-11%)

Thorganic Chemistry, Vol 45, R 10, 2007 4107




194 ANNEX 1. PUBLICACIONS QUE PER MOTIUS LEGALS NO FORMEN PART D’AQUESTA . . .

{al 25T

dee el al

-3.6
L]

3.8 1

T T T T T J

330 340 50 360
1P 1T

w3 I8 W sl by

Eyringg plodl ' B abope k& Expeiomesial conditomi [Cp¥sbloz0h] = 4 = WY 6L dg, = W0 poan, 290% WD - H, s = 1 B

on ‘B 0.2 03 o4
ML
MI#.- (W1 PRAE s 6 [T B W sndfication o |Cp*Malh] sl IS0 i et
r-m-u-—\mm
ir
18 -
1.5 ,'f
."-f
it“
i3 -

K]
F M 40 B B W0 20 )
Fresaum. WP
Figure 5. Pt of 1 b i s Tod B sl slion of [Op* Shalh|
it H%OR i e rampe B 1060 WP Paporeneniall oodsenns. [IUp® Soas]
= WAL U] R W L T e 20 AR < HAY, e
I8 I i ™ | M et skl NaNN)

el Activation Parameters for the Low-pll Transfor-
mation. The tempsratune s prossurs depesdencs of the
acidilbcanos | for thee p in the krw-
acidsty rnge have alwo been mvesigated The daia were
oollected valy in the pll range where the rate depends binenrky
on [H* |, see Figure 4, The ohiained acbivation parsmotors
are Al = 5.1 & 0.1 keall mol ™" and AN g, = =37 &
1 cal mal ' B The double-loganthms plots (log & v pll)
arc lincar with slopes very closa 1o umity. demosstrating that
the enlercept plays o minee role in the Mimg of b daia

The: pressure depemdencs of (he was sluded al
04 M sl for whach the datn are showm in Frgare 3 The
ohinined activaiion parsmeier A% i =91 = 0.2 ¢m
mil ! The scination pammeters for ibe slape of the plols
in Figures d snd 5 repwesent those for booK,, Hecssse
mothing 15 presenily known about the femperaisre dependence
of K. 1 i diffscult 1o speculate abowt the meanang of the
repanied activatson paramoton. [ is reasonable o spooalae
that £, should not shiny @ sapmifican) pressme depenidener
bevaws f mvebues o chanpes i lactnostiction and ol s
can be slightly positive. The overall signifantly nogative
acination emiropy s volumse values faves o g ]

=
ra

1a . = a

Figuwe 8. Rclaive ey [mefibe {im boab sl ') o B pis phans o @
e wleon G e wsrtisg comples {1a) o sl i), el
prashin i Ja) ol g 3

s

Figue 7, iy I + ol e by ol
rmmtion siabe (hlw p oo § | destmmses @
w begrigal

are sugpesed th accounl for the pbuerved volusie ool
and decresse s eniropy o geang io the irssion siie
(i) € v patadboanal Stwily of the Iniramslecular Proben-
Transfer Frocess. |n order 1o validete the ramoleoa]sr
proton-transfer mechanism and find ihe possible ongin off
the megalive scinvabion parsmcters {eniropy and volumsss ),
s carmied oull caloulations vn the mitml {1n) and ond (2a)
profects of o 5 as well as on the ramitson st (isla), in
the sbwcmcd and in the proscnds of addimonal wated mol-
couled, The pai-phase s walgr-solution encrgy peofiles
& d in the b of adidional waler molecules are

Alm ml e
mnglo

whnch sigmificant bond formaison or charge creaison ocoss
According (o the shw reaction for path b of Scheme 1.
formation of the sgqua complex invodves bond formation
beztweem O] and 1L, & well as shoriening of the o= () bond
durning comyvomson of o= o Mo=0. Thow procossos
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abwerm i Figure . wheress the opismized Lo s isla species
are shivan in Figure 7. The barricy height & geite hagh, having
a valee of 43,1 keal mol ! in ke gas phase, wheneas the
reaction is endocrgsc by 1006 keal mol'. Both resslis
dagroe with the cxpenmanial cvisdmaoc hecarse the somer-
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nsason process o rather Bsoile and the oxo—sgues complex
15 the ibscrmodynamically more sighle prodect When the
manspecific solvem elfects are accounied lad by use of the
CPCA method, the harmer is nearly the same (439 koal
mil '], wheneas the reaciion s endoergic by 7.2 keal mal ™",
=0 the nerpotic difference has decreased by 3.4 keal mod ™!
by inclusson of the solvent diclectnic effects. Concerning the
Cabbs froc-cmergy values (in ihe gas phase). thoy @ very
similar 0 the polential oeicegy omes. for cxample. the
dilffersmee betwoen la and 2a fs 1006 keal mol ™' = potenizal
energy, whereas the free-cnergy differemce s %9 keal mold "
The high scimation barner v probably relsed 1o the
distoation of (e (Rviol) frapment o5 reflected an the large
decrease m the O—5o—() angle on going from 1a | 16.ET)
s ihe irmssiidon-sinie siruciure isla (71310 The tansiios
stme is also chamoeroed by distences of 12210 and | 276
A fior the £ 11 bondhs heimg broken md formed, nespectively.
when gomng from e b0 Za Thus, the old O=H bood =
already admpsn fally broken. nheras the mow one has not
vt Farmed 1 a sipnificant extene, amid the o Mo—00 bond
distanges hine semmcdime valos hetwgen these ol the
memﬁmwrﬂmm

| . b prolos ler implics &
rﬁnlﬁﬂ:w im the geomeiry, and this B Esocissed
with & high emerpetic oo,

[Cp*MotHOH),| " —= [Cpe Mol dH,m]° 1%
Ia s

In ooder o fartber probe he mochanstic details of this
reactin, we conssdered that the exphicn inclusion of waler
molecules coulil afford an casier prodon-tramsicr patbovay
becmise the systenm conlaiss bl dosos and acoeplin sikes
for the esahlishment of hydrogen bosds with woler mold=
ecules Many theoreiical woaks have already reporied the
active panticipation af waler chairs in inulsmeriration'’ ™
and progon-exchange processes ' The mechanasm is de-
snbed as a waicr-assisied reaction in which one or more
wiler modecubos al as a befemctional catalysl Recend
theanctical studses of the autemensaison process. belwoo
the hyilrated ooide, |MOIHO0]", and the dibydronde.
IR " cattsams (8] = W, Wb, sndl Tab also pount oul that
the panicipaion o waler acling as proden donor amd accepaor
can elTectively lonver the bamer height lor the somenzaion
process. Y The same waler coialyses has been found for the
isomerizaion of U0}, ** The resuliing energy prodiles
with one additiosal waler molecule ane shown i Figure
In Figuee 9, the mam geomctnic chamcienstic of the
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hl. Helsirve smaorgy perdibes im Leal mol *'| m ibie pas phose asd &
e il b e daiEg ooy |IEL WEsie dal Rk Ead

oot (3} of o5 b

optimued sractsres are depiciod. First of all, the imicraction
of the addisonal water malecule with systenss 1a asd 2a
e fisg 1o o sigmficant cncrpetic stabdicstion (155 and
K1 keal mol ! in the gas phase and in 3 water solution,
respectively, for the dihydroxe complex Ib; 200 and 11.3
keal mol ™" usder the same condiiens [or ihe 0x0—sgas
complex 2y The stabilization of b i shighthy greater thay
that of 1h, which renders the isomerization process less
endothermic relative ir the sibmbon of the molmed ssiem
(AE = =5 ] and +4.0 keal mol ™" in the gas phase and in @
wanler salutsan, respectnvely ). The corresponideg Froc-enerpy
difference in the pas plase s +3 4 keal mol "' This chamge
soemns refaled b the sirengor hydrogen bonding. of watsr with
the predon of the agas ligand & 2h, relative 1o the proton al’
one of the two hvdroan lipands in 1h (as messured by ihe
gremer D= H bond clongation, | 02% v 0597 A, and by ihe
skeeter (- H dntance, 1311 va | 658 ) The enost dresan:
effect relatave oo the water free sysiem, howeves, is observed
ol the relative bamser height, which is sow only 127 keal
mol ' ivs 43| withom water) in the gas phase sad only 103
keal mal ! {vs 43 9 wighout water) in solution above the Th
spocies. This effect s relaied to the ability of 1the addstional
warler mideoule 1o acl, 8 the same e, as 4 prolon acccpior
for the donating £4=1 kgand and a5 a0 protan danat for the
mrn;u th;nimhmdmnnh:nmlm&r
oty Byalrog ¥ ine arc cilablehed m b
kevel of the transition statc (a1b) giving & sax-enesnhencd
transation staie, = shown in Figure 9, The mos likely case
of such o damabic decresse m the actvation bamer is the
amaller distorion of the (%00 fragment in the ranssion
untes, o8 evidenced by the wider (=Mo=0 sngle in tsib
(9257 in companson with the 7137 value optimised for
the itsla structure. The optmized O=Mo= 0 angles m I
and 2h, on the oibser hanid. & cssemtially mschanged relatine
b0 thows of Ta and Ia. This, 1B sinitural carmangemenl n
sl b nob & marked &5 hal in dala, with peapct w0 the
eelmive reactanis 11 is worth mentsoning tha 8 very slow
mic of miramolecdlar proten trassler was reporicd [
complex RetOH SOH N MU Oz ) in o benrens sofstion
Although the rate of transfoommation wes shown nol 1
siromgly depend oa the presence o absence ol stoichaometric
amosanis of ethamol, trace amounts of CF505H snongly
acoelerate the reaction. 11 is posashle that the trass fommstion
could aha be acoclerated by cxcess waler. Anothor slvw

miramolcoula proton-transfer process vwas foparied S frovs-

(805 Bk, T K G0 M, | M fagvw. Ul il Sl gl 1988
T 15T- A
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Anoter noleworly charnciensiic of ixib is thai the prosoa
originatimg from the donsting O—-H group bas alresdy
migrmicd onso ihe water modecube (1 G088 A1, whereas the
prodon that evenimally ends up m the sgua ligand = suill
bonded b0 the odded water molecule (1036 A} These
distanoes suggest that the tramsitson stake imvobves the
interasticn hetween alhydeon s jom (10 ) andd the nestral
Cp* M OF 1) meolocube. through the establashimnt of i
Fvdrapen bomds (1382 A 1o the 000 lipasd and 1591 A 1o
the Endravo ligand) 'We bave reporicd a simdlar ranssios
simc in hydrogenation performed by gold catalyets for the

btic clesvage of Hy sssisted by 0 sodvest molecals
:elhmli"" In conclusson, the explicit conssdermtion of &
waler medecule comfims the feasibality of the rearmamgement
ol 1h i I by sodveni-assisted intramsolecular proton rasfer

[Cp* MoK ] "0 — [Cp* MO 00 - H O i6)
Ik 2

U the hasis of the above resulis, we have imaganed that
the saddition of & scoomd water moleosle comald further lower
the emcrpy of the transion slale. An eighl-membencd
transilion stabe {tshe) having P water moleoales acting as
protod and danof scccpin concimently betwoes the o
comglewes Do ssd 2e (og T) may further seduce s nogessany
peumctnic eorganization b reach ihe iransgion state. The
resuliemg energy prodiles in the pas phuse sl 8 water solution
on this system are shown = Fegure 10, and the aptimired
structunes fior the nefaied species are drawn in Figure 11, As
was alresdy seen om going from the water-free adduat 1o the

45 hnl.rqh-.ﬂ. Mopet, T L J dm Chien Sac 194 F06 203

(R l'r-'d-\'nrn & ConialedsAiellaien, © ) Cotiti A Ighoioii. N
Sancher F | Upnpeer 0 J dm (hes o Db, (1% 439- "'D!
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furiher stabdlizes ihe oxo—pqua iscemer relaivve fo the
dihy rl.m:n-'unuﬂ The oxn—ages complex i now only 1.4
keal mol~! kess stable than the dihydm isomer m the gas
pliase Jofl 5.0 amd 1006 kial mod ™" for the monodwator} and
wanler-free sysdom, respoctivedy | and actually swore stmile by
a =mall margin (04 keal mal™ ") in o water solution. The
gas-phase frew encngy b5 sl i Tavor of e diliydroxs
mamet, bl oiily by 24 kel mol ' Undoubsedhy, the cofroct
relmive energy can be obtaned m this level of iBeory,
provided the effeci of the waier solvpiion & coasidered by
the explicit mchusion of & sulficent number of waler
moleules m the caloulatson, Alhough the relative free
encrgy comguiicd by mcludmg fwo waler midecules s sill
a hit far from the cxperimondal valuc of &5 bl mol ™ in
Torvaor @l the oxo= sagua isomr, the explicn mslusson of walor
molecwles in the calculatons moves the emergetic balancs:
o the meght dircction. [m eossclusaon, our caleulations indicase
an ininnss: prefctence of the Ry | e I-IHJII'I&MHH e
igans phae). The e i caleula-
i ) are pol walTicient 4o reverse this sasbdity onder, whereas
a reversal, in agreement with the experiment. is ohserved
upon inglusaon of the specific inleractsons (hydrogen bonds)
with the water solvent

[Ep* MalMORL,| - 2H 0 — [Cp* Mol 1,00 -2H0 (T
I 2

Cemorrmang the enorpetic profile. the barmer
s o rediaced bo o very leny value (1.3 and 3.5 eal mol !
& poteniaal asd [roo cnergy, Pespectively ). In CPOM sisgle-
poinl ¢alculations, the energy ol he ransition stalg s even
lower than the coresposding reactamd energy. We consider
thad thes difference w within the erres of the CPCM method
Compared o tlb and tsim, the structure of isic is
chamcierired by an even wider O=Mo=C0 angle { 102,00}
Now the hio= () bomds barcly kave 1o bend s onder bo reach
i sumtaldde confipuratson for the proton iramsfer The explicil
mnchusion of the twe waler molecules abso has the cffod of
further weakeming the O H bosds fog the Eydrasa ligands:
(1049 A in Do va 0997 A i 1 and the sges bigand (1132
Ain Zeown LO2S A in Zbh Thus, the prodon Beoomes
eflfectively mone trans(ered o the medism, As was the cawe
for telihy, the struceere of tsl e may s he viewsd a5 resulting
from the hydrogen-honding meraction of a hydronsum ion
{m this case Flo0;:" p with neutral Cp® Meli: 0 OH ), sccording
0 the obsorved patierm al O=H and Gl distamoes.
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Figare L Oxusrised svemaes of Bl s Tl oy ta Otk (HL
malamle micracitng with e |(HOEHANG]' dede (@ @ sag-
AR, B 1B gl

For the sake of completim, we have punucd the study
by adkiling a third water maolocale W b system. In this case.
b, the oplamiration af bath hydeoss and ovo—agua
ismiers. 14l and 2 resulied in s optimied sinecbere where
Ehe wates proton 15 completely mansferod 1o the water cluster,
wBrichy therebn hecomes & HeDh ™ Bydrossium e and interacts
vis hydrogen bonding with ithe neurnl Op*ModOH)
complex, see Figure 12, These resuls confinm the tremd
reported in b and Ze, whene the 0= H hond hecame more
clongaied & more waler moleoales were added m the wsiom
Ths trood reflects the acudity of the cationic spocics. thus,
a miore waber-tich cevironmaent favors the proton trassfer 1o
the medium. The twn structures. 1d amsd 2 are somers i
nermiis of the ssrsnpeencm of the hydrogen-bonded waer
enclecules. Sesctate 2 s msone slable than 1d by 180 Lead
mil ! = & waler solution. [t & inieresting #0 pole that the
prodonaied water molecule (HAD7 ) miermcts with the 0—-H
proap in stroctune 3d, whereas # prefers an oso ligand m
siructune Id. Although this difference is firly small and the
fimal pomi depensds on the starting, poani m the oplemization,
nmwhﬂm’hmlmlkiﬂlfum!lﬂntu-ﬂhuﬂ
vilroggen: bond . M r: thee CMOHT) interactmg with FlLO¢
in 2d prescnts a o nogative Mallien chatge thas the O
interactsg with 00 m Id — LI ve —08Y,

A convpasson of &l momene pass shows that the sgua
—H hond in ik oso—agus isemer sysicmancally expeni-
ences A greater lengibening effect than the hydroxo O-11
bond in the dilyydeoso isomer {1025 A in 3b vs 0597 A in
The 0132 A in 2o ws L9 A in Do, these distances are
cxsnlially sdendical in la and Zah This segposts that

[Cp* Mo HN]* s inmesically more acidic than ils
ditvdrose somer, which may seem in comtradiction with
the exponmental evidence (avo—aiqua somsr, ph, = 419,
ditnvdronn momer, ph, = =056 However, as sl ahove,
the high cffeative ph, value of |Dp*MolbiHAN]" =
propesed 1o reaill fom on equiibriom with [Cpthbold;|®
and free water, Thus, these compststional reuslis indereaily
valudate the waler dessocimion hvpothesis

The caleulations agree with the expommantal evidenee that
the catsonic systemns, [Cp*MolkORE]" asd [Cp*oli-
(HAN ", can be deprotosated s 9 shighthy sida medim
Hosvever, the peedomenast species ia very acidsc media is o
eationic comples. As a very sample way of modeling the
effect of lrwering the phl, we have sdded an extra peoton 1o
the system, i e, usang the [1ENHAO]" closter as & miosdel
of the medmam. The resuliing system 15 dipositive. This s a
rough simalation of a low-pll aqueous solution bul can gve
some msight of what vooars when inareasing the acidaty ol
the medwam. Several theoretical studies have adilressed the
qecstion of ¢ nature of the hrydionmm spectes in solution
and its solvatson ahell 7 The [HOHA] © r.'hnq:r et
been meed as & moded ool the by in
i oilser rescisons imvolving lI.ruﬂmn.'ul -q,mpl:m." AL
[fferens sracunes were optimecred, explonng severnl starteg
jpoints, amd the various optmmized specics are shown i Figure
13, For species le and 2e. the hydroosm ion {110} =
bocaled in the socond-coordimatsn sphore, whoneas spocss
Iel. led, and Jed Kalure ths jon @ the amd-cocadenating
sphere, directly macracting with tbe molyvhdomm complex.
Cioualy, (bess gre fol nocesaarily sl of the posaible
minena b prohably the most Tavored ones

In ne casc was the prodon of the cabome complex
(MBI A0 or [Cp® S oCHENH k] * ) rransiferred 1w the
mcdium, in conirast to what socurred for the monopasiing
avstem with theee wates mokeciles This & not a sepming
feanlt, with b medim (modeled hee as [HOUHOm]")
beisg o0 acidic m the g phase w0 accept an addifional
prodon becae: B s @ excess of positive charge, Meverihe-

(L] r—.r.sru...l H:ﬂ.u-l.h"ﬁn rhn 1798, 5" o b E!h
K W b, Selibab, O K J Cfcs Plaa P 00, T353R0
159 e, D Techermae, 3 E | Honer 1, Pasrnedlio, &1 oy (Tommbom,
LLUACH 19, 397, (00—
D Scheml, 10 W, Vsl 03 A S Dl s PR, JIT, 9501038
¥ Kmaes, 00 L, 012 Linkis. & hab, F. @bl
4, es2-71
1521 Kinics, 06 Schaberl, G- bty F. Pagai. | Orgunesitallin D005,
2, WS- Kt
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IR Chpemiasd druciures of e |Up* % olROE1] " and | Cp® Mol B840 |* compleses imforacimg widh ihe |11 EOVE1LAD " clasdar ficlsine cmmgien

Figiire
o sl el | 1w pearis

Bess, this appeoach grves a nice represeniation af whal sooun
wien lwenng the pH valse becamse the cotiomic specaes
ey Become livorsble and can be obtised as fesl minims
in ihe poicniial energy sarfoce for both isemers.

Conceming the relatne enerpies, placimg the hydromium
ion im the first=conrdinatsn sphere camies an energy cost aoff
en 2 keal mod ", relative 1o having i in the second sphere
g, pong [rom le o lel and Ted foc the dihydono
comples, and from e 1o Zel for the oxo—ages comples)
U the ather hamil, the ddvadrasn seamer 15 miote stable than
the axa—aqua species by 5.3 keal mal " {1e ve De stnschisc)
Ay § Bfioar, we belicve thal o langer e ber of water
milecules (o8 beasi ihe complete Tt sohabion sphere ) should
be included inonder iv reprodisce the expenmenial relative
stahility

The egperimaental dirtn also show that the dominant specics
al pll = 5 is the snsomic complex [Cp*hollh] .7 We ssgpest
that when the hydroask cosceniralion = incrcased, the
proson of b [Cp*MolkO0)] comples can be casily
tramsfrred iy hydroside m solutsan, analopous 10 what occuns
8o o protos af the sgas complex, when water mialevules
are added w the sysiem. Nevenbeless, alibough theoretical
calculainoms repomed here provide some eelevast energy
rends, geomeines, snd activation hamiers, o compleie
thearetical analysis of the species present in solulon &5 &
Tumction of the pH is beyond the scope of this siudy, mainly
becanse of the minnsc difficulty of simulaling an agueous
salution m a given pil. Mare micmmation could be extracscd
[y dhvmamics simmlations

Conclusions

A combinat ion of kinetics and compuationsl imesngaies
on the Cp*hio" systens in m schdic sguecus medium bas
preaily improved our undersiandimg of what faciors regulate
the peoporises of the oo = diby dose ([ Cp* MoOgOH ] ) and

4112 werganie Charristry, Vol 45, Yo, 10, 2007

dono— ague | [Cp* Mol dHAD) " | somen in soluiica. The
comguiaional sudy shows tkal the dihydroas somer 15
lavored for the 1solated systom n the gas phasc. bul the
sabsequont mtroduction of the salvent model (by CPCM
and especrally the explicit imroduction of water modecules
mn the calculations anesuste and even reverse this siahility
wenil. The study further ssggests that the mediuns strongly
affects the water dissocution energy cost frwm the denvo—
aqua mamer (10,1 keal psol ! = & water salution vs 397
kcal mol ! i the gas phasel A genomalization of ihese tnenids
sugpcsls Thal the dibadrovo specics loe any given syslem
have o better chande b0 be stable in apolar organic solvonis,
whereas a rearrangement 1o oxo comiploves sooompanied by
waler dissociation mey be fivored in stronger diclectnic
solvenis

The shove trend alen rabionalizes the onussally low
aciditics that mre sometimes found for high-oooidation-state
cationic complexss. Whiks the waicy ligand in the ono—squa
womer, [Cp® Mol HEY[®, i an mismsdcally sttonger peoion
danor then the hydiose lgasd in the difydion jsomer,
[Cp* Mot KO, the mach lower observed asulaty for the
Tormer (pA, = +4.19 v3 =056 for the latior) s rolated 10 @
waler dissociation cguildhnum. In um, this is related o b
coordimaion sphere and particularly o bow the lgands ane
able w0 satisfy the electron deficeency ai the metal comier
wpon bows of the water lone-pasr In the p 1
ysten, the extremsely high labibity of the coondinaed water
malecule can he ascribed 10 ihe (rans labibication efect af
the Up® chelae, which, m turm, Tavors the Formation of the
oo conpley and s responsible for e apparoet hagh ph,
valwe all the svo=aqua isomer. We are not aware of any
other madogous study in (he liserature

Comcemmmg the isomgrication mechanesm |cadmg from the
dihydroan specics 1o the oo =aqua spoows, the direct
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inirmmolecular prolos mansker fom e dihydosn comples
8 e mgqua compley can be ruled o because of the high
calculgied barries fod the dieect peolos (ransfes, vie, 439
cal mad ™ F including solveni elfects. The assisiance of either
one of two waler moleosles remders prodon mansfer fasible
by dramatically lavering the harricr beight. The mechamism
inyolving mssistmme by two water modeeules even viclds &
bower emergy [or ihe lransition siale than for the reactani
anid prosduct when including the CPCM. suggestmg that this
s indosed @ very Kacile process. The asastands by smphiphidic
euernal modecules, such as waigr, is increassngly found 1o
be crucial o loaer activation hamers of srsnolecular
pronn-Iranaler feamangements

Experimental Sectien

Salution Preparation snd M All B I wnd
m B study wore ol snahiscal grade The solubion pHl win
condroflod by wsing WA, The tetal somc strongth (n) was Lapd
constad gt | W owith BakOh, pil messmements wore carmed oul
wn a Mewohm 623 pl | meter aquipped with o Sdpms glass clocimde
Ui < vin specira wene recorded in gmsght cuveties on a Shimadru
U200 specisopholometer squipped with 3 thermostaind el

ormparimen CDS.26E
Mo Leetics messurements on the scdification of

FOp* o] with HROn an e b unge T 00025 100 15 were
caimied ool s an Ajpled Mol sics SX-TAMY opped Mo
spetiophoiometer. 20 MeldH—HAb by of [Op® Mally]
were sapidly mived with varying ph solusons in s gastight snnge
The kincts of the reaction wed momilisied o 19 nm, whery B
chango in the abso} na Tod thet ahiligd malyk-
demum proshisgt The rate eomatant for 30udifcatien naws detormined
From the slope of linee plots of L. vs [H® ], a8 described s mane
detail under e Bowlis amd Thisgossson section All Rine

Campuiaibons] Detash, Caloslatsons were oo maed oul aing e
Chasniom OF paclape™ of the DT level by meam of the BILYF
Funcoonal ** ' For the Mo mom, the LAKLIDS prewdopoteningd™
wan wed with the sddmen of [ polatianios fusosos ™ The
B3 Gid bavy sl wan wed for O sioms while for O giees
addinonal diffese funcosons were added boecause of their anonic
chowmter [6-31+GHId)] For the H atima, the 6-31Gid p) hasis pet
wad emploved IR calculatinm werg made s onder 40 gt the e
munims beked By even ransinon s

Solver cffects were included by mezna of CPCM single-faousi
cakculamons *** Addimoma] spheres were included for ol of the 11
ot cvcopt Bor the Up® H atoma Iy mcass of e SPHEREONH
pten Frogueney saleslations wery masds i onder to get the Gl
free omergy The temperanae imsd was 294 13 K
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Mechanistic analogies and differences between gold- and
palladium-supported Schiff base complexes as hydrogenation catalysts:
A combined kinetic and DFT study

Aleix Comas-Vives*, Camino Gonedlez- Arellano *°, Mercé Boronat ?, Avelino Corma ™
Mara Iglesias®, Félis Sdnchez ", Gregori Ujagque **

* ey gy s e, Plapariomea de i, Lol £ n, isierrnmer Al & Bayokeaa, G800 Aellonon, Coslonk, Spais
¥ i iy (esdemes i Oripdaia Gemesal, O P dle i Cherva 0, 28000 Aladvisl, Spoin
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Al

The mechanism of olefin Bydroperaiios cetalyred By PE and Au'!! Schiff base complenes, both wiih an anatog d° dlecirmic e, b
mnalyred by menss of kinetic and competatiosal methods. The computatiosal wady v able jo explain e dflerences experimentally otmened
nt.munru |nﬂwnwl|l':l¢:.niurl1pﬂ.1:lranl;lﬁmu.m;ruluﬂ-ﬂﬂ'wuw;uﬂmmmfﬂﬂ' and id™catalyzed peactios

These ean guide the proper sclegtion of solid seppeets Tor hoteropeniestion of caalys jo sgeifcantly nceeme teir
sctiviy,
i 0K Elervier bag, All righds fracrd
eyl Diiay N gl hor Catalysiis Hyh
1. Introduction and imines | 19). Because Au'' and Pd® have the same &* elec.

‘Whereas platinam, palladium, snd rhodium have been med
o decades as calalysts in varicws | B and het
procous reactions. | 1-6] poll was kang helicved 1o be chei-
cally iner. Only in reoomt years have gold comspleses and pold
supperted on Elfcenl camers attracted much inberest as cas-
alysis [7-1], Seall-crysaal sire pobd supporicd on inorpasic
anddes on carbos (particle sire <3 nm) s highly sctive and
sedective for such reactions as OO ovidation s low rempera-
tune |10-13), water-gas shifi [14), alcobal oxidation [ 15061
carbon-carbom bond formation reactions [ 7], and chemaose-
lectne reduction of substimted nitmoarenes [ 1R]. Homogeneous
pald comploves have boem applicd in cross-coupling and bo-
mocoupling feadtions, as woll as s bvdrogoation of alkomcs

N Carresjumdivg msifurs. Fangic 434 56 LETTRA, » 14 01 8512500
E-mail abivenr sovwma® g w4 Codrmal,
Crpon U g @ aahea {0 L et

(EF A1 T - sor Trond maicr © 39008 Elsovicd bae. Al righti meisrond.
o 0101 b et 30T, 01

oomic struciure, similar hebavior could he expecied for Au'™
and Pd™ complenes, at least for some reactions. Consequently,
to gain insight into the similanties and differemces in reactiv

ity beiwoem spocies that have similar elecimnic compositions
at the cuter shaefl bt othor difforences that can affect their e
activity, we compared the mechanism ol obefin hydrogenation
catalysed by w0 well-delined single-sise molecular catalvsts
formied by Au' and Pd® orpanic compleses, We carricd oul
Rinctic experiments i evaluste the catabtic performance of &l
forent beterogenized Sehifl hase compleses of Au™ and P
for the ydroponation of dicthyl cthy lidknmuccinates, and stisd-
B 1B effet of eeactson variables on the kinctics of b reac-
. The experimental fesults suggest sal a slighily different
mcchanism sheakl operate i the 2 caalyas, Comaguontly, we
carried oot 3 detabled compuational sedy of the mechassam of
olehin hydrsgenation catalyred by 3 Pd" comples using demsily
funciicngl theory methods and compased the: resules with these
cbagined previously for Au'™ catalysis [ 20, The compedstional
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siudy was ahle w explain the differences observed cxperimen-
tmlly Beraesn the 2 cstalytic sysiems.

L. Experimwental

The sanithesis and Charactonieation of Bamegencous aml het-
erogenised ligpands and metal-compleses i Tully describal (@
the Supplementary malerial [21,22]

21, Canvlyrie egperimen

Wi studied the catalytic properties of the P and Au coen.
pleves in bydropomation reactions im & 1HkmL hatch neactor
(Awoclne Engincors) al 40 °C, 4 aim dihydmogon pressan, and
a mctallsubsirate molar raso of 171000, The evolution of the
neaction of vdropeaated peodie was smitoed hy pa chin-
maingraphy snslysis wsing o Hewlen-Packend 3850 1] with &
flame ionization deteoior in a oross-linked methy bsilcose ool
mn

2.2 Canlynd recowery i recyoling

AN the end of the hydeogenalion process, the miviure of fo-
actiomn was fibered. The residus of the mesop P was
wailsal 1o compleicly remaove the remains of prodiscts andior
reactands and then peised,

L3, Compurmtions! desnis

Calealations were carmed o using the peogram packape
G ikl (23] at & density fanctiosal theory (DFT) level m-
ing the hybeid BXLYP functional [24]. The basis sei for N and
00 waes B3 gidd), that For O] was 631 + p(dh. that for C and H
dircetly imvalved in the reaction was 53 gld.ph, and that for the
resd of the © and H atoms was 6-11g. The Pd was described by
measms of the LANLIDG | 25| paowdoposcatial and its asscisnd
b st for the valenes cloctiven, Sodvent oot were bngluded
by meeares of (e polesieed contimuum madel (O [26].

For the mansition states, analyiscal freqeencics were calou-
lzied o emsure thai oaly | imagimary valoe was obiained. Nog-
mal coordimate analyses were performsed on these saddlepoints
by inerinsic reaction coordinate (TRC) mates | 27] in both dinec-
tivos 1o the comespomding minima. When the IRC caloalatioos
did not comerpe. additional peomctry optinsications stanling
frosn the IRC struciuses were carmed os 8o identily the peac-
tmnis and prosdects linked by ihe speciiic TS considerad,

A Hesults and disciesion
AL, Smrkesis and choracterizaren of Mganos and compleres
In recent vears, we have developed a misdular system com.

hining funclivnalized ligands with dilforens wopparts and fink-
grn. B0 allow l}ﬂmﬂﬁ' aefvak b0 vamiops. immobeliaod oiiral

B

Tabic 1|

Timaway Irpagparmoies (TN, h™" L% For the catalytic bydeogeaston of ety
[

Lepama A P!
1 ETE X4
AMCATS 0 FiE)
ZMCNI, BUAL = M (] [F]

1 TOF = mmol e, fmmol, g &
® i aa i 40 % et sbvaemmoicatalyua ratio 1003

MOM-D is a shert-raspe amorpous. malerial conlaining a
lasge numbser of silanol groups mailable for grafing, bui kas
long-range cnbering with hexaponal symmstry with repular
mionodenecticasd channels 3.5 nm in di

All salids were functionalized in the same manner accord:
ing to the procediere described in the Supplementary Mater-
ial. Supporied precenors, ligands, snd heterogenized ligands
wepe charncterized by microanalysis, FT IR, and "'C NMR.
The heterogeniced Bpands roacted with palladumilly acolsic
of letrach3oroaunc acid 1o furmish the corresponding anchoned
P and Au™ compleves used for catalytic reactions. The cal-
alysis propased on s way presented metal Joading of €, 10
O30 s s e 35 ditermised by aoenic absorpion
analysis and woene charscterined by variow speceoscopic 1ech-
miques Dsee Supplementary material

22 Cawmbrle datampenarion aeniviy

The bydropemation of diethyl etbylidenssccinaies. (i.e., di-
etby| itaconate. dacthyl citmoonale, and decthyl beney Bdonsue-
cimate) with these structurally well-defined Po'! and Au'!! com-
plones was camed oul under ftinld conditions (EOH as the
salvenl, 4 aem. hydrogen pressure, 40°Ch The hydrogenstion
wats camiad oul B exploee the possibilines of resvenng the
catalysts, the influence of the naiuge of the supporL and the
comparieon of the scrivity and sibility of supponed catalysis
with their hemogencous counserpan. The ressls for the by
drogenation of digthyl imconaie cotalyzed by Pd® and Ao™
complexes are given in Tabde 1.

It can the seen that the activity of the homogencous Au'’ and
P complencs is similar and, for both metals. the TOFs in the
case of the supported calalysts meroass with mespent b the ba-
magencous systemms, This indscates that silica mesoutcturcd
molecular sheves (MOM-41) are suiable supports fon heterog-
eniring metal-complex Bomogeneous catalysis. Saorage of the
Beterogenized cutalysts ai room lemperature for & months. had
ma effect on their candyiic performance, indicsting tha they ane
stahle over time. They also were stable under reaction conifi.
tions and could be recyched al keast & times with no appreciabde
Soss in activity (Fig. 1)

It Bas been sberas [20] that in the case of Au"-catalysed
allene hydrogenation, the hydrogen v activated through het-
erolytic cleavage 1o give 3 hydeids intormadiate. This prisees
mvalves chamge separation adih so oiklsive sdditon of By-
drogen i the metsl; this, incressiag polariny and scldsry of

calalysas [24], Hiere we applaad this mcthimdobopy 1o mmod -
lize the Schalf base Bpand 2 (see Scheme 55 in Suppl .
ialy on & s silica supponi sech xs APCAM-40.

the support should i the reaction rase. To test this ky-
pothesis, we suppomed complexes 2An and 2Pd oa pure silica
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MMOM-A (n very polwr suppont due 8o is numerous. surface
silancd groups) and on MUM-41 in the ferm of alumisosib-
cale (5i0A0 w0 15) which presents surface Brdasied acid sites.
I Icith cases, the catalytic activity of the supp f

incrcasod with respoct o the homogoneoss. sysems, sugges.

Canvorsion (%) (L= 30 min)
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ing thai the acrivagion of Hy by Pd™ is similar 1o that previcasly
cbtained for Am™ [32].

We evaluated the nfluence of reaction temperature and H;
pressure oo ihe activity of the 2P complex. lor hydrogenation
of dicthyl beney lidensucoinaic; the results ane shown in Fig. 1.
As in the case of gold, the kinetic curves shis an indoction pe.
riosd that is more significant s low lemperature: bowever. when
the partial pressan: of Hz is vaned fnom I o 4 ba, the imsdoc-
ton period dimminished For the 24 catabvst bt did ok chasge
for the 2P catalyst (Fig. k). With respoct B0 the inBuemce af
the sobvent used {depicted in Fig, 30 it is comsiderably presior
i the case of pold. Wi discuss thess effects and iheir causes
thycwighout the sticle.

B Rcainn el i

Acoonding 1o the Inleranse | 29,50], the proposed meckandan
of alkene Evdmpemation catsbyeed by Pd" complenes com-

' ' Ran prises 3 main sieps, wivich we desonibe in this section: 0 ) imitial
aciivation of the dikydropen molecule, (ii) inoonpomion of the
Fag. 1. Cannfyns bryede oty i winh IRENCM -, alkene into the conndination sphere of the catalyss and inser
rd A
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g b 3P w20 cadtils

Fip. 4 Mosiel gomplen for the cataly {stace i A

tiem bt the Pd-H Pond, and (i) a2 socond hvdrogon eransier
chasing the catalytic cycle. The mechamism of the resction cat-
alyred by 2P as shown in Scheme 53 in ihe Supplemeniary
materal, was cakoulasad wing the complea deplcied in Fig, 4
s el for the catalyit and cthylene as the simplest alkenc.
Wie mext discuss the resulis ohizined for these ¥ main seps.

_ 7]
O

Fig 5 Prmubly barod v shiarage pacbraays lor the dibvybivepn susliale

FAL Acthvrtion of the My moleoule

Hevause the hydrogen soufce i ihe plescnl readtion was
midecular hydrogen, ihe Hy molecule had wo he actihated by
the metallic compley o porform alkene hydrogenation. Teo
Lrerwn rowlcs are avalable fr actnating the dihydrogen maole-
vulls; hosmolytic clesvage aml holomolylic dleavape, Asdliscussal
previously, the influcnce of the sapport on the activity of Pd"
compleves (similar to that of Au''), aloap with the &ifiouly
thui the metal cemer has in reaching the axidatson mumber P,
make homalytic activation of the dihydrogen molecule kighly
improbable for this comples. This is commuonly scooplod lor
Pl hydrogenation catalysis [29-31]. This was indood omn-
tirttiesl by thevechival cabmlativens; the presluct of the taiglative
adustion was found so lay 7.9 Leal fmaol alove tha of the reac-
rans, indicazing thag the barrier For this reaction will be at kast

370 kel mol. Thus, we 4 d b Iyt cl T ]
possibile pathway for My activatkon,
H: beteralytic cleavage is more o im early

mcials, even though several cases have reoomily been reportied
for late-Eransation mactals [32-19). For this partscslar systes, the
catalyst haad several ligamls that were able s underga [T+ 2] o
Bl metathesis ol the dilydrogen mokuls; the ovypen and
mitrogen of the Schill base Ngand smd the chioring lipssd, In
all o these paihways (depected in Fig. Si the hydropen mole-
cule is beterolytically sctivated by the catalyst a prolom goes
&0 the ligand, whereas a hydride is bonded o the metal, keep-
ing the oxidation state of Pd enchanged. The participaticn of
Balride palladium specics im hydrogenation reactions has boen
g previcusly [40.41],

A poevious compatstional study of allene hydrogenstion
catalyzed by Au" complexes |20) found the highest barrier
in the paibway in which sctivation occurs by means of the
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Tig & ymmward prisrgiry of i tansn et he o Bl vise clean g
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Niamine) ligand. [n addition. the Niamine) ligand can be eas-
ily replaced by the alefin within the catalytic cycle (vide infrah
Thus, i the case of the Pd catalyst. we diild not comwider this
posaihility For hydrogen activation. and calculations
i the Beterolytic choavage oaly ovor O and C1 ligands,

Heterolytie cleavape over e 40 alom prosoniesd o harrior
af 320 keal /mal in the pas phase, Including solvent effecis,
the barries i praciically unchanged, with & value of
Y17 kesl/mol. Refering 1o the possibaliny of dibydrogen splie-
ting owver the chlogine atom in the gas phase. the barier was
IE.] kcal /mod with respect io the corresponding reactamts, in
which the hydrogen mokecule is weakly imoacting with the cas-
aky=t. In thin case, hiwover. the barmior height docreased signifi-
wanily whm salven! offects were inehudel thevasgh 3 contamim
imiadel, adopting a value of 19,2 keal /iiol, The iransition staio
T the heteralytic clesvage of Hx oer O s5d O] are shomn (s
Fig. 6, snd the vangion i the Mullilen charges on seloced
atoms in relation io separmicd resctants b piven in Table 2. |n
the case of My splitting over € {ixla). the Pd cenier decreased
its pasitive charge considerably, wh the O atom dsd not
significamly change its negative charpe, because the oaypen
atoim can debocalice the charpe over the afjacent 7 sysiom. I
condrasd. in the case of H: daavage over Ol ileh thore was
a comiderahle miroass in ihe nopative change on the chlonme
avcm, indscating that the polarity of the solvent (ethasal) played
3 sigealican! fole im s cake, doctcasing b sctnatsim harrior
by shout ' Leal / mal,

In the case of the analogous Au™ coalyse [30], s well 25
in caher samples repomed by other authors useng different cas-

Takig 2

Wangrioan i they Misllikay caboulaid s Chaages oo sebeond g in ol
Tiom 1 i reacms i ihe g phes | g wsl =l dhe v R b
i of] T PO sl PO

laig) wla (PCMs  mleigh mle (FCMS
= - e ! cxxilnnl
] 02 I noe 00T
0 i i e T
[+] s LT Ta) L] (T4 i k]

Fig. 7. Optimmisen] gty of the tramiteos stes for e solvert-asioed hei:
eralytic cleavige of Wy dab oves i 08 gl Bl b el il f o the 1 (il 22}
EHstancrn i &

alysts |39 it was shown that the participation of species with
proton dosor-acoepior capabilibes could significamtly modify
the reaction encrgy profiles. Therefore, we focused our efforts
oa scarching for a reaction sop in which o solves) maloculs
icthanol} bk dircetly mplicaied (s the betemdyiie activation
of Hy, The optimized smecnses of the solvem-assisied nas-
silicn stargs obiained over both the oaygen and the chionise
figand mioms are depicied in Fig. 7.

The peoenctry of these ransition stales can be associabed
with a rigonal biparamisd stneciore in which the kaving ligand
aml the Fming hydeide both lay al the oquatonial planc., The
barrics heights of these steps arc 328 for O snd 15,6 keal fmol
for C1, pracuically equivales in those calculaied for ike noa-
sl venl-resised process. These resulis indicate that, as in the
Au™ complex. the heterolytic activation of H; was far mone
fmurable over the chilorine stom than over the ouypon atom.
Neverthekess, in contrast o the Au' complexes. the direct as:
saslance of a solvent molotele dul nol sagnificanty dodroass the
activetion barmer for the Ha heterolyde splining. Fig. 3 com-
pares the influcece of the solvem on the sctivity of Au™ and
Pd" complexes as determined experimentally. For Pd", the ac-
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Fig & Prodect of the bhesensl ke splising of the dindiogos suslocels o the
1 lgsal (5) pevaadn for thr mos-ariositnd pattveay (1o =1ICTL (B prosday of
e wtinaend ey Clel=En{H). Drusnces in &

tivity was slighdly impsoved when ethano| was wsed instead of
acetong; this may be relaied o the slightly higher polariny of

o, SN
o
C;,;";\

CH=CH,

.r’ |_ﬂ

Il

Fig. ® Tripmal Bapyiammi] sewciaies afer oy ke ooaling hon

Tigand [43), with & H-H distance of 1895 A_ This product is bko-
caled 12,5 kxal /mol above the nespective reactangs: Hy. cthanol,
and the catalyst bnicractisg, It dhould be noted that in the saalo-
s process in pold catalysis this step was exoghermic by mone
than 10 keal fmol [30). This difference is likely doe i the fact
that the Au™ catalyst was positively changed. and the peoducis
in that case were EICHy and ©17 frming an jomic pair,

Based on the forepoing results, we can conclude that when
P complexes are used as catabysis, the dilydrogen heteralyic
cleavage is more Tavorable over chionne than over the oo
prosp, Dur caleulatsons also indicate, in agrocmeont wilh exper-
unﬂull evidence, that alihcagh solvent effects are imgon in
e the ativation harrier, the dinoot assistance of & solvent

ethsnal (dichectric constamt o = 24.88) with respect 10

i = 20.T0) (42]. Foe Au™, howeves, the effect of the solvent
was much more pronousced, because e activity in ethancl
was considorahly highor than that m soctine, This elfed canms
be explained oaly b termis of solvenl polanity, but rather is re-
laded 80 the active male of the ethansl molecule in the belerolyiic
sctivation of M. According 1o the mechanism caloulsiad for
A" compleses, 3 solvemi with proton-donaiing shility, such
a5 ethanol, Is requized For the reaction W peoceeil.

Fig. # shirws the oplimized gesmetry of ibe products of the
nonassisiod and the solveni-assisied pathaays for the 2% ca-
alyred roaction, It can bo socn that in the product of the ha-
erolyiic cleavage withoul solvent assistance, a dibydropen bosd
exists hetween the bydride of the Pd-H bond and the protos of
the recentdy formed B molecule chemoanized by o distnce
af 1459 A (lel=HCI), This produ is lecaied 31 18.8 keal fmol
with respect o ibe calalyst and the hydrogen malecule. The
sohvenl-aaamlod hdomlyie clesage of the dibydiogen moke-
cule produced an inlermodiale i whsch the proton of the HCT
midecule was hydrogen-honded with the oxygen mom of the
ethana| modecule {Tel=ErMIL This hydropen bond is strong.
with a distance of 1474 A. In this prodect, the proton of ihe
ethano| molecale foms a dihydrogen bond with the bydnide

mulm:ulennul newdid fior (b reaction o ooour, in conirest with
the resilts obtained for the Au'l! catalyats,

AL Cowrafimativo cml inceevtinm off the ofefim ot ooty

The meal step in the caalvtic cyele isvobves the slkene
muolgcule, Explosisg the potentis] energy surface fof o peria-
coovdimated stnactare including the allene in the coondinstion
sphere of the catalys) identified o somers, Ic2 and ledbis
These isomers exhibaiod poometry close 1o that off & trigomal
hipyramid structure, The melative encrgies of 162 and ledbis
ntermodiaics with respoct 1o cihylene and Bel wone 146 and
14.9 keal/mal, respectively. These two soucties are schemal.
ically represented im Fig. 9, and their optimized geometries ane
depicied in Fig. 10U

In primiple. the reactson could cvolve Trom any of e s-
mers, Therelone, wie examissd a reaction pathway sianing from
each of these intermediaics. The two pathways (oond for olefin
insemion imo the Pd-H hond sre schematically depicted in
Fig. 11. From the Tel inlermedime, the reaction may ovolve
through ligand ooondination breaking 1o regenorale a square
planar sifucture, with ihe allene occupying the pomition prove-
ously eceupied by the Niaming) ligand. The opimized peome-
ry of the transition sisie for this step (B2 is degricted im Fig. | L
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Fig 11 Dymissised prossewy of tee wasnition sumes for G el bess coonding
tion s Minssiede b leaving (XL 04 ey bese irertion e the P bosd
mfber N § beasrgy 06 o (] S mirec) beas gy amed o bens |vanrfiom
v gy P-H] B ogrmrming comgomsianily dindivhd [ Seiars i A
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The energy cowt for N{amineh removal and ethylene coordina-
tiom staning from Ic2 was only 0.4 keal/'mol, snd formatioa of
the beda intermediale was exothermic by 6.3 keal/mal, A e
lated study by VWriene s co-workers [44] on ihe insertion
meaction of C0 inlo Pd-C bonds of comploses conlaining ter-
devaase mitrogen Bpands proposed that one of the erminal K ol
the chelate Bpand is sabamuted by the incomeng T withis the
reaction mechasiam [44], Anolber sudy s g differem system
aralogously proposed the breakage of one lahile pallsdium-
pvridine bond im alkyme hydrogenation o cooedinase an addi-
ticoal molecale present in the reaction media, such as hydrogen
oran alkyme moleoule [45).

e e sqquare planar intermadiate leda is Formod. a small
comformational change (associated 1o 1he change of the N-C-
C-M dibsodral smpleh gves rise o inbermediate 163, which b
lowes i gerpy (bt ksl fmod), B both intermadiates bela
amd ledh, cosmdinmion of the olelin s perpendicular @ the
plane comimining the metal center snid the other ligands. The
next step oomesponds 1o insemion of the alkene into the Pd-H
honil throagh ransition saste B, This process has been gys.
tematically studied competationally for ihe second-none metal
complencs, incheding a palladium monohydnde spooes [46).
The issortion process imolves rotatson ol e olefin concomi-
tanily w0 the snsemion peovess {sell (see Fig. 12b) producieg
the imermedisie beda, i which there i am apoatic imeracijon
herween the meial and the recemly formed C-H bond, a5 ex-
pected afier the insertion process [47a]. This step is themmo-
dynamically favorable by £2 keal ‘mol, with mo energy hamier
ol 8.0 keal fmol, Along with beda, there b anither conformsr,
Bedh, wisich is 0UR kcal fmol boaer i energy.

Am ghemative pathway for fommaing the intermediae Tedh
siaris from the leXhis siruciure, Do ihis case, e process oeours
in a single siep: the tansition state ixXhis reveals & simulane-
aus hydride mdgragion o the ethy lone molecwle and beeaking of
the cosardination ol the Niaminc lpand. The energy barmicr for
this process is 906 keal /'mol, This pethway is enerpetically ks
favorable than the two-siep patbrway startang fonm the Be in-
terEnediste, in which the Bphcsl harmicr s 50 keal fmel, Thewe
resizls are in apreement with the conclusion reached by Thom
and Hoffmann [48] that ethene insertion inie a 5-H boed
is more diffcult in @ trigonal kipyramidal senecvare than in &
square plamar sinsctsne [45].

The exisience of dimecd hydnde migration conoomilanily
wilh the N{amanc) keaving when starting from the JeIhis siruc-
ure kel us by oonsider an snalopous process slarting from the
e siruciure (see the dashed arrow in Fag, 11), Aldsugh we
extennively seanchod this darect progess (o (he polential -
face, we cowld ot focate the sssncisbed iramsition sise. |m sy
case, this process s expectedl o be energetically simd lar o thag
siarting from lelbds, which is higher than the stepwise process
previcasly shimm,

A AL, Second inafergen frweiler cloaing e cannlviic omele
The fra L stiep i the proposad reactson Mochansam is the soc-
ol hyidrogen transler progess yhehdng the producy, eibane, The
posskhiliny af alky] prosonmios by the acid formed in the firsg
step, as suggested in the liserature [30.4 |, has been analyzed

¥ A=,
ot
-/. ,““.,|
Fig 1V ERiTeren waps of ooosfisston of Hy ow e edb inbeomsilos s
et ol el

for the Au'!! system s Tound W be cnergetically prokibitive
120 therefore, we &id not consider this pathway here. Instead,
we imestignied My molecule coordimation o the caialyst st in-
termeifiate bodb. The mwio altemstives considered for this H;
coordimation are shown i Fig. 1) In the fimg of these, the
Tty intermediaie evolves by breakimg the weak agosiic imerac-
tion hetween the metal and the C=H bond and coonlmating the
dihydrogen malecule inio the vacant site fomming the 38 inter.
medime, am exothermic process by 4.0 kaal fmol. In the second
pathway, the N{amanch of the Schill base complex coonlimales
again o the vacant site and H coondinales o the comples.
foemwing & penta-roordinalod structure. IeEL Extonsive explo-
malicn of e potential enerpy surface around the coonfination
mude supposcd For the IeX2 intermediale was performed with-
ol suckesas s, caloulations sugpest thal whem it cuists, this
penta-coondinalod intormadiase will be very high in onorgy.
Consequently, the reaction mochamsm was considerod 1iv go
through entermedise Bl Alfler the dilsdiopen moleculs coos-
dinglion, the noa slep comeagonds. 10 hydrogonolysis o give
the hydride intcrmediate boba (see Fig. 130 and cihanc, which
remains coordinaed w0 the comples by means of @ aposisc
anteragiion herwgen the metal and e of the U-H bonds, Hy ae-
tivation pocs theough 5 (ow-conscrod mtithesds- ke ransition
siate (bvd in Fag, 140 with a8 activation coengy of 12,1 keal fmol.

Am analogrosss hydrogenalysis siep ol has bees (e w be fa-
vomahle for the imarson process in clhylene polymser-
wralson by meass of the dei palisdiuem [47h] snd di
mickel [47¢]. and also in & hydride-eschange g [

The fimal siep in the caialytic cycle bmuolves the confoe-
mational change of a side chain of ihe M{amise) Hgand, fa-
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Fig. 14, dyptawed promeny of e
1y (). Dt i A

Fg 1% 1 d of the siicn fow o oonbormastonal
changy of dw amivk chain isd) sl b} Nimink soondinstion o B wih
i Tekedea DCMIT I CYeoamd sy diuk s TR i b

cililmting its coordinaton © palladiem, concomitantly with
puoduct {ethane) relesse. The conformatiomal chanpe of the
aminic chain { produing micrmodiale Jobl has a bamier hoight
al 1% kialfmod, and the progess is ondothermiac by only
2.3 kealfmol. The optimized geomeiry of the wransizion sise
fiowr this process, ix®, is shown in Fig. 1.5, The simultsnecan co-

uaty fon the hysdngesiyis of
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L Bl B il i el Do i ecoind B M) Comal o oF e e
e

ordination of the Manisnch ligand and the chmimabon of the
ethane mokvule theough ransition siaie ish (see Fig., 15) has
a harrier of only 0.2 keal fmol. Moreover, this step is cuoiher-
mic hy 333 keal /ol aad repencrales the palladism-hydads
mlermedizie Bell, thercy providing am chegant aml casy way 1
elose the casalyviic eyele, Aciually, the laal peoduct is 3 Jifer-
eni eoaformer of the hydride specics. Bath conformens (soe the
wniikal and final catalysis of e enongy prodile in Fig. 1T ane
wwicncrgetics s, they Bave sl bosn detinguished, and both
arg felerred 1o as led im the present wolk

o Celital e rhont mey fidan

The complete catalyise eycle, wiboul isiial Hy activaion
and smplifving some sieps thar involve conformational re-
armangements, i shown in Fig. 16, amd the coresponding en-
ergy profile is depicsed in Fig. 17, The highest encrgy hamier of
the proposed meckanksm is 19,2 beal'mol, which corresponils
w the inicisl of Hy theough s h Iyic clesv-
age over the chiloring ligand. Nevertheless, ihds process is noi
within the canalytic cycle; onoe the hydrogen molecule has heen
imitially scvivased foaming the padlsdium-hydride i I
Ic k. this is the active species involved in the catalyitic cycle. This
should resub im an induction period i the kimetic carve, which
indeeid has been ohsered experimentadly. In Fig. 2a, it can be
seen that the indiscrion persod is more significant &t low lemper-
mivre s is slightly diminished when the panial presusne of H;
i increased from 2 g0 4 bar (Fig. Zhi.
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Fg. 17 Calculaied csergy profile for the proposed mechaniim. Encrgies in keal/mol

The second activation of e H; moleosle, which ocoars
wilhin the catalyiie cele, oours in o dillerent (and caser)
manncs, In this gase, e Hy molocule indtially comndinales 1o a
vaganl site im e Pd calalyst before wdergoiag the hvdropenal -
yals prcscess, whach Bas a lower enerpy barmer (12,1 keal /maly,
The highes energy barmier step in the caialytic cycle come-

dis i B mmime) ligamd by the incoming eth-
}-lme misdecule. This process implies indtial ethylene coordi-
mation 1o the catalyst; a new ligand is added wo the palladium
calalyst, formang a penda-coordinaled siruciure—a process nod
favorable for a metal conter with fF clectronic configuration.
The newt siep implics Miamine) descoorlimation (e ponerale
agaim a siquare planar structure. with an activation barrior of
150 keal /il for the overall process, Concomang the sl
vent ¢ffcets, calculstioes isdicae tha s incliusson in e Pd"-
catalyred reactios is smporant because the encrgy hasvier of
thIH'“l“ﬂ'P“- |-'.n | Al I‘.MﬂHLI amd

St F

ing & Pd-hydride | (i} conndi amd
al the odefin inta the calal yst, and (i) cocnlmation of Hz male-
cule, proton Wranafer b substrale, and ropeneration of the Pd-
Byvdride specics. Our resubts demonstrate that the hydrogenation
mechanism wsing P complenes is similar o that of the Au"
cousterpants, with some signalican differcnces.

For the Pd" complexes, the dibydropen heternbytic cleavape
5 o davorable cver chioeine tham over the oxn group, 35 lor
the A" complencs. Caloslations also indicate, in agreement
with experimemtzal evidence, tha solvent effects are imporiant
w speeding-up the reaction rme. Mevertheless, in contrast o
the Au'"" complex, for the Pd" pl thee diirect assistance
of a solvent molecule does not significantly decreases the en.
ergy hamier for the imitial heterolytic activation of the hydrogen
milecule. This fact is experimentally confirmed by the similar
induction perinds found for both acetone and ethamol salvenis

comwersely 1o the anslogous .l.u.'{'.l.u]}ﬂ, im this case both ihe-
aretical and experimenial resalts suggest that solvent plays no
active role in the reaction mechanism.

4, Comclusion

In the present work. the calalytic porformance and the re-
actbon mechanism of a homogencous and two heterogenised
Sehill base complexes of o' and Au™ in the hydeogenation
feactions of dicthyl et ldensiseinales have hoe anslysod amd
compared by means of kinetic and coanputatsonsl sudics. The
reaction mechanism for the Pd'" cainiyst occurs in theee main
sieps: (i) heterolyise activation of hydrogen molecule, penerm-

Regarding the mle-detormining step. it is the samse for both
comiplones onde the catalyially active specics (the hydnide in-
wermsoaabe ) is fomnod. Thas slop cormospaonds bo the coondination
of the elefin wo the catalyst. Nevertheless, whereas for the P!
sumples, the addition of olelin buill a pentacoardinaled spocics.
for the Au" comples, no five-coondinated comples wis Found
a0 the Peaction meckanssm.

The canalyise experiments on the hydeogenation of cihyla-

i fewr the h catalysts shoraed simslar
mlul!.' for Pd® snd Au'", The TOFs for the supposted cata-
Iysts ingreased conspared with those I'n-rlh¢ hur-gmuu ﬁ:-s-
tems for both metals, The hydrog
cally activaied hy the metal il

Iyi-
with no oxidative addini
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process. This roune implies & charge separstion that shoald he
facilitated by polar suppons, as in (30t wis noted in the heiemo.
pended caalysts.
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B.1 Article VII

A computational study of the olefin epoxidation mechanism caralyvzed
by eyclopentadienyloxidomoly bdenum (V1) complexes,

Aleix Comas-Vives.” Agusti Lbedds,** and Rinaldo Poli*®

*Unitm de Cuimica Fisica, Departament o (wimica, Edifici Cr, DUniversitar Awtonoma o
Barcelong, U393 Beilalerra, Catalonia, Spain

*Laboraioire de Chimie de Coordimarion, UPR CNRS 8241 lide por cormvention & 1'Université
Pawl Sphaifer o a it Nwtforal Polviechrigue o Toudouse, M5 Barde de Narboame,
FI077 Toutonse Ceder, France

Abstract

A DFT onalysis of the epoxidation of CiHly by Hid: (as o model of ferr-
butylhydroperaxide, TBHP) catalyaed by [Cp*MotuCT] (1) in CHCL and by [Cp*MothiHo0)]
{13} in waler is presenfed.  The calculations were performed both in the gas phase amd in
solution with the use of the conductor-like pelarizable continuum model (CPRCM )L A low-enengy
pathaway has been identified, which starts with the activation of Hz0k: toe Torm a hydroperoxici
derivative, [Cp* Mo OHMOOH O] (35 or [Cp® MoO{0H KOOH)] (16a) with barriers of 24.2
and 22,1 keal mol ', respectively, in solution. The kaiter harrier, however, is reduced 1o only 1.0
keal mol” when one additional waier molecule is explicitly included in the caleulations, The
hydroperoxido lignnd in these intemedinles is r|:-l.5|u'|n,lin.ah.-u:| with & sgnificam imeraction
between the Mo center and the [0 atom. The subsequeni siep is a0 nuckeophilic aiinck of the
cihylene molecule on the activated o0 atom, requiring 12,7 and 14.0 keal mel” in solution
respectively.  The comespomding  transformation  catalyeed by the  perosido  comples
[Cp* MoK O] (&) in CHC) requires. higher barriers for both steps (H:0: activation: 33.7
kial mal s O alom trmnsfer: 269 keal mol "), which is anributed 10 both prealer steric crowding
and io ihe greater electron density on the metal atom. The isomerization of the hydroperoxido
complex 16a 1o peroxide derivatives [Cp® Mo{OyOH )] (225 and [Cp®* MoOx 000 HA0] (23
is shown o be fovourable in the presence of water, These peroxido derivatives are shown b
yicld higher barriers for oxygen ransfer io the elefin, providing a rationalizaiion for the lower
activily of these molybdenum catalysis wward the epoxidation by HzOy, relative 1o THHE.

Prowofs 1o :

Agusti Liedis

Tel +34-93581 1716

Fax +34-93581 2920
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Iniraduciion

The olefin epoxidaiion reaciion s
extremcly imporant a3 o relatively easy
aceess way 0 functionalized  organic
materials from orude oil fractions.  The
reaciion oceurs with organic peroxides such
as peracids and dioxirames withoul the need
of o catalyst.!  The metal-catalyzed version
has anracted much anemiion due 1o the
rossibility w0 perfem maore  selective,
nolably  enamboselective.  iransformations.
Among  the possible oxvgen  delivering
apents, Hab: is the S-I.ﬂ:lfl'.l of the preatest
amoum of investigalions™ given its low oo
and easy  availability. Hiowever,  deri-
burythydraperoxide (THHP) i sull beavily
used in  the rescarch  loborstory  and
industrially because il generally ouperfonms
hydrogen peroxide. Moany transiiion meial
calalysis have been used w carry oul this
imnsformation, including high oxidalion
shaie oxjdo complexes
{methy krioxidorhenium, dioxido derivatives
of Mo and W' bisiperonido) compleses
(LML) (M = Mo, WL
polvexomsetallares.®" o variety of oxido
complexes generaded in situ from Fe and Mn
porphyrin, ;1|.'1f-|:rl. and other coordinalion
compounds,”

=
l-r‘ﬂi:c' o o
. e Mg n
O
TN
e Moo og
Selweme |

The mechanism of this reaction has
been and continees 10 be the subject of
controversy,  In many cases, o mechanism
related 10 that scoepted Tor arganic peracids
is proposed,’” see Scheme 1ok However,
this mechanism is casily understood only
when Hxk: is the oxidani, since the active
MO species, Scheme 1(b), can be
regenerabed from the hydroxido |11.'ul1.r|.1'., M-
OH. by simple ligand exchange. It cannod

be the operative mechandsm for the reactions
using THHF, unless o second oxygen abim
transfer takes place o regeneraie the aciive
Bl=-CHNN speecies from THHEP and M-0H.

The fact thal o large pumber of
perosido complexes of molybdenum  and
wmgsten  have been  (solaed and  fully
charcterized'” has Jed 1o the consideration
that a peroxide  ligand i capable of
transferming an oxyvgen stom 0 the olefin
Two reference mechanisms are based on this
idems, wsually referred to as the “Mimour™"
and ihe “Shaspless™ mechanisms, see
Scheme 2. Omee again, for the reasons
outlined showve, these two mechanisms are
casily understood only when Hpl; is used,
less 50 when THHP & involved.

<
-A%{':n——"%

=_ <

g 7

Scheme 2

A number of theoretical investigalions
hove wddressed  the  two  competing
mechanisms shown in Scheme 2.11.0&1‘; for
MH,H-:J bt wmlso for other metals,™ »
leading w a clear preference for e
Sharpless scheme. The nead 1o modify these
mechanisms in onder o scoount for the
n.:li.'\.'ija PF THHPF has been presented by
Thiel. ™™ but to the best of our knowledpe
i thorough theoreticel  Investigation  has
followed, Thiel’s proposal is owilined in
Scheme 3. Essentially. the peroxido ligand
servgs 05 0 depository of the reactant’s
proton. The oxidizing agent s activated by
coordination and bhecomes susceplible w
nucleophilic awack by the olefin m the
electrophilic oxyvgen stom, MNobe that this
mechanism, proposed by Thiel for the
specific oxidation with THHP (B = fu),
may also operate for H:00 (R = H). Note
alsa that the hasic principle is identical o
that proposed by Sharpless  (exogenous
siwck of the olefin ar an  eleciraphilic

[
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oxygen  mbom,  withow  coordinstion).
However. the oxygen ks not transferred from
a coordinated peroxide ligand, mher from
the rbutylperoxide (or  hydroperoxido)
ligand.  Fimally, note that other metal-
bonded  functionalities may  exerl.  in
principle.  the same proton  deposibony
fumction ( for instance, oxido ligands),

AN
B e

Thial s oy

)

' <
e A

Sqleme 3

Extensive  experimemal  studies
carried oul with [Mey 310 )-tvpe caalysis
and THHF ps oxidant have shown that the
sounce of Ihe oxygen alom  for  the
epoxidstion is THBHP and nit the catalyst's
oxido  ligands, mling ouwt the possible
imvolvement of direct oxygen stom transfer
froam Mol O:) mobetics and invalidating both
Mimown amd 5 less  mechanmizms  os
originally proposed.”  Thus, the existence
andd stability of peroxichs complexes must be
relsted 8o side processes such as the
deprotonation of  hydroperoxide  ligands,
MO0, Indeed, a study by Bergman (the
first catnlytic study using an organomeinllic
axbdo derivative of molybdenum) has shown
that the [Cp*MolLCIPTBHP svstem s
cifective for olefin epoxidation. wheneas the
peraxide analogue, [Cp*MoliOLICH), s
catalytically inactive,” Thus, the peroxido
compourkd  canni be  implicated as o
calalviie imermediare in the [Cp*MoO0Cl)-
calalyeed epoxidation winh TBHE.,  These
findings have later been confirmed by
Roesky, who  also reported the  s-ray
sirsctiare of  the  [Cp* Mo 0k)C1)
compouril.”  Subsequent susdies by Kiiln
and  Homde  hove shown thet  related
complexes with different eyelopemadienyl
liganids, as well & alkyl derivatives of tvpe
[(RingihfoO:R]  (Ring =  subsiiuied
cyclopemadieny] ligand, B = alky1) are also
caalytically  active.™™  In a  recem
oollsborative study, some of us have shiown
that e dinuclear oxido-bridped
[ Ringh: Moz ] svslems are wllan
caialytically active when using TBHP in an

orgamic solvent and are also active with the
same  reageni  under  aqueous  hiphasic
conditions.  They  are insctive,  however,
when TRHP is replaced by Ho0.™

Omnly recently, the use of MeOE o a
mandel of the BuldOH reagent has been
considered in a theoretical stody,'™ ¥ The
wctivation siep of the oxidant reposied by
this study Fesembles thal proposed by Thiel.
excepl that on oxide ligend is wsed as the
proion  depository,  see Scheme 4,
Hydrogen bonding between the hydroxide
prodon and  the [l pom of  the
orpanoperosido  lgand  was  found o
siabilize this imermediote.  However, the
suhsequent sicp of the mechanism s quite
different than that proposed by Thiel and
invelves an insertion into the meial-perosido
bond, similar o the pathway proposed by
Mimoun  (though  preliminary  olefin
coprdimation docs nol occur).  The mwost
puzzling feature of this mechanism is ihai
the olefin inwerion  ransition  sake s
caleulnted os 52 keal'mol higher in energy
(63 kealfmal higher in free encrgy ) than the
infermedinte, which is itsell 16 keal'mal
higher in energy (29 kealimol higher in finee
energy ) than the staring malenals (catalyst
+ MeOOH + olefin). This i a prohibiiive
activation barrier for an efficient caalytic
prooess, For this reason, we think that a new
theoretical investigation of the epoxidation
mechanism s warranted,

Colfw'clin o ial
H’q"ﬂ'-. "_fﬁ‘-g-'“ —— _y_k?
g —= A - h—..r’“'n
"".-tﬂ'r« 1
Scheme 4

We hove heen interested in the
aqueois chemisiry of tse Cp* Mo system”™
and  have  shown  that  compound
[Cp* Moy 0] seli-ionkees in water 1o vield a
1 misture of  [Cp*MolbilA)]  and
[Cp*Moh]. then evolving w a different
rafio. by spontancous  hydrolysis or by
adjusting the pH with a buffer.”  While the
dinsclear compound may exert the same
mechanistic function a5 [Cp*MMoOuCl) (e
Ol ligand being replaced by the oxidi-
bridged Cp* Mo, group). only the cationic
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complex. is  likely w0 exert @ catalviic
function among the charped species. since
the water ligand can  dissociole  mather
easilv® and the resulting coordination site
miay be wsed for activation of the oxidant.
Lisefial hackground information comes firom
aur recenl computational study of hydratien
and  prodon  iransfer  processes for  the
Cp*Moll’ , svstem.”  Therefore, we have
decided 1o examine the mechanism of the
olefin - epoxidatbon  process by bath
Bergman™s  [Cp*MolhCl] system (which
may akso serve as a model for [Cp* MoOR).
R o= alkyl, and [Cp*:MosDu]h and the
[Cp*hodl ]| caiton. Poirs of intenest are:
indemtify a how-cnergy  pathway  Tor
axygen irmnster from TBHP {(or H0:) 0
the alefing
= umdersiand the difference in cotalyiic
activity between the oxido and peroxido
derivadives  for  Berpman's  system,
[Cp® e Cl) and [Cp* Moty O 00):
undersiand (he remson for the beiter
performance of TBHP vs. H.0; as an
aoxidant  and  possibly  predicd  the
cxperimental  conditbons  that  would
[avour epoxidation for HL:,

Inis b b motied that the [Cp* Mol X]
svaem (X = 1 CH, Cp*Moly) s
isoelectronic with the [Molk:X:l:] system,
s Scheme 5 Thus, the considerations
resulting from our  caleulmtions on ihis
svatem may be extrapolsed o ihe more
iraditional closs of [MoCk: X1 ] catalysis,

x
e T{:
* x

Seleme 5
Computational details

Calculatbons  were curmied out wsing ihe
Cranssian 03 packape™ @ the DFT level by
migans of the BILYP functional.™™" For the
Mo atom, the LANLZDZ pscudopotential™
wits used with the addition of I polarisation
fumetions, ™ The 63 1G(d) basis sef was wsed
for O atoms whereas additiona  diffuse
fumctions [6-31+0db] were added for O and
Cl atoms due 1o their anknic charcter, For
ihe hydrogen atoms, the 63 1G(d,p) hasis set

wis emplved. IRC caleulations wene made
in order w pet the two minkma linked by
every transitionestate. ™" Solvent effects
were included by means of CPCM single
point caleulations.™ ** Additional spheres
were included for all the hydrogens except
for the Cp* hydrogens by means of the
SFHEREOMH oplion, Frequeney
caleulations were made in onder o check the
presemee of one imoginary  frequency in
transiton-stale peomelries.

Resulis and Discussion

As a maxdel  olefing fwr owr
computational study. cihylems was wsed as
the  subsirate  (larger  olefine.  mosily
cvehoociens, have been used  for  the
experimental  swidies) and Hy(: a5 the
oxidant, On the other hand. ihe full Cp*
ligamd was mainiined inall caleulations.

(@) Study af the [Cp* Mol Ol system, 1.

As  stabxd  im the  Iniroduction,
compound  [Cp*MothCl] was  the st
reporied organomsdy bdenum olelin
epoxidation  catalyst  bui & theoreiical
investigation of the calalylic cyvele using thas
compound has nod vei been repored. o the
best of our Knowledge.  In addion, the
corresponding perosido comphex.
[Cp* Mo, 7. was  described s
catalytically  insctive,™ " bt o clear
mechanisiic inlerpretalion af this
plenomenon does not appear o be available.
Caleulntions on this sysiem may also be
considered 1o model the action of other
[Cp*MotnX] catalyas (X = CH o
Cp*Mo0). ™™ These molecules  oe
excellent  epoxmlation catalysis  provided
TBHP is wsed as ibe oxidant and the solvent
is apolar. Chlorolorm is (requently used,
therefore the caleulniions have been comied
oul bath on iselated molecules (gas phasc)
and nbso by introducing ihe solvent effect by
the CPOM i CHOL, (e = 4.9),

O ihe basis of all previeusly reported
experimerial anid com putaiional
investigations  on Mo-calalyssd  olelin
eponidation.® ™ ** * i s rather clear thai
the first step of the catalytic cvele consists of
the aciivation of the oxidani molecule,
Therelore, the first step of our investigation
wis on analysis of the coordination and
activation of the HDy mabecule by 1. The

energy predile is shown in Figure | while
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Flgure 13 Encrgy peodiles (in keal mol) for the Ha; activation and C;H, eposidation by [Cp® Motk O]
in the gas phasc (dashod hines) and an CHCT, solstion {plan hines). The referonde energy commosponds 1o

ihe separie reagenis {|Cp® MolbCl] + HOy + CHgh

ihe optimized geomeiries of the key species
are given in Figure 2. The siasting species
2 features an H bond between the oxidant o
proton danor and an oxido ligand as proton
aoceptor, slightly  sabilizving the system
relative 1o the iwe separaie molecules. The
123 pransitionsstae s charscterized by
neagly equivalent Mo--H distences and
(K1 distances. This structure is quite
straimed sccording to the O=Mo-OfHECH)
angle, 658" explaining the relatively high
aciivation barrier for ihis projon tansfer
process (34,2 keal mol™ in CHCL, solwtion),
We have found a similar siation in o meeent
study of the inramalecular proton transfer
leading  from [Cp*MoOHE] o
[Cp*MeOs A" It case, we Found
thai the barrier could be  dramatically
reduced by the probon relay action of & water
maflecule, which is the reaciion solvent,
since  this  allows @ reduced  angular
distortion, In CHCl the solveni molecules
cannol msure a prsdon relay  mechamizm.
However, the same role may be exerted by
additbonal HaOh (or (Bu¥H) molecubes and
alse by the cormesponding Fl:0 {or (B8 )
co-product. onee this ks sared o form, as
shown i Scheme 6. Nevertheless, we have
located the related proton relay mechanism
through the WAk and 100 activations and
surprisingly its assisiznce does mod change
signilicamly  the emergy  barrier.  wilh
respective values of 25,0 and 21,9 keal mol”!
in CHCL. This is probably related vo the fact
that the more crowded complex does o
allow a significantly  wider O-Mo-O40H
angle even with the woter and  H0;
assistance. Here he related  O-Mo-O0OH

angles are B0X" and T49, respeciively
(whereas for the w10°10° siruciure the O-
Bo=CI0H angle is more relaced af %457, and
the barrier ks much smaller ar 1.0 keal mol ™,
vidke fnfral.

This step leads w the Formation of the
activaled oomplex 1Cp* Mol Oy
(OOHIL X An identical pahway with a
similar encrgy profile may be envisaged for
the activation of THHP, MNote that 3 displays
a  significant  ineraction  between  the
hydroperoxida [0 alom and the metal
center (Mo-(hy = 2446 A, ve Mo, =
1995 As and Mo-0,-0p = B8.7%), foming
what could be Foemally described as o
profenated metal  peroxido  [Modn 06
ligamd. I alse feares an H-bond between
thes CH ligand os o proton donor and the a-03
mom of the OOH ligand a5 a proion
aocoplor.  The mature of this product differs
substamtially  from  that ohtained in the
caleulations by Calhorda er &l " where the
twio terminally bonded hydroxido and reers
bty Iperoxide ligamds in H-O-Mo-0-0-1Bu
establish o Hebond between (I as a proton
donor and the OOMy Oy otom a5 o proion
sccepior, 11 seems tha the -0 stom prefers
wr donale its clectrons 1o the electraphilic
Mo cenier than o engoge an H-bond with
the O ligamd  Ancmpls o oplimize a
structure related io that reported by Colhorda
e al. did md lead 1o a <able minimum for
this system. Only two additional minima at
slightly higher encrgy in which ihe foxygen
is al ca, 28 A from the Mo stom could be
located (3 and 3" in Figure 3. In the first
ome there 5 a hydrogen-bond but between
thee OO ligand as proton doror and the OH
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Figure 2 Opgimired geomsetnies and main serscourl dats (oe (he svsiems shown s Fagure |

wth

ligand as projon accep I
in the second one ihere are no significant H-

b
FHE H’KH

RaH, O B o O

LT

Fagpm
Figure J: Oplimized geometnes of systioms 3°
smd 37 The energy valucs ore in keal mol' in
the gas phase and in CHCEL (in parcnifesis),
nelabive b0 3

The nexi siep s the oxygen abom
transfer from 3t athybene.  The energy
profile is abo included in Figure | and the
fransition sise geomeiry is shown in Figure
2. The process stars with the establishment
af u weak H-bond between the obefin and the
Ok liganed {which is wonh only 0.4 keal
mol' of stabilization energy in CHCL)
forming the sdduct 4. The subsequent step
is transfer of the hydnoperoxido 1, alom e
the olefin (15451, The final  products,
cilwlene oxide and [Cp*MoCI ONOH): ), 6.
nre formed vin o H-bonded intermedinge 5.
The Wirmer beight (12,7 keal mol” i
CHCL), oppears ns a rensonably  smuoll
harrber for the rale-delermining step of an
elficient catalytic cyele and much lower than
those  estimated carller for oher meodel
systema  on the basis of o different
mechanizm,' ™ In onder 1o procesd 1o 4 new
ctabvlic cycle, prodoct & now necds
climinate water (or BulH in the TRHP
system). This process presents an energs
barrier of 16.7 keal mol” in the gos phase
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and 16,0 keal mol” in CHOL, Bath in the
gas phase and CHCl. the process s
exothermic by 93 keal mol™. Thus, it is
casier than the initial activaiion of the
calalyse.

T conclude, this pathway for ihe
onygen ransler slep is gquite reasonable once
the Hzd: has been octivated.  The roge-
limiting sep caleulsed for the isolated
svalem is the Nk activation according 1o
the encrgy profile. However. the tramsiiion-
stale energy of tsd3 s very similar s that of
1523 and entropic cifects should disfavour
tedS respect 1o ISE} becouse wao specics
hawe been added (H:0; and cthylene) 1o the
avstem in 1545 and only one (H05) in 523,
Mobe that this pathway is also opplicable 1o
the oxidation with TEHP, in which case the
meial complex afier TBHP activation is
[Cp MeCTONOHN M), From  the
experimental point of view, certain syslems
g [r-HSVW 00" with Ha" or
Mol L compounds with TBHP®) show
o first order dependence in oxidam, while
alwers {e.g. Mnd TRFFFIMCT with
indosabenzene)” shew w first order in
subsirate. suppesting tha the nalure of the
rale determining step is system dependent,
For the cvclopemadicny] substinted Mo
calalysy, mo deailed kimetics studies have
been reported so Far, 10 the best of our
knowledge.

Given the kv barriers obtained for
ihe mechanism oulined in Figure 1, we did
ol consider it wonhwhile 1w explore other
pathwoys, nofably  those  invelving  ihe
insertion of the ahylene malocube imo the
Mo-l) bond aceording to the peibwey
explored by Calborda et o™ For clarity. the
twir key steps are compared in Scheme 7
{the relative energies shown ae from ihe
pis-phase caleulations). We believe that the
5L} miom coordination with formation of the
straimed throe-mem bered MoCO(HY cyele s
imponant for the activation of the O, som.
Possibly, the incipient bond  formaiion
between the Mo and (00 aloms  also
coniribubes o lowering the activation barricr
for the oxygen afom frunsier to the olefin,
This is presumably achieved by lowering the
cnergy of the O-00 a* orbial, which is
susgeptible 1 the nucleophilic aitck by ihe
extermal olefin Indesd. sccording 10 a
previows slody on diperoxo complexes of

group 6 metals, the bower the o () level
ihe smaller the activation encrgy.™ A close
ok @ the clectronic structure of comiplex
Cp* Mot OHNOOHPCT (3 shows that the
highest comribution of O=0 o is in an
orbital located at -0.00 980 hartrees, much
lower than the cnergy of the  orbaals
containing the highest (0 o contribution
for comples. Cp*dol Oy DO {1 00TEN,
0,03 7450 and 0,043720 hanrees), which will
he discussed in more details below,  Thus,
this would ke o quelitative indication that Ffor
the former complex the o orbital is muoch
mare accessible 1o the olelin nucleophilic
aniack.

< e
D__-"n\‘l TH 4 sl i L
{ L] II“‘-u-"q'?-

B

kY AN

Caeeda &
e dy

¥ it

luiﬁ .r"l LERTETE ..."”0‘-
\\;P meH "y e
L P
20 2 3 e e *
Scheme T

The mechanism of Figure 1 can
therefore be described as a variani of the
Sharpless mechanism, where the oxygen
atoam is iransferred from a hydroperoxide (o
teri-butyiperoxido) ligand aller activation of
the oxidani by protonation of an oxide
ligamd. It B closely related 10 the
mechanism proposed by Thiel (Scheme
3 with the perowido fumction being
replaced by o simpler oxido [unction & the
proton accepling funciionality.

(b Studdy of the |Cp* Mo O pOCI] system,
B.

Mext, we procecded 10 analyze a
possible oaygen ransfer process From the
peronido complex [Cp® Mol MORCT] (8),
whidch was found catalyikcally inactive by the
Bergman study." If the peroxido ligand in
this complex s alrcady suificienly aciivated
b trans fer @n oxygen abom o the exogenous
olefin subsirate, am  clemeniary  process
leading 10 the epoxide product and 10 the
dioxide complex 1 can be envisaged. The
latter would then need 10 be transformed
hack 1o 8 by intersction with anciher oxidant
malecube (Hp); or TBHPFL  The lower
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cnergy pathway found for the oxygen alom
irnsfer  process  volves the anack of
cthylene al the exo ovgen alom (farher
away from ihe Cp* Figand), The imnsiiion
stale 1sB1 ks illusiraed in Figure 4. The
relative energy barrier beight for this process
is 233 keal mol™ in the gas phise and 22,3
kend mal™” in CHC|, nemely e 10 keal mnl’
" higher than for the hydroperose complex.
This result i in good agreement with the
experimental observation. A possible reason
for thee higher oxygen trmsker barmicr Tor the
peroido (0:7) ligand is the higher energ
of e O-00 &% arbital felative 1o that of the
HEMY  ligand in complex 3, as olready
commented above. Ina previous thooretical
work of Risch ef al, 0 was alse concluded
thai  “ihe hydroperone  mechanisms s
competitive, i ol superior o the peroxo
mechanisms™,”

Figere 4: Oplenisd geomctny and  main
structiural data for system 1581

The above resull 5 pod sulficient o
discarnd the action of complex 8 a5 a catalyse

hecowse it can still be envisaged that the
peronn ligand serves as the deposiory of a
prodon Tor the sctivation of snosther molecule
of H:y (or TBHP) in the same way as
shown above for the oxo ligand in 1, os in
the qnm“u‘-, sapgesied by Thiel {Scheme
3. The corresponding encrgy pathway
has wlso been caleulsied and is reporied in
Figure 5. while the relevanmt optimized
geometrics are shown in Figure 6. A quick
comparizan of Figune 5 and Figure | shows
that the Thiedl mechanism (invalving
compound & ns the sctive caalysi) is much
less favarable than the mechanism involving
compound I Boih the HaDy activation and
oxygen iransfer steps have much greater
sctivation barriers. (5910 and el 112) than
the corresponding steps lof complex 1 (852
ond 348k The high energy of s910 is
sofewha unexpectad, since the system s
geometrically quite similor w633 of
Fiyure 2 and Figure 6. The much higher
barrier for tsl 112 relalive o that of 645
may be atiribaied of leasi in pan io sieric
compression as revealed by a grealer slip of
the Cp* ring in ihe former transition siate.
Anather important (actor niay be that the Mo
cenier in the peronide system is eleciron
richer than in the oxido system (05 is a
belter clectron donor than OF'), raising the
emergy of the (-0 a* orbial amd thus
remidering less electrophilic the oxygen atom
susceplible o onmek by the olelin subsirae.
114

Figure &: Encrgy profiles (in keal mol') for the 8,0, sctivation by [Cp*Msi0:06C1] im the gas phase

(danksed limes) aned im CHCT, sslutson (plass |smes)

rengents ([Cp® Mot 0301 & Halby = CaH,)

Thee seference emerpy comrespoids 1o the separase
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Figure 6: Optimined geometnes and main serectural data for the systoms shown im Figure §

Incleed, the molecular orbalals with laghest
o* =0 contribution are kocated ai 0L005310,
(RA930 and 0054900 harirecs for system
10 {Figure 5). fe. much higher than for
svaem 3 (Figure 1) The Mo Mulliken
charges are  alse showing a  reduced
clectrophilicity of 10 relative 10 3 (0,486
anad 0,425, respactively b

The above resulls alse give o hind os
in why complexes of fype Cp MothX (Cp”
= syibstimited cyvelopontadiony| rng: X = CL
alkyl, ewc), as well as  isockecironic
Mod)o XL analogues, ane ciicient for the
epoxidation reaction when using THHP as
the oxidant aml much less so when using
Flgaz, The HAO; activation by these systems
would  give o Cp'MoOiOHKOOHIX
intermediate such as 3, which may eliminate
witer and afford electron-richer peroido
complexes Cp"Mo(O:NONX such as 8, the
lagter being |ess active coalysis according 1o
the above calculations, This  water
elimination  process has oo heen
investipaied computationally for the chloride
system, but has been comsidered for the
relsied catbonle svsem that B discussed In
1he nexit seciion,

(e Study of the [Cp*Matdy|” system
This investigation was prompied by
our  knowledge of ke  speciation  of

compound  |Cp®aMel] 0 a0 agueous
medium®™ ' and by our recem finding thai
the compound calalyees  cyclooctens
epexidation by TRHF (bet pot H0) in the
presence of water,”  [Cp® M0, maintains
a dimclear siuciure In orpanke solvenis,
incledimg polar ones such o MeC™N and
MeOH. b behaves as a weak checirolyie in
waler  producing  [Cp* Mol HN]"  und
[Cp* Mol In sddition. waler dissociation
from [Cp® Mol H0)] was found 1 be
mgid and reversible.” The electron richness
of the aniomic complex is likely 10 proclude
HAd: (or TRHF activation and olefin
epoxidation  catalvsis, but the cationic
complex, which s isoelectonic  with
compound 1, coubl lead 10 cpoxbdation
cadnlysis, Therefwe, we have repeaded the
siuidy described sbhove using this cationic
syslem as o catalysl In addibon (o Sludying
the iselaied molecules in the gas phase, the
calculations were also camricd ol with the
conducior-like pelarizable continuam madel
(UM to simwdate the effect of the waler
solvent {r = 78.39 o 25°C),"

Taking complex  [CpoMoelhibAn]
(14} a5 the starting point, the energy profile
in the gos phase (plain line) amd waier
(dashed ling) is reported in Figure 7. The
dissoctaibon of wider from
[Cp* Mot HAN] s wield  the
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coorfinatively  umssturated  |[Cp* Mol
species has alneady been reporied in our
previous study™ and is shown again here for
the purpase of comparison, 1 requires 39.7
keal mol” in the pas phase and only 101
kead mol” in water.," The inclusion of ihe
witer solvent eifect is remarkable in the
absoluie energy values ond is due 1o ihe
mch greater stabilization of the wnsaiuraied
calionic species than s water ndduct in o
stronly polar medium. There is. therefore, a
prest dilfenence belween  this  cationic
comphex. I waer ond the  isockocironic
[Cp*Medh, Ol comples in CHOL: T
disseciation  from  [Cp* Mol s very
cnergy demanding (61,1 keal/maly in o non-
polar  solvem such as CHC,. This
disseciation beaves the coordination position
in [Cp*Molk]|” available for HAY, binding
and setivation.
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Figure T; Emcrpy prodile {mn kial ol 1 e the
metivation of HOk by [Cp* Mo HAO0 " (14) m
the pas phase (dashed linesh and in waler
solution {plain [mes)

Coondimation  of Hyd, 1w this

unssiurated specics shows the same dramatic
salvem effect, leading 10 a subsifuion
product that i oonly slightly  destobilized
relative o the aqua complex both in the gas
MM ETIC

phase omd  in o solution, The

16 181617

ICp* MadMIHINCHMN]"  species (1Ta) s
even lower in esergy, being located at -21.6
kealmal from the [Cp®MeOLiH00] in
waber salution.  The opiimized geomeiries
age shown In Figure 8. The Mo-0y distance
ol 2300 A and the Mo, -0k angle of §9.2°
sugest a significant imeraction between Mo
and O, similor and even o and even
stronger that that experienced by compley 3.

The Entramolecular peoton transfer
lending from 16 o 17e requires o rather high
setivation. 28.1 keal mol” in water salution.
In this activaiin, one proton of the H;0;
molecule migraies e one oxe  ligond,
whereas  the  O-06H  molety  becomes
covalemily bonded 1o the Mo otom.  The
migrating prolon is lecaied approximately
midwiy between the two axygen aloms in
the transition sisfc sl1617 (also shown in
Figure 81 MNaote thal this irmnsition snke is
redated 10 that obtained for abe H.O:
activation by 1, 1523 (Figure 2). However.
the Mo-H:Oh: bond is already fully foomed in
the precursor to 51617, whereas it is in the
progess of being established in 1523, The (=
Mo-0 angle invalving ithe donating and
mceepling €} aioms in =617 has quile
sigmifbcantly narrowed relative 1o 16, This is
mast prohably the main reason for swch a
high nctivation barrier, by anadogy with the
revenily  colewlobed  and  closely  related
inramolecular  proton  ramsfer  process
leading  from  [Cp*MolROHE[ W
[Cp*MoDd HL]". " Following the same
strotegy  of this  previeus  study, we
comidered  the  explicit inchsion  of
wlditional  woter  molecules  in the
caleulations, simoe tlsese muy acl 65 proion
relny omd allow lower energy  pathways
because of reduced molecular distoetions.”!

T

Figure B Optimunod geomcines amd main stractural data foe (e spsioms m Figure 7.
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Indeed, we find thst one water
mirecule sufflees 10 dramatically decrease

ai 4
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all o | —
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Figure 92 Encrgy profile {in keal mol™) for the
aetvation ol 10 by |Cp*sdatdH00) n the
presence of an addmional HA0 molecsle i the
e phase (dashed lines) amd in water soluiion
iplasn limes)h

ihe barrier o only 1.0 keal'mol in soluiion
(16 17", see Figure 9. Entropie effecs
woulld prohably increxse this harrier, In any
case, due o the lorge differance between the
mssisted ond noneassisied  processes,  the
wolcr-assisted  pathway  should e the
prefernel one. The additioral water lowers
the energy of boah siaming (16 o 16°) amd
final (07 1w I7') systems threagh the
eanblishment of a3 hydrogen  hond,
Thermodynamically, e process s
cxothermic by 136 keal mal' in waser
solutivn. The related optimized peometrics
are shown in Figure 10, The geomary of
the relsied fromsition sinte 1817 s
relaxed, the O-Mo-O0H angle being 94,5
An anadysis of the various O<H distanges
shows that the donating O-H bend has
alrgady largely broken, wieneas ihe mcipient
Ol bomd has mot ver Formed 10 o8 prem
exiend,  Therelore, the trnsition siale may
b mose correctly described 35 having a
[Cp* Mot MDA ) chamcter.  To
conclude this pan, the caleulations supgest

816117
Figure 10: Optimired geometrics and maim struciural data for the systems of Figore 9.

that the Fd; scivition provess iz ven
facile.  The slowest siep is the H:OD
dissociation from 14, which reguires only
1| keal mol” in solutien. considering a
dissociative mechanism.  For the oxidation
sysbem whene ihe oxidant is THHP, & similar
encrpelic pathway s expecied, simoe the tHu
group plays the role of & specisior group,
loecated on the [i<0 gom, for wway from the
metal center.,

We now wm o the oxygen imnsfer
step [rom the activated axidant g the olefin.
Surting from 17a, we were ohle w locale
o pallrways with practically equivalem
uctivation harriers, where the  transferred
oxypen ngtom is ithe P00 piom in one cose
{irmnsition state (s 1819} and the -0 siom in
the sher case (iransition siae 521225 The
emerpgy profikes of these two pathways ane
comparaiively shown in Figure 1. The
firm pathway stans with an 1 bonding
infernction between the ethylene 1 eleciron
dendity amd the  hydroperoxido  prodon,
leading io the 18 simociure secompanied by a
sighificant  siabilbeatbon, Conceming  the
second pathway. first an endoergic (8.7 keal
mol” i the gas phase. 7.2 keal mol” in
solution) reonentation ol the (el group
from a perpendicular 0 o paralicl
armangemeni (170 1akes place, followed by
the Formation of o stabilizing hydrogen-bond
hetween the ethy bene and ihe O-H groug.

The optimized geomeiries of the two
trnsition sisfes for the oxygen  ironsfer
processes are presented in Figare 12, The
transition stale ts1819 features o 1,2-shift of
the hyibroperoxido proion from the [-0 asom
e fhe o0 alom, while ihe former
eslablishes the covalenl inlersction with the
alelin carhon sdoms.  Like for the case of
compound 1 (Figure 1), olefin afiock is
exigenois and oecurs withoul ormation of

L
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Flgure 112 Energy profiles {in kes! mol ') for the cocvpen atom irssier from 170 1o ethylene in the gas

phase ddasbed Nines) amd inowaler selation {plan lnes)

melal-carbon bords, Al this siage, the Up*
fing has severcly shipped o adopt an
cssentially  n'-coordination mode.  The
2122 structure, on ihe other hand, features
an olelin exogenous. clectrophilic aflack o
the a=(0 plom, nwirl withou! formntion of
mictal-carbon  Bonds, while the Mo cenier
strengthens s interaction with tbe 0
miom, The tmnsition singe 1521212 is chosely
related io that of the oxypen abom ransfer
startimg from the neutral syatem 1 in Figure
I {esdSp. The barrier beight {140 keal mol”
in waser respects b0 17a) s also close 10 the
barrice leading to 645 (12,7 keal mol! in
CHCl). The two pathways in Figure 11
lesd w0 the same products. |Op* M)
(0] 1200 amd ethylene oxide, with only
alfghily dilTerent feaiures: s1819 leads 1o a
Hebonded intermediate 19 where  the
cposide binds one OH lHgand, whersss
52122 leads o o configuration 22 where
bath O ligands aci as (wenkerh proton
domors in H bonding.  These products are
slighily sishilized relotive s ihe seporate
speeies, as shown in Figure 11 The
regenerution of the staning complex 14 by
inramobecular proton tramsfer. assisied by
additional water molecubes, ocours by @ bew-
cnergy pathway. as shown in owr previous
sy, Clearly, both pothways  are
cnergetically vinble. having relaiively bow
activation barriers of 15.2 (for t1=1819 from
18) wnd 14,0 (for (2022 from 17a) keal mol

in solmion. I should be remoarked,
however, that only ome of these o
patbwvays.  mamely  that  going  through
Irmnsition state (52022, can be adapted bo the

oxidation with THHP, wherers the pathway
involving ilse 1.2 prodon shift in transition
siaie BIBIY will cerainly become much
more difficuli when the peoton is replaced
by a fBu group,

sHR
Figure 12: Opimised poometnics and main
stnoctural deta [ow the tramsibion stabes 51819 and
12122

Wi nivw wish o onalvee the possible
Tormation of sther Bomers of 1Ta and 1Th
that may be conccived by tranafer of the
seeond HiD: proton io either the oxido
ligand, gemerating the dihvdroxido peroxido
spegies [Cp*MolC: O] (23 or o the
hydroido  ligand,  yiclding  the  oxido
peronido aqua species [Cp* Mot 000
24 Thee reasons  for  esploring  this
posssibility is that an isomerisation lending o
peronne compleves may caplain ibe lock of
catalytic activity of this system when Hy0:
is wsed as oxidant” since TBHP cannol as
emsily isomerize by tunsfer of o o groap.
As argead above, the resulis that will be
presened  for the cationic  sysiem  can
prshably be ai least in part extrpolated
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the neutral chloride system examined in the
previous sections,

masan WADET)

Figure 1} Optimered goometres and  man
structural dmts (o complexes 33 and 234 G
phisc  enorgacs  (and  solulson cnergies
narenibeses) me given in keal mod! refative B0
thoeg ol womer 17a

Noth isomers have been optimized,
yickding the geomeiries and relative energles
shown in Figure 13, These two structures
are chose In eergy bul shghily less stable
than complex 17w in the gos phase and in
salution.  In an aquecus medinm. a proson
muy probably e mnsfomed from one
oxygen o onodher  through  low-energy
pathways  involving s proon orelay
mechanism a5 shown obove omd in our
previows studv.”’ I s imponant o analyee
ihe relafive enerpy of these species in grent
detnil,  This is becouse these sysbems are
closely related. by replacement of on oxido
ligend with o perowido ligand, 1w the
previously swdied™ [Cp®MoeO{OH) ] {20)
and [CpMaH]" (14} Gsomsers. In thag
s, we know from the experiment that ithe
agua isomer 14 B more sishle than the
dibwdroxide isomer 2, since the laiser
irmnsforms ino the former gquantitatively.
The free energy difference between the fwo
isvmers, detormined through an indirea
kinetics approach, is 6.5 keal mol', Y, the
caleulstbons predicied somer 20w be more
stable by 16 keal mal” in the pas phase
and by 7.2 keal mol' In wager solulion
(CPCM approsemation),  However, the
suiceessive explicht mclusion of additional
waler molecules in the culculations modified
ihe relwiive snbility tward the correct
angwer (with only ene water molecule, 20 is
still more snble than 14, bui only by 4.0
keal mol™; with tao waler molecules, 20 |
fesy stable than 14 by G4 keal mal'), The
reason of this rend B the greser acidity af
e projons in the ogua ligend of 14, relogive
1o ihose of the hydrisido ligands of 20, ihus

the resulting  Hebomding  indernction
established with additional water molecules
siahilices 14 relative o 200 For this reason,
we have also enrried oul ealoulations on the
three isomers after explicily  immdocing
additional water molecules in the peometry
aptimizations.

Five different local minkma have been
optimized  with three  additional  water
molecubes. as shown in Figure 14, As
previously ohserved For the related 14 and
B0 sysveme. " the addition of so many water
molecubes  results in o3 pendency b
deprotonae of the sysiem, thus all sptimized
minima excepl 17a{ )1 ca be formally
described a5 jonic species comnining the
(1)) cation acconding 1o o close analysis
af the O-H distunces.  Mote that, for all five
optimized mindmn. the strongest H-bonding
internction, either os proton acceptor for the
(H00 clusier in 17alH0 ;-1 of 08 & proion
donisr for the (He0,)" cluster in all ather
systems, Involves the cemiral oxypen atom
{waler molecule or HAY jon, respectively ).
In  1Ta{H;O)-0. the only  H-bonding
interuction invalves the Ao=00H ligand as
a proton donor, Among the jonized species,
thas {351 dom in 1 TadHyOWe2 interacts m o
proton donor with one of the oxido ligands
of the [Cp®* MoOQg O] andon, assisted by
 second weaker imeracthon betweoon a waler
molecule and the second oxide ligand,
whereas e Mo-ODH  proton s ol
imvolved.  These two structures cun be
relaied o 1Ta. the second one involving
deprotonation of the more acidic M-k
lignrl, amd have o higher relotive energy.
All other structares feature the (H-0,1" fon
wAing a5 o double prson domor o &
[Cp* MalNChL KO anion.  For 23{H50),.
the cemtrul 1,00 maiety inderacts with an
oxido ligamd, therefore the structure may
reluted 10 o deprotonated 23, wheress for
HHNeL and 24(H 002, the contral
HY moiety interacts with o hydrovide
lgand. Sdeniifying  these  systems  as
deprotonated 24, Secondary  Hebonding
inserncticns are also esiwhlished by a lateral
Hr maobecule of the (HAN) cluster, with
the peroxido lipand in 2MHO0 and in
T HAN-1 amd with the oxido ligand in
002, The relmive energics of these
three specics are rather comparable. both in
the s phase and in water,
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».
17a(H,0)y-1
3.5(6.1)

E &

23(H,0),
0.0 (0.1)

24{H;0),-1
0.6 (0.6)

24(H;0);-2
1.4 (0.0)

Figure 14: Opimired geometrics and msn structural dats for compleses 1Ta(ll0¥),, 2000, and
4NN, s phase emcrpics (ad solution encrgses i parcnlhicses) see given in kesl mal ' relative 1o

thiowse of momer 23{H (),

The trend of relative slabilization by
the addition of ihe woter malecules is o
cxpeciad (24 > 13 = 17a) lollowing the
order of relaiive probon acidity (Mo-0H; =
Mo-OH = Mo-0-000),  These stabilizng
effects ore less prosounced redotive o whas
wis previously  observed by addithon of
wader o 14 and 20, However, compounds
15 and 24 have become more stable than
their isomer 17a, showing thal the molecule
would prefer 1o rearmnge e yield o
deprotonated peroxice Figand in 4 witer-rich
enviromment, Acconding to whe argumenis
preseled IR @ previous  seclion,  the
deprotonated peraxida ligand is
charscterieod by redineed cdectrophilicity and
grester bamiers for oxygen wmnsler w the
olefin substrate. Thus, the lower catalyiic
netivity observed for mony syslems when
using Hi(k, insiead of TBHP. epecially In
an sduoous  environment, can e well
ratienalized by fnvoking the genoration of

more stable and less active  peroxide
sy lgms,

In order 1o verily the above statement,
we have determined the sciivotion barrier
for the oxygen alom transfer o oy lens
simiing from isomers 23 and 24, The
caleulabed  reaction  pabways afe  rther
simple, involving o one-step oy gen obiam
trancler amd resulling in the fomnaion of
[Cp* Mo OHY: 4200 o [Cp*Molk
(Hz] (14) and athylens oxide, through
transiteon  stales 62320 amd  ds2404,
respectively. The imnsition siate geomeirics
are shown in Figure 15, The energy of
152414 Es 190 keal mol” in solution {19.5
keal mol! in the pas phase) relative o 24
and CoMy igf 122 keal mol® in the gas
phase and 14 keal mol’ in solubion for
is2122 relative w 17a and Ol with an
encrgy  barrier height of 3005 amd 218
kcal/mal in the gos phase and  soluion
respociivedy respects bo the reactant ndduct.
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ta2320 2414
and main strecteral data for the transition states of the axygen mlom

Figure 15: Optimised

152515

iramifer from [CptMnOOH): (823200 [Cp*MuthOLHAN] (24140 and [Cp*ModO]

112515

Thus., this pathway & not
competitive with those originating from
imermedinte 17 (Figure 11}, Transition
state 152330, on the other hand, is
unexpectedly located at only 10.7 keal
mol” relmive o 178 and C:H, in the gas
phase (12.3 in solution). This is a similar
energy barrier than that obtained from
the O-0OH group as the oxidani group,
thus this mechanism appears  viable
according fo this computation  stwdy.
Mevertheless, when using the TBHF as
oxidant, the formation of the less active
perons complexes (except for the 82320
case) is avoided, leading to an overall
higher activity,

We have alse explared ike cnergetics
of woter dissocintion from species 24, o
yicld an unsatorated [Cp® Mod)(0:)0] system
251, by snobogy W the  estmblished
oquilibrium between |Cp* MoDHA] " (14)
and  [Cp*Molk] (151 The  H0
dissociation energy is 330 keal mal”' in the
g phase nnd 24,4 keal mal”! i water, The
cifect of the CPCM for the siobiliztion of
15 is unexpectedly  Jower than for he
stabilization of 15, relmive w  their
respective waler adducts.  Finally, the
activation  energy for the oxygen aiom
inmnsfor process  from  waler-free 25 10
cthylene (152515, olso shown in Figure 15)
wis caboulated s 2008 keal mol”! relatlve 1o
the separate reactamts in water, confirming
the expected (wide supra) lower activity of
the peroxido funcison. It is possible o
enviznge thal spocies 25 birds and netivaies.
a second HAy molecule, misch the same
way as was explored for ahe  peroido
compaund 8 in Figure 5, iherefore beading

wr o catalyviic eyele operating through the
hydroperoxido mechanism.  However, the
same electronie effeet sbown 10 be fmporiont
for & relative i 1 (betier donation from 0.
relative 10 OF) is alse expectied For 28
relative B 15, mising once again  the
sctivition barmiers.  For ihis neasen, we did
i further explore this pathway,

Conclusions

The present study has wnveiled a low-
encrgy  pathway  for  olefin cpoxidation
catnhvred by cvclopentadienyl Mo
sysboms. The initial HpOy activation follows
the same general path described in ofher
revent  computational  studies,”™ ¥ with
prodonation  of an  oxido  lipand  asd
generalion for @ hydroxide hydroperoxide
indermediate, but unlike the previous siudy
the Latter & Founsd 1o adopl an asymmetric 1
coirdimafion made, with o wesk imerction
hetween the (B0 atom and the metnl coner,
This intersction i oritical for the activation
af ihe a-0} aom loward =0 exogenous
nuclenphilic sitack by the olefin subsirate,
leading o significantly lower activation
harrigrs for the oxygen otom imnsfer o the
olefin relative 1o the previous study,  This
mechanism closely comesponds to what has
heen proposed by Thiel er al. excepd thai an
oxido ligand is the deposilony of the oxident
privton ruther than o peroxide ligand, The
stuidy abio provides a rtionale for the lower
sctivity of peroxido derivaiives relative w
the oxido analogues, and for the lower
metivity of H:d: relafive o THRP. The
former oxidant may undergo Someriztion
of the reactive hydroperoxido ntermedinle
througl proton  transfer, beading 1o less
renctive perosido derivatives, Therefore, the

15
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design of an efficient catalvtic system for
olefin epoxidation by Hy0: should only
provide o basic site for tramsfer of one of the

twi Hy; protoms.
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ing catalysis in w

: 9
Ihng?;ﬂﬂki'[t?ﬂﬁ :z;. ﬂ;ﬁl&-ﬂﬂrﬁ E‘u’:ﬁv’ﬁfﬁm Nucleophilic Addition? First
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Contents

1. Deseription of the molecular dynamics setup,
2, Deseription of the metadynamics methodology,
1, Selecied collective variables (CVs),

4. Time evolution for every sei of CVs.

I, Deseription of the MD methodology

All molecular dynamics caleulations have been performed within the Car-Parrinello
framework[1]. We have used periodic models of the solutions placed in a cubic unit cell
with dimensions of %86 A = 986 A = 986 A. The HCTH/I20 exchange-correlation
functional|2] has been used. Only the valence electrons have been treated explicitly and
the interaction between the ionic core and valence electrons has been included wvia
norm-conserving Troullier-Mariins tvpe pscudopotentials[3]. In particular for Pd we
have gencrated a pseudopotential including the semicore 45 and 4p states as well and
core radii of 131, 1.37, and 1.25 A were used for the pseudization of the 5. p and o
chanmels, respectively. The pseudopotentials have been tested on small mobecules and
complexes against all-electron calculations, The electronic orbitals were expanded in a
plane-wave basis se1 up 10 a kinetic energy cutofT of 70 Ry, The fctitious elecironic
mass was 1000 a.u. in the simulations and the replacement of the hydrogen atoms with
deuterium allowed a time step of 0U16% fs. The simulation temperature was in all cases
300 K. The initial configurations for the simulations have been obtained from

equilibration procedure: & water molecules have been replaced by the PJ{Il) complex in
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a previpusly equilibeated water system of 32 H.O molecules, then it has been kept at
600 K for | ps and then it was carefully cooled down o 300 K. For the simulations we

have used the CPMD program package[4].

2, Description of the metady namics methodobgy

In metadynamics|3] we select a set of collective variables (CVs) .. In order 1o describe
a chemical reaction the selected CVs must distinguish between reactants and products.
In our study we have coupled the metadynamics with ab initio MDD within the Car-
Parrinello framework[1]. The complete system of the jonic, electronic and CV degrees

of freedom is described by the following equation:
L f.,,.+i—£.1rq.1j—%£ k, (5, (R)=s =V (n5)

Lew 15 the Car-Paminello Lagrangian; the first additional term represents the fictitious
kimetic energy of the 5. values, where ML is the comesponding fictitious mass parameter.
The second additional ferm represenis a restraining potential that forces the ionic
degrees of freedom to follow the motion of the CWs, We have used M, and k, valees
equal w 50 amu bohr' and 5 aw, respectively, in all the simulations, These parameters
ensure the adinbatic separation of the CV movements from the fictitilous elecironic
degrees of freedom of the CP Lagrangian and the necessary correlated mation of the
CWs and the auxiliary variables. Fyrsp is a history dependent potential term which
enhances the sampling of the configurational space, encouraging  the system fo visit
unexplored regionsol this space. In practice it is a sum of repulsive hill-like {Gaussian)

potential terms deposited al given time intervals:

Fir.s|=2 hexp

A1)

glrl=x(r,)
2w (r, s

53
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Concerning the hill size, preliminary calculations were performed ar larger hill heighis
and widihs, with subsequent refinements. All the calculations have finally employed a
maximum hill width (8 of 003 and hill heights () of 0,314 kealmol! excepl for the
51 simulation where a hill height of 0628 keal mol” was used. The nonspherical nature
of the frec energy basins was taken into account by employving anisotropic scaling
factors (w) which were recalculated on the fly at given periods during the simulations as
built i the metadvnamics routing of the CPMD package. The hills were deposited after
B0 MD yime steps (13.6 £5) in all the simulptions, We estimated a 2.6 keal/mol error bar
for the calculated activation free energics when using the smaller Gaussian height[6].
During the metadynamics simulations we explore the free encrgy surface spanmed by
the selected CWs. As the simulation proceeds we gradually explose this surface by
reconstructing it from the deposited Gaussian hills:

Flal==Mm Fit. 5|+ constan

For every elementary step we can therefore determine the corresponding activation free
cnergy irrespeciive of the order of the reaction steps. In this siudy the activation free
cnergy values are reported relative to the free energy level of the initial species.

For the nucleophilic addition steps we have checked that the predicied transition state
strectures mdeed connect the cormespending minima i dvnamical sense; we have
performed commitment analysis by selecting represemtative configurations from the TS
regions and then siarted unbiased MDD simulations emploving random atomic velocities
taken from the 300K Bolizmann distribution. These simulations produced irajectories
which amved into the two free energy minima in almost equal times: this indicates that
the selected CW-s indeed identified the proper TS between the the reactant and product

slales,
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X Deseription and parameters used for the selected CVs
In this work, the selected CWs have been coordination numbers (CN) [7]. We have used
two types of CMs. The first tvpe (labelled as COOR_RF) is defined as a continuous

function of the distance between atoms A and 7 (7. as:
-5
N =y —

J"II R_u
iy

where A cormesponds 1o the reference atom, 7 rans over mx sloms coordinated to the
reference atom, and o represents a reference distance (the ideal & value is close o the
disiance in the transition state). @ and ¢ determine the decay of the CN curve. A
particular case (BNSWT) is when #e is 1, which comesponds to the muteal coordination

of A and & The other type of CN (TOT COOR) is a more generalized form of the

RII "
)

N “‘.-E E- _

=l pEl 1 _{ﬂ
.d-:'

Here 1and j are the atoms belonging to the two atomic groups A and B for which CNe

coordination concept:

is defined whereas &, is the ineraiomic distance between atoms §and f.
The specific parameters for every CV were the followings:

CWisdy= LT A; p= 10 g= 60, (COOR_RF)

OV do = 2.2 A pe 6: ge 16 (COOR_RF)

CV3ids =34 A p= 6: q= 16 (COOR_RF)
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CWd:d, =22 A; p= 6, g= 16 (TOT_COOR)
CW¥3uds = 3.0 A; p= 25, g= 100. (COOR_RF)
CVib: de = 3.6 A; p= B g= 40, (BNSWT)

CWV3%de= 3.6 A p= 6; q= 22, (COOR_RF)

CVA: de= 22 A p= i g= 16, (TOT_CODR)
CVE' s do= 30 A p= 25 0= 100, (COOR_RF)

4. Time evolution for every set of CVs

In this section, the fime evolution for the CVs dunng the simulations {51, 52, 53, 54, 85
and %6, are depicted as function of the time (i ps).
51 semulntion:

Figure 1. Time evolutbon of the 51 serove

3

coordination number

0 S0 S 1
simulation time (ps)

=]

52 simulntion:

Figare 2. Time evolution of the 82 sel of CVs
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53 simulation:

Flglru 3. Time evolution of the 83 set of CVs

i CV1
23| V4
[
H

e | Lilwr
.%I'Si— “_!:‘%:.
Ei i §
Tt A

T i
[ S L Y

o
q;mulntl-:m time |{p_t:]|



B.2. Article VIII 245

54 simuilation:

Figure 4. Time evolution of the 54 set of CVs.
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55 simuilation:

Figare &: Time evolution of the 55 set of Cvs.
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549
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56 simulation:

Figare 6. Time evolution of the 56 set of Cl's,
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